
Space Debris Removal: A Game Theoretic Analysis

Abstract. We analyse active space debris removal efforts from a

strategic, game-theoretic perspective. An active debris removal mis-

sion is a costly endeavour that has a positive effect (or risk reduction)

for all satellites in the same orbital band. This leads to a dilemma:

each actor (space agency, private stakeholder, etc.) has an incentive

to delay its actions and wait for others to respond. The risk of the

latter action is that, if everyone waits the joint outcome will be catas-

trophic leading to what in game theory is referred to as the ‘tragedy

of the commons’. We introduce and thoroughly analyse this dilemma

using simulation and empirical game theory in a two player setting.

1 INTRODUCTION AND RELATED WORK
Since the late 1950s a number of public and private actors have

launched a multitude of objects into Earth orbits with low or no in-

centive to remove them after their life span. As a consequence, there

are now many inactive objects orbiting Earth, which pose a consid-

erable risk to active spacecraft. By far, the highest spatial density of

such objects is in the Low Earth Orbit (LEO) environment, defined

as the region of space around Earth within an altitude of 160 km

to 2,000 km. According to most simulations and forecast, the den-

sity of objects in LEO is destined to increase due to the rate of new

launches, on-orbit explosions, and object collisions being higher than

the capability of the LEO environment to clean itself using the natu-

ral orbital decay mechanism. The objective of this paper is to model

this effect and understand its consequences. We thus introduce a non-

cooperative game between self-interested agents in which the agents

are the owners of space assets. Using a high-fidelity simulator we

estimate payoffs to the agents for different combinations of actions

taken, and analyse the resulting game in terms of best-response dy-

namics and (Nash) equilibria. Contrary to the urgency of the space

debris dilemma there has not been much attention to this problem

in scientific circles. To the best of our knowledge we are the first to

consider this dilemma in the context of multi-agent strategic decision

making using empirical game theoretic techniques.

Our study can be placed in the context of two different areas of re-

lated work. Firstly, from a simulation modelling perspective various

attempts have been made to accurately predict the evolution of space

debris and the resulting risk of collisions for active spacecraft. One

of the earliest analyses of the projected evolution of space debris was

done by Donald J. Kessler in 1978 [4]. This study led to the definition

of the “Kessler Syndrome”, a scenario where the density of objects

in LEO becomes high enough to cause a cascade of collisions, each

producing new debris and eventually saturating the environment, ren-

dering future space missions virtually impossible. As a result, active
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debris removal (ADR) methods, in which spacecraft are deployed to

capture and de-orbit larger pieces of debris and out-of-service satel-

lites, are now considered by many as a necessary step to ensure sus-

tainability of LEO [5]. Secondly, from a game theoretic perspective,

researchers have utilised similar methods to study related problems

of environmental pollution, and the shared exploitation of scarce re-

sources. For example, carbon dioxide abatement modelled as a dif-

ferential game [7].

We base our study on Liou and Johnson’s single-agent ap-

proach [5] but, in contrast, consider a multi-agent scenario in which

different space actors independently choose their removal strategy.

In our model we implement individualised object removal criteria

based on the potential risk to important assets of each of the actors.

Our analysis is based on methods from empirical game theory [8] to

convert empirical data to strategic (normal-form) games.

2 DEBRIS SIMULATION AND GAME MODEL
Our simulator builds on the Python scientific library PyKep [2],

which provides basic tools for astrodynamics research such as satel-

lite orbit propagators. To simulate the future development of space

debris in Low Earth Orbit (LEO) we develop several sub-modules,

including a collision model and a break-up model. To evaluate the

probability of collision between objects we implement the Cube ap-

proach [6]. We follow NASA’s standard breakup model [3] to gen-

erate the population of fragments resulting from a collision event.

The initial input data to our model comes from the satellite catalogue

SATCAT4 and the TLE (two-line element set) database5.

We model the space debris removal dilemma as a two-player

game, with players being the United States (US) and the European

Union (EU). The strategic interaction results from the fact that de-

bris removal by one player may affect the collision risks to others as

well. The players’ actions are defined by the number of debris objects

that will be removed, being either 0, 1, or 2 high risk objects every

2 years. We assume self-interested agents, meaning that each player

first removes objects which directly threaten their active satellites,

and only then consider objects which present a collision risk in gen-

eral. The payoffs are based on risk of collision to each player’s active

satellites, multiplied by the cost of losing an asset Cl, and minus the

costs of object removal Cr .

3 SIMULATION RESULTS AND PROJECTIONS
We use our simulator to project the evolution of debris and colli-

sion risks with a time horizon of 150 years, i.e. the period 2016-

2165, while repeating the launch history of 2006-2015 with a 0.5%

4 https://celestrak.com 5 https://www.space-track.org/
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Figure 1. Debris evolution in LEO for next 150 years

yearly increase. For each combination of actions we average over

160 Monte-Carlo runs to account for randomness in the collision and

break-up modules. Figure 1 shows the evolution of objects in LEO

for different numbers of objects removed by the US and the EU. We

observe an exponential growth trend without mitigation, in line with

previous findings [5]. One can clearly see that removing high risk ob-

jects leads to reduced growth in the total number of objects in LEO.

The cumulative risks to both players resulting from the debris evolu-

tion in Figure 1 are given in the following table:

EU 2 EU 1 EU 0
US 2 0.03413, 0.03733 0.05247, 0.07108 0.07704, 0.27474
US 1 0.06073, 0.06352 0.09499, 0.10405 0.10885, 0.31401
US 0 0.25022, 0.07368 0.28848, 0.12447 0.34261, 0.36385

4 GAME THEORETIC ANALYSIS

We derive the payoff matrix for the two players (US and EU) from

the risks given above for varying levels of cost of removal Cr (as-

suming w.l.g. Cl = 1), and find the Nash equilibria. We identify two

interesting regions in the range of costs Cr . For very low costs, re-

moving 0 will never be a best response for either player. Similarly, for

high costs, removing 2 will never be a best response. Therefore we

can focus on two sub-games defined by the action-pairs {0, 1} and

{1, 2}. We compute Nash equilibria for a range of Cr , and visualise

the results in Figure 2 for the sub-game {0, 1} (we observe similar

results for the sub-game {1, 2}). On the y-axis we have the prob-

ability of playing the first action in each sub-game (which equals 1

minus the probability of the second action) for US (top) and EU (bot-

tom). The colours/line styles indicate the action pairs that make up

the equilibria, e.g. the solid lines in Figure 2 correspond to the pure

Nash equilibria (0, 0) (black) and (1, 1) (red).

In the figure we see transitions from the single Nash equilibrium at

(0, 0), to a situation where three equilibria exist (at (0, 1), (1, 0), and

one mixed), and finally back to a single pure equilibrium at (1, 1).
These transition phases also include a stage in which only one of

the asymmetric pure equilibria at (1, 0) or (0, 1) exists. These result

from the asymmetry that is inherent in the risk matrix due to players

having different numbers of assets in different orbits.

In general, ADR has a positive effect not only for the instigator

of the removal but also for other players, and this is the cause of

the dilemma that we are studying. In game-theoretic terminology,

this suggests that we have games with a weak strategic substitutes
property. Any two-player game that has this property admits a pure

equilibrium, which is important for many practical purposes [1].
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Figure 2. Equilibrium strategies for the sub-game {0, 1} for a range of Cr .

5 CONCLUSIONS AND FUTURE WORK
We have introduced a multi-player non-cooperative game named the

Space Debris Removal Dilemma based on prediction data from our

space debris and satellite simulator. The game highlights how the ra-

tional behaviour of players varies depending on the cost of active

debris removal versus the value of active satellites. In our game-

theoretic analysis we identified which removal strategies for the dif-

ferent actors are in equilibrium with each other, i.e. which strategies

purely rational actors are expected to decide on. We demonstrated the

sensitivity of these equilibrium strategies to the ratio between cost of

debris removal and the value of the active satellites. Although the

costs of active debris removal are still prohibitively high at the mo-

ment they are expected to decrease with future technological devel-

opments while the value of orbiting assets may increase. The results

of this work help to better understand the debris removal problem

and its short and long term consequences.

In future work we aim to move from a one-shot normal-form game

to a stochastic or extensive-form game, where the agents can decide

on their strategy based on the history of past play. In addition, we

will consider a larger set of players, representing e.g. the main space

agencies and commercial stakeholders that are currently active.
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Cuilt: A Scalable, Mix-and-Match Framework for Local
Iterative Approximate Best-Response Algorithms

Mihaela Verman and Philip Stutz and Robin Hafen and Abraham Bernstein 1

Abstract. We implement CUILT, a scalable mix-and-match frame-

work for Local Iterative Approximate Best-Response Algorithms for

DCOPs, using the graph processing framework SIGNAL/COLLECT,

where each agent is modeled as a vertex and communication path-

ways are represented as edges. Choosing this abstraction allows us to

exploit the generic graph-oriented distribution/optimization heuris-

tics and makes our proposed framework scalable, configurable, as

well as extensible. We found that this approach allows us to scale to

problems more than 3 orders of magnitude larger than results com-

monly published so far, to easily create hybrid algorithms by mixing

components, and to run the algorithms fast, in a parallel fashion.

1 Introduction
A Distributed Constraint Optimization Problem (DCOP) consists of

a set of variables, a set of domains for the variables, a set of con-

straints over subsets of the variables, and utility functions for each

of the constraints. Variables are controlled by agents, and the goal is

to find the variable assignment that will maximize the global utility

function, usually defined as the sum of utilities over all constraints.

Chapman et al. [3, 4] propose a theoretical unifying framework for

the class of Local Iterative Approximate Best-Response Algorithms,

where agents can only be aware of their immediate neighbors’ states.

CUILT
2 is based on this framework. Chapman et al. identify three

components for the algorithms, making them easily comparable and

enabling the creation of hybrid algorithms: (1) the state evalua-
tion, which updates an algorithm-specific target function to eval-

uate prospective states; (2) the decision rule, which represents how

the agent decides which action to take next by using the already com-

puted target function from the state evaluation step; (3) the adjust-
ment schedule, which refers to the order in which the agents execute

their processes.

There are other implemented frameworks for algorithms for

DCOPs [6, 12, 10, 7], but to our knowledge, none is tailored for this

class of algorithms or takes advantage of their modularity. CUILT

seeks to model exactly that, and we implement it inside a graph pro-

cessing framework that comes with several other benefits.

SIGNAL/COLLECT [9] is a framework for distributed large-scale

graph processing implemented in Scala3. The programming model

is vertex-centric: vertices communicate with each other via signals

that are sent along directed edges (signal), and use the received sig-

nals to update their state (collect). A problem and an algorithm are

specified by providing the graph structure, initial states, and the sig-
nal and collect functions. We chose SIGNAL/COLLECT not only be-

cause DCOPs can map well to graph abstractions, but also because of

1 University of Zurich, Switzerland
2 https://github.com/elaverman/cuilt/
3 www.signalcollect.com

the capabilities and unique features of this graph processing frame-

work: parallel and distributed execution, synchronous/asynchronous

scheduling, aggregation operations and convergence detection.

2 CUILT
In CUILT, variables are represented as vertices; the neighborhood

(two variables sharing at least one constraint) relationship is de-

scribed by edges. The utility function of the “agent” responsible for

a variable is dependent on the state of the adjacent vertices.

The Algorithm will be specified by the way in which different

components are mixed and matched. To add different components

we use Scala traits, which can be easily combined. CUILT defines the

base Algorithm trait, with the types it needs and the methods that it

requires. Implementations for the specified CUILT modules then get

mixed and need to cover all the required methods of the Algorithm.

The flexibility of CUILT comes from the fact that the components

are loosely coupled and can be easily mixed and matched. The Sig-
nalCollectAlgorithmBridge provides the implementations for the

vertices and edges, which assemble the components provided by the

implementations of other modules, and describes, through its collect
method, the behaviour of an agent at every step. The methods of Al-

gorithm, which are used inside the collect step, are each provided

by implementations of the several modules that extend Algorithm:

the TargetFunction, DecisionRule and AdjustmentSchedule, pro-

viding the functionality described by Chapman et al., and the added

StateModule, Utility and TerminationRule.

To illustrate the flexibility of the framework, we provide imple-

mentations (through the recombination of components) of four algo-

rithms from the category of iterative approximate best-response al-

gorithms for DCOPs: the Distributed Stochastic Algorithm (DSA-A,

DSA-B)[11, 1], Distributed Simulated Annealing with Termination

Detection (DSAN-TD), Joint Strategy Fictitious Play with Inertia

(JSFPI) [8], Weighted Regret Matching with Inertia (WRMI) [2]. Be-

sides these components, we also added the ε-Greedy Decision Rule

[3]. DSAN-TD is a modification of Distributed Simulated Annealing

[1]. While DSAN exhibits oscillations in under-constrained problems

[5], in DSAN-TD, to enable termination detection, the probability of

exploring decreases over time even when the utilities for the candi-

date and current value are equal.

3 Evaluation
First, we show how hybrids can be exhaustively evaluated and that

they can play an important role when it comes to both speed of con-

vergence and solution quality. Second, we show that our framework

can handle problems with up to 1 million variables on one machine.

We chose the canonycal vertex coloring problem, chromatic num-

bers of 3, 4 and 5, average edge density of 3, constraints with max-

imum utility 1, and constructed five graphs per size and chromatic
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Figure 1. Solution quality vs. computation time in ms (log) for the top 10
average solution quality and top 10 computation time hybrids.

number. In the case of algorithms with the Parallel Random adjust-

ment schedule, for the asynchronous mode we used a degree of par-

allelism 0.95, as asynchronous mode does not shield from thrashing.

Hybrid algorithms We generated algorithms by taking all pos-

sible combinations of the implemented components, with different

parameter values. The graphs had 40 vertices and were constructed

like in [4]. All the algorithms were run 5 times on these graphs. The

machines that we used have 128 GB RAM and two E5-2680 v2 at

2.80GHz processors, with 10 cores per processor.

Figure 1 shows the top 10 combinations in terms of solution qual-

ity and convergence speed. We can observe four clusters. The bot-

tom cluster in Series 4 is represented by all the top 10 convergence

speed algorithms. They all ran asynchronously, with a Flood ad-

justment schedule, and with either argmax or ε-Greedy adjustment

schedules. They were all new hybrids, three being modifications of

Fading Memory JSFPI, with a flood schedule, and one being a modi-

fication of WRMI with a flood schedule. Most of the top 10 solution

quality algorithms (Series 1-3) used the Simulated Annealing deci-

sion rule (one of them being DSAN-TD). The algorithms with lowest

computation time were asynchronous hybrids with Flood schedule,

most of them using the Average Weighted Expected Utility target

function from Fading Memory JSFPI and either argmax or ε-Greedy

decision rules.

Hybrid algorithms can lead to both reduced computation time and

improved quality, and running the algorithms asynchronously seems

to positively impact speed of convergence.

Data scalability We varied the number of vertices between 10

and 1 million. The graphs were constructed similarly to [4]4. The

timeout was 300 seconds and we executed each configuration 10

times. Convergence was detected only by using the signaling scores

of the vertices, which depend on the termination condition. We ran

the known algorithms DSA-A, DSA-B, and JSFPI on machines with

two twelve-core AMD Operon
TM

6174 processors and 66 GB RAM5.

With regard to solution quality, the algorithms behave similarly,

dropping from size 10 to 100, and then keeping a relatively stable

quality, even when the size of the graph increases. We can see that

4 We picked colors for each vertex, we randomly added edges between ver-
tices with different colors, and then randomly edited edges to connect iso-
lated vertices.

5 Full results at: https://docs.google.com/spreadsheets/
d/1A0auNnM0MedEgu0SjNk9OjWIn9wdyefMLhmnfcanvwQ/
edit#gid=2036767986

the asynchronous variants (with probabilities 0.95) usually behave

better, but suffer another drop in quality on the largest graphs.

DSA-A appears to have the best convergence speed. One possible

explanation for the non-linearity of the computation time is reaching

the memory limit of the available machines, which makes the compu-

tation slower. This could be addressed by using a machine with more

memory, or by distributing the framework across multiple machines.

4 Conclusions and Future Work
We introduced CUILT, a software framework based on a mapping of

Chapman et al.’s theoretical framework to a graph processing model.

CUILT is flexible and configurable, allowing to easily create and

mix components into hybrid algorithms that can then be exhaustively

evaluated to determine a good balance between speed of convergence

and solution quality. It has automatic convergence detection, and it

enables scaling to problems with 1 million variables and exploiting

the advantages of asynchronous execution.

In the future, we intend to implement more components, evaluate

the hybrids on different scales and types of problems, including real-

world ones, and investigate the behaviour of the algorithms on even

larger problems, using the distributed version of SIGNAL/COLLECT.

We believe that our findings show how CUILT enables the system-

atic exploration of new hybrid algorithms and opens the possibility

of applying them to big real-world constraint problems.
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Not Being at Odds with a Class:
A New Way of Exploiting Neighbors for Classification

Myriam Bounhas1 and Henri Prade2 and Gilles Richard3

Abstract. Classification can be viewed as a matter of associating a

new item with the class where it is the least at odds w.r.t. the other el-

ements. A recently proposed oddness index applied to pairs or triples

(rather than larger subsets of elements in a class), when summed up

over all such subsets, provides an accurate estimate of a global odd-

ness of an item w.r.t. a class. Rather than considering all pairs in

a class, one can only deal with pairs containing one of the nearest

neighbors of the item in the target class. Taking a step further, we

choose the second element in the pair as another nearest neighbor in

the class. The oddness w.r.t. a class computed on the basis of pairs

made of two nearest neighbors leads to low complexity classifiers,

still competitive in terms of accuracy w.r.t. classical approaches.

1 Introduction
Several classification methods rely on the idea that a new item x
should be classified in the class w.r.t. which it appears to be the least

at odds. Logical proportions [7] are Boolean expressions that link

four Boolean variables through equivalences between similarity or

dissimilarity indicators pertaining to pairs of these variables. Among

logical proportions, the heterogeneous ones [7] provide a natural ba-

sis to build a global oddness measure of an item w.r.t. a multiset, by

cumulating the oddness index w.r.t. different triples of elements in the

multiset for the different features [3]. This has suggested the simple

procedure of classifying a new item x into the class C which min-

imizes this global oddness measure. Moreover, it has been noticed

that the oddness measure of an item w.r.t. a triple can be generalized

to a subset of any size, as well as to numerical features [3]. We inves-

tigate here the use of oddness measures based on selected pairs, since

our aim is to show that we can keep on with the same idea of oddness

while lightening the computational cost. Doing so, we preserve the

accuracy while further reducing the complexity by constraining the

set of considered pairs. The idea is to constrain the choice of the two
elements in the pairs. We study the options of using pairs including

one nearest neighbour, and then two nearest neighbors [4].

2 Oddness of an item w.r.t. a multiset of values
In order to build an oddness index for a Boolean x w.r.t. a multi-

set of Boolean values {ai | i ∈ [1, n]}, we look for a formula

F (a1, . . . , an, x) holding iff a1 = . . . = an = 0 and x = 1,

or if a1 = . . . = an = 1 and x = 0. The oddness odd({ai|i ∈
[1, n]}, x) of a Boolean x w.r.t. a multi-set of Boolean values

{ai | i ∈ [1, n]} can be summarized as:

1 LARODEC Laboratory, ISG de Tunis, Tunisia & Emirates
College of Technology, Abu Dhabi, United Arab Emirates, email:
myriam−bounhas@yahoo.fr

2 IRIT, University of Toulouse, France, & QCIS, University of Tech-
nology, Sydney, Australia, email: prade@irit.fr

3 IRIT, University of Toulouse, France, & BITE, London, UK, email:
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¬(∨i∈[1,n] ai ≡ x) ∧ ¬(∧i∈[1,n] ai ≡ x) (1)
It is clear that odd holds true only when the value of x is seen as being

at odds among the other values: x is the intruder in the multiset of

values. In the case n = 2, odd({a1, a2}, x) is 0 if and only if the

value of x is among the majority value in the multiset {a1, a2, x}.

When n = 3, odd({a1, a2, a3}, x) does not hold true only in the

situations where there is a majority among values in a1, a2, a3, x
and x belongs to this majority (e.g. odd({0, 1, 0}, 0) = 0), or when

there is no majority at all (e.g. odd({0, 1, 1}, 0) = 0).

Extension to real values is quite straightforward. Assuming that

numerical features are renormalized between 0 and 1, we use the

standard definitions of the logical connectives in the [0, 1]-valued

Łukasiewicz logic [8]. Then, a graded counterpart to formula (1) is:

min(|x−max{a1, . . . , an}|, |x−min{a1, . . . , an}|) (2).
A natural extension odd({−→ai |i ∈ [1, n]},−→x ) to vectors with m fea-

tures is to consider the sum componentwise of the odd values com-

puted via expression (1) or (2) as:

Σm
j=1odd({aj

i |i ∈ [1, n]}, xj) (3),

where xj is the j-th component of −→x and the aj
i ’s are the j-th com-

ponents of the vectors−→ai respectively. If odd({−→ai |i ∈ [1, n]},−→x ) =
0, it means that no feature indicates that −→x behaves as an in-

truder among the ai’s. On the contrary, high values of odd({−→ai |i ∈
[1, n]},−→x ) means that, on many features,−→x appears as an intruder.

3 Global oddness measure for classification
Given a set C = {−→ai |i ∈ [1, n]} of vectors gathering examples of

the same class, one might think of computing odd(C,−→x ) as a way

of evaluating how much −→x is at odds w.r.t. C. An immediate clas-

sification algorithm would be to compute odd(C,−→x ) for every class

and to allocate to −→x the class which minimizes this number. Never-

theless, this number is not really meaningful when the size of C is

large. Indeed, we have to be careful because then {−→ai |i ∈ [1, n]} is

summarized by two vectors made respectively by the minimum and

the maximum of the feature values among the examples of C (due

to expressions (2) and (3)). These two vectors have high chance to

be fictitious in the sense that, usually, they are not elements of C.

Approximating our knowledge of the set C using only the maximal

ranges of the feature values over the members of the set seems very

crude. An idea is then to consider small subsets S of the class C, then

compute odd(S,−→x ) and finally add all these atomic oddness indices

to get a global measure of oddness of−→x w.r.t. C. This approach leads

to the following initial formula: ΣS⊆C,|S|=n odd(S,−→x ). To take into

account the relative size of the different classes, it is fair to introduce

a normalization factor and our final definition is:

Oddn(C,−→x ) =
1(|C|
n

)ΣS⊆C,|S|=n odd(S,−→x )
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A classification algorithm follows, where we allocate to a new item
x the class C minimizing Oddn(C,−→x ) for a given n, thus defining a

family of classifiers also denoted Oddn.

Algorithm 1 Oddness-based algorithm

Input: a training set TS of examples (−→z , cl(−→z ))
a new item −→x ,

an integer n,

Partition TS into sets C of examples with the same label c.

for each C do
Compute Oddn(C,−→x ) for subsets of size n

end for
cl(−→x ) = argminc(Oddn(C,−→x ))
return cl(−→x )

4 Experimentations
The experimental study is based on 15 datasets taken from the

U.C.I. machine learning repository [6], applying standard 10 folds

cross-validation technique. On these datasets, we compare classifiers

Odd1, Odd2, Odd3 accuracy to the one of state-of-the-art classifiers

C4.5, SVMs, JRip and IBk (shown in Table 1). Our first experiments

Table 1. Classification accuracy of state-of-the-art classifiers

Datasets C4.5 SVM SVM JRip IBk
Poly-Kernel PUK-Kernel (k=5,k=15)

Balance 78 90 89 76 84,88
Car 95 91 87 91 92,76
Monk1 99 75 100 98 100,100 -
Monk2 95 67 67 73 64,67
Monk3 100 100 100 100 99,98
Spect 81 81 83 81 80,79
Voting 96 96 96 95 93,91

Diabetes 74 77 77 76 73,74
Cancer 96 97 96 96 97,94
Heart 77 84 81 81 78,81
Magic 76 77 81 77 78 ,77
Ionosphere 91 88 94 88 85,84
Iris 96 96 96 95 95,96
Wine 94 98 99 93 95,96
Sat. Image 94 94 95 93 95,94

lead to rather poor performances due to the huge number of subsets

considered in each class, giving them equal importance, while a lot of

them blur the accuracy of oddness measure through the summation.

In our first experiments, considering the average accuracy on all

15 datasets, it appears that Odd2 is a better performer than Odd1
and Odd3. We then focus on Odd2, trying to privilege subsets in-

cluding elements of particular interest such as nearest neighbors in

the classes. Since selecting one element of a pair as a nearest neigh-

bour of the item x in the target class leads to good accuracy rates,

we also consider the option of taking the second element as another

nearest neighbour in the class, with the normalization factor chosen

accordingly as 1

(k2)
, leading to Odd2(NN,NN). This is also bene-

ficial from a complexity viewpoint.

In Tables 2 and 3, we provide classification results respec-

tively for Odd2(NN,Std) (using only one nearest neigbour), and

Odd2(NN,NN) (using two nearest neigbours) for different values

of k (k being the number of nearest neigbours used).

In the last column of Table 3, we assign respectively a positive ′+′,
negative ′−′, or neutral ′.′ mark if the Odd2(NN,NN) is respec-

tively better, worse or similar to Odd2(NN,Std) for k = 15. This

comparison shows that the two classifiers have similar efficiency for

most datasets, except for Monk2 where Odd2(NN,NN) outper-

forms not only Odd2(NN,Std), but also SVM and IBk.

We can also note that Odd2(NN,NN) performs more or less

in the same way as the best known algorithms. Especially we com-

pared this classifier to IBk for k=15 using the Wilcoxon Matched-

Pairs Signed-Ranks [5]. We get a p-value = 0.024 which shows that

Odd2(NN,NN) is significanly better than IBk.

Table 2. Classification accuracies given as mean and standard deviation
with Odd2(NN,Std) classifier for k = 3, 7, 13, 15

Datasets Odd2(NN,Std)
Value of k 3 7 13 15
Balance 75.61±4.99 85.65±4.11 86.23±3.59 86.33±3.57
Car 87.73±3.99 92.68±3.17 90.85±2.99 90.1±2.86
Monk1 99.59±2.95 99.76±2.19 99.38±2.87 99.33±2.87
Monk2 36.39±8.57 53.03±5.85 61.34±5.34 64.28±4.4
Monk3 99.82±0.72 99.87±0.66 99.6±1.31 99.14±1.82
Spect 82.98±5.17 84.08±4.7 83.82±5.76 83.38±5.76
Voting 92.96±4.29 94.33±3.38 94.98±2.63 94.39±3.82
Diabetes 73.61±3.99 75.1±3.49 75.5±3.03 75.93±3.98
W. B. Cancer 95.79±2.32 96.31±1.82 96.37±1.91 96.49±2
Heart 81.55±3.94 82.52±5.39 82.1±5.34 82.34±5.55
Magic 78.39±3.27 78.32±3.03 78.83±3.18 78.94±3.09
Ionosphere 91.22±4.11 90.56±4.92 91.58±5.4 91.69±5.6
Iris 94.53±5.47 94.53±5.47 95.21±4.68 95.21±4.68
Wine 97.58±2.71 98.24±2.44 97.67±2.87 97.58±2.87
Sat. Image 95.1±1.48 94.59±1.36 93.93±1.77 93.84±1.67

Table 3. Classification accuracies given as mean and standard deviation
with Odd2(NN,NN) classifier for k = 3, 7, 13, 15

Datasets Odd2(NN,NN)
Value of k 3 7 13 15
Balance 56.37±6.56 83.63±3.89 83.72±4.12 84.47±3.54 (-)
Car 75.38±4.53 92.39±3.89 91.26±2.89 90.36±3.83 (.)
Monk1 85.95±4.66 99.76±0.24 99.56±0.74 99.57±0.94 (.)
Monk2 53.72±8.1 59.7±4.6 67.93±4.23 67.73±3.13 (+)
Monk3 94.49±4.97 99.95±0.05 99.91±0.71 99.59±1.25 (.)
Spect 76.52±6.02 82.77±5.09 83.82±3.68 84.51±4.80 (+)
Voting 90.69±2.92 93.36±2.85 94.3±3.57 94.86±3.03 (.)
Diabetes 68.48±5.2 73.06±3.22 74.55±3.48 74.84±3.03 (-)
W. B. Cancer 94.05±2.48 95.86± 2.88 96.05±2.38 96.02±2.32 (.)
Heart 74.29±4.72 79.46±8.26 81.44±6.07 82.58±7.60 (.)
Magic 75.25±3.41 78.68±3.73 79.24±2.53 79.52±3.15 (+)
Ionosphere 91.17±4.2 91.64±2.88 91.81±2.0 91.85±2.12 (.)
Iris 94.59±5.62 94.59±5.62 94.7±5.63 94.98±5.24 (.)
Wine 97.64±4.81 97.81±2.65 97.77±2.78 97.74±2.78 (.)
Sat. Image 95.51±1.75 95.29±1.1 94.79±1.69 94.77±1.81 (+)

5 Conclusion
In this paper, we suggest a new way to evaluate the oddness of an

item w.r.t. a class. Since using subsets of pairs (Odd2) provides better

accuracy results than singletons (Odd1) or triples (Odd3), we further

investigate this option by filtering candidate pairs. We first choose

one item in a pair as a nearest neighbour, then two elements in a

pair as nearest neighbours in the class. Experiments show that we are

still competitive with state of the art classifiers (k-NN, SVM) while

having drastically decreased complexity. These results suggest that it

may be beneficial to consider pairs of nearest neighbours and then

to minimize an oddness measure, which departs from the k-NN view

dealing with nearest neighbours in isolation.
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Value-Based Reasoning and Norms1

Trevor Bench-Capon 2

Abstract. Norms are designed to guide choice of actions. Value-

based practical reasoning is an approach to explaining and justifying

choice of actions in terms of value preferences.. Here we explore

how value-based practical reasoning can be related to norms and their

evolution. Starting from a basic model of a society and the norms

that can arise from it, we consider how additional values, and a more

sophisticated model, with more detailed states and a history, and a

finer grained description of actions, can accommodate more complex

norms, and a correspondingly more complex social order.

1 Norms and Values

Norms are a topic of considerable interest in agents systems, since

they are seen as a way of regulating open agent systems. Simple two

player games, such as the prisoner’s dilemma (PD), can be used to ex-

plore norms [3], [8]. Empirical studies suggest, however, that public

goods games do not provide a very realistic model of actual human

behaviour. Studies such as [7] demonstrate that the canonical model

is rarely followed in practice. An alternative approach is provided by

Value-Based Reasoning, in which agents are associated with a set of

social values, the aspirations and purposes an agent might pursue,

and their choice of actions explained by these values [1]. Norms can

in turn be explained in terms of these choices. An example illustrat-

ing this approach using the fable of The Ant and the Grasshopper
and the parable of The Prodigal Son can be found in [4].

In both the fable and parable there are two agents (ant and

grasshopper and father and son, respectively). In both there is a

choice of working through the summer to build a food surplus, or

playing for one’s own pleasure. In terms of values, the grasshopper

and the son choose pleasure over work. When winter comes and they

have no food they ask to be fed. The ant refuses, saying that it is

the grasshopper’s own fault, but the father does give the son food.

Thus, in terms of values, the ant prefers its own pleasure (feasting

on its store) to the grasshopper’s life, whereas the father makes the

opposite choice. The norms underlying the fable seems to be a kind

of work ethic (one should choose work, reinforced by a norm say-

ing that those who do not work should starve). The parable shares

the first norm (the son is prodigal), but regards the life of the son

as more important than the father’s feasting. Since the preference of

the ant seems rather selfish, perhaps even immoral [2], it is impor-

tant that the norm obliging work is recognised, so that the refusal can

be seen as punishment of violation of the norm, promoting the value

Justice rather than a selfish preference. Given the norm, the father’s

action can be seen as promoting a value such as Mercy or Forgive-

ness, by withholding a deserved punishment. Thus we see how the

1 This is a short version of a paper presented at the ECAI 2016 Workshop AI
for Justice. That paper has a fuller discussion and set of references.

2 Department of Computer Science, University of Liverpool, UK. email:
tbc@csc.liv.ac.uk

existence of norms allows the introduction of additional values. Pun-

ishment of violations is necessary to avoid normative collapse [6], so

the repentance of the son (an additional action which will extend the

basic model) is an essential part of the parable: it is expected that he

will work in future summers.

Although norms to work and to punish violations (in the fable, re-

peated violations in the parable) will give rise to an equitable and sus-

tainable society, the society could be critiqued: there is no net plea-

sure, no choice, no diversity, and the pleasure that does exist (feasting

in winter) is rather basic, whereas the pleasure denied (singing) can

be seen as a ‘higher” pleasure, which utilitarians such as Mill have

valued more highly than basic pleasures. It can be seen as a mark

of a civilised society that it uses surplus food to enable the devel-

opment of arts and sciences. This can be reflected by distinguishing

three types of pleasure: bodily pleasures, higher pleasures and mere

frivolity. Now our norms can make use of these distinctions, by pun-

ishing frivolity, but encouraging higher pleasures by giving food to

those who are in need because of their pursuit of these pleasures. The

problem is ensure that there will be enough surplus food to feed those

who do choose higher pleasures over work: this requires at least half

the population to work. But why should they choose work? There are

a number of ways in which we can accommodate agents choosing to

play. Some require disparity between agents, while others require a

redescription of the world: additional values and refined descriptions

of actions and states.

Power. We first consider a disparity of power. In this situation

some agents are sufficiently more powerful than the others as to

be able to compel them to surrender their food. The powerful can

choose pleasure without fear of starving. But a norm is required to

prevent them demanding non-surplus food, representing a preference

for Life over (any form of) Pleasure. Also we will wish to discourage

frivolity, so there will be a norm (addressed only to the powerful, the

rest will still be obliged to work) forbidding frivolity (allowing work

as a choice) or obligating pursuit of higher pleasures.

This means that there is one norm for the powerful and one norm

for the powerless, which requires some kind of social order, recog-

nised by all. One example of such a society is Feudalism. If there

are relatively few powerful agents, they can demand low rents and so

leave some surplus to the tenants If such a society is to be sustain-

able, the powerless need to respect the social order so that they do not

rise up and overthrow the elite. Revolutions must be avoided. The so-

cial order can be supported by additional values, such as Deference,

respected by the powerless and a kind of Nobelsse Oblige respected

by the powerful. Acceptance can be reinforced in several ways in-

cluding patriotism, in which the powerless are encouraged to take

pride in the cultural achievements of their masters, or religion. As a

further reinforcement, prudence suggests that the rents should not be

too high. The proportion to take resembles the Ultimatum Game [7].

A further possibility is that some workers may be taken out of food
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production and used for other purposes of benefit to all, which might

be additional cultural activities (e.g. minstrels), building works (e.g.

the pyramids), or whatever, and then fed from the tribute (“bread and

circuses”). In addition to Feudalism, there are other models: slavery

is one, and the kind of brigandry depicted in the film The Magnificent
Seven is another, but these afford far less opportunity for keeping the

powerless content.

Money. In post-feudal societies we find that class and disparity

remain, but that this disparity is manifested as wealth rather than

physical coercion. When wealth is the source of power, the forcibly

coercive demands of the powerful are replaced by the ability to buy

the surplus. Selling is not compulsory, but avoids the wealthy starv-

ing and allows the possibility of acquiring money to allow for future

pleasures, or deferring work through debt. This is the underlying idea

of holidays, pensions, and more recently of “gap years”. How the

surplus is distributed can be left to the individuals and so made to

depend on the preferences of individuals, or there may be limits im-

posed by a state. This could lead to a fair degree of equality, since

eventually the initially wealthy will have spent all their money, and

so be forced to work. There are, however, mechanisms which tend to

allow the wealthy to maintain their position: including land owner-

ship, access to external wealth (e.g. colonies) and usury. The notion

of money which allows consumption to be deferred or anticipated re-

quires a norm obligating the repayment of debt, or more generally to

honour agreements, and will be accompanied by new values such as

trustworthiness and honesty. In some cases deference or genorosity

may mean that some people (e.g. monarchs, priests or those who can-

not work) are supported without payment. This may lead to support a

norm obligating giving alms to those who cannot support themselves

(to the poor, or to those performing a worthwhile service, or both).

Once the need to honour agreements has been recognised the pos-

sibility of turn-taking arrangements arises. Such arrangements are

common amongst children and households sharing chores, and as

been been shown to emerge in certain kinds of agent simulations [5].

The “play” may also be of value to the working agents. Here some

agents may be prepared to part with a (typically) small part of their

surplus. Since the singing of a single grasshopper may entertain a

whole colony of ants, it is even more attractive if the cost can be

shared across a large number of individuals. Where this is so, a va-

riety of entertainers can be supported, and other services performed.

Money greatly assists this arrangement, and places it on a contractual

footing. As such we might expect the emergence of a service and en-

tertainments sector, where some agents are able to adopt the role of

providers of cultural activities willingly supported by groups of other

agents. This is likely to be increasingly the case when productivity

rises, so that workers generate larger surpluses. Now both food pro-

duction and providing services for which others will pay can be seen

as “work”. Only the best will be paid to entertain, allowing for such

play to be distributed on merit (rather than on power or wealth).

Government. As well as choosing to spend their surplus on pro-

viding themselves with culture, through paying others to play in par-

ticular ways, agents may choose to pay others to do their duties. In

[6] it was shown empirically that to avoid norms collapsing it is nec-

essary that they not only be backed by the punishment of violators,

but that those who fail to punish must themselves be punished. Since

punishment has a cost, however, there are reasons not to punish, and

in societies where violations are comparatively rare, the cost of pun-

ishment falls unevenly and unpredictably. Recognising the need to

punish is an important aspect of social cohesion. Once this is seen as

a social duty it is a small step to organise and pay for a third party

to punish violators. From this it is a small step to taxation, and the

provision of services such as law enforcement by the State. And if

law enforcement, why not other duties? In this way Governments

may emerge, first as a Hobbesian Leviathan for mutual protection

but, once established, available to take on the performance of other

duties, such as supporting those incapable of work, or even centrally

providing entertainers.. In addition to adding an additional actor to

the model, an emergent state will lead to further new values such as

self-reliance, freedom, community, and their relative preferences may

provide insight into the form in which the Government emerges.

Discussion. Value-Based practical reasoning [1] was developed

to explain and justify choices of actions in terms of the subjective

aspirations of agents, represented as an ordering on values. Norms

are designed to guide such choices and can be seen as correspond-

ing to, and hence encouraging, particular value orderings. As such

norms and value-based reasoning should relate to one another. In our

very simple initial example, based on the fable of The Ant and the
Grasshopper, for the society depicted to be sustainable a norm en-

joining work over play was required. But since normative collapse

requires the punishments of violations [6], it was important that the

ant did not simply meet the grasshopper’s needs. Because this ap-

peared to be endorsed by the ant selfishly choosing pleasure over

the grasshopper’s life, the new value of justice was introduced to jus-

tify such punishment. Corresponding values such as forgiveness were

then required to justify the action of the father in the parable of The
Prodigal Son. But because violations eventually need to be punished

to avoid normative collapse, we need to record the history of the

system to recognise repeated violations. Thus we are elaborating the

states, and introducing further values, some of them meta-values: val-

ues promoted and demoted by value orders rather than actions. Greed
would be another meta-value, representing the undue preference for

an agent’s own wealth. Norms encourage particular orderings.

We have also shown how finer grained descriptions of actions (e.g.

discriminating various kinds of pleasurable activity), and additional

state information (recording disparities of power and wealth) give

rise to, or are required by, more sophisticated norms. The introduc-

tion of money, for example, requires a set of accompanying norms

to regulate its use. These norms in turn support a variety of social

orders, and more specialised and diverse societies. Different norma-

tive systems can in this way be explained in terms an interplay of

values, states, norms and social aspirations, and approved preference

orderings, supported by meta-values.
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Using Recursive Neural Networks to Detect and Classify

Vı́ctor Suárez-Paniagua and Isabel Segura-Bedmar 1

Abstract. The purpose of this paper is to explore in detail how a

Recursive Neural Network can be applied to classify drug-drug in-

teractions from biomedical texts. The system is based on MV-RNN,

a Matrix-Vector Recursive Neural Network, built from the Stanford

constituency trees of sentences. Drug-drug interactions are usually

described by long sentences with complex structures (such as subor-

dinate clauses, oppositions, and coordinate structures, among others).

Our experiments show a low performance that may be probably due

to the parser not being able to capture the structural complexity of

sentences in the biomedical domain.

1 INTRODUCTION
Nowadays there is a growing concern about drug adverse events

(ADEs) since they are a serious risk for patient safety as well as

a cause of rising health care costs. Drug–drug interactions (DDIs),

a subset of ADE, are harms caused by the alteration of the effects

of a drug due to recent or simultaneous use of one or more other

drugs. Unfortunately, most DDIs are not detected during clinical tri-

als, mainly because these trials are designed to assess the effective-

ness of drugs rather than their safety. Physicians can consult several

databases with information about DDIs before writing their prescrip-

tions for medications. However, in general, the information in these

databases is incomplete and is not up to date. It should denoted that

some DDIs do not have any negative consequences on health patient

or can be avoided with proper drug dosages or increasing the interval

time between the drugs. Coupled with this, it should be noted that the

number of articles published in the biomedical domain is increasing

between 10,000 and 20,000 articles per week. Thus, physicians have

to spend a long time reviewing DDI databases as well as the pharma-

covigilance literature in order to assess the real clinical significance

of a particular DDI and to prevent harmful drug interactions. There-

fore, the automatic processing of the medical literature is becoming

vital for the early detection of DDIs. Natural Language Processing

(NLP), that is language technologies, can be a powerful tool to find

out new insights regarding DDIs.

In recent years, several NLP challenges have been organized to

promote the development of NLP techniques applied to the biomed-

ical domain, in particular, to the pharmacovigilance subject. In par-

ticular, the goal of DDIExtraction Task [6] was the detection and

classification of DDIs from biomedical texts. Each DDI is classi-

fied with one of the following types of DDIs: mechanism (when the

DDI is described by their pharmacokinetic mechanism), effect (for

DDIs describing an effect or a pharmacodynamic mechanism), ad-

vice (when sentence is providing a recommendation or advice about

1 Computer Science Department, University Carlos III of Madrid, email: vs-
paniag,isegura@inf.uc3m.es

a DDI) and int (the DDI appears in the text without providing any

additional information). Most of the participating systems as well

as the systems developed later have been based on Support Vector

Machines (SVM) and on both linear and non-linear kernels, being

the state-of-the-art performance of 77.5% F1 for detection and 67%

F1 for classification [4]. All of them are characterized by the use of

large and rich sets of linguistic features proposed by text miners and

domain experts. Deep learning methods can be an interesting alterna-

tive to the classical methods since they are able to learn the best fea-

tures to represent a problem. To the best of our knowledge, only two

works so far have used Deep Learning methods for the classification

of DDIs from biomedical texts. The first work exploited a recursive

neural network (RNN) [2], achieving 68.64% F1 for DDI classifica-

tion, however the performance for each DDI type was not studied.

The second one was based on the use of a convolutional neural net-

work (CNN) [7] (F1=69.75%; 70.24% for mechanism; 69.33% for

effect; 77.75% for advice and 46.38% for int). The goal of our work

is to continue the work started by [2], performing a detailed study

about if RNNs are able to correctly classify the different DDI types.

2 EXPERIMENTAL SETTINGS
2.1 Dataset
The DDI corpus [3] is a valuable annotated corpus that provides a

gold standard data for training and evaluating supervised machine

learning algorithms to extract DDIs form texts. The DDI corpus

was used for the DDIExtraction 2013 Shared Task. It contains 233

selected abstracts about DDIs from Medline (DDI-MedLine) and

other 792 texts from the DrugBank database (DDI-DrugBank). The

corpus was manually annotated by two pharmacists with a total of

18,502 pharmacological substances and 5028 DDIs. The DDI corpus

includes four different type of DDIs: mechanism (1618), effect
(2029), advice (1043) and int (284). The next example represents an

advise instance where the two entities in the relation are marked:

”Caution should be used when <e1>NSAIDs</e1> are adminis-
tered concomitantly with <e2>methotrexate</e2>.”

2.2 MV-RNN
Our approach is based on Recursive Neural Network. In particular,

Matrix-Vector spaces (MV-RNN) was the first Deep Learning archi-

tecture that obtained improvements in classification of semantic re-

lationships [8]. This model can determine the meaning of each word

and the rules used to combine them in long sentences. To this end,

the model assigns a vector and a matrix to every word and it learns a

compositional function for computing these representations.

Drug-Drug Interactions from Biomedical Texts
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Firstly, MV-RNN uses as input a binarized parse tree of phrases

and sentences of arbitrary syntactic type and length from the Stanford

Parser [5] as the RNN structure. Then, MV-RNN learns, in every

node of the tree, a vector that represents the meaning of a constituent

(a word or a sentence), and a matrix that captures how this constituent

changes the meaning of their neighbours. Initially, we use the pre-

trained 50-dimensional word vectors from [1] and the matrices as

an identity matrix with a small Gaussian noise. Afterwards, the MV-

RNN architecture computes the parent vector p and the non-terminal

phrase matrix P of each node as a single layer neural network:

p = g(W

[
C1c2
C2c1

]
+ b) P = WM

[
C1

C2

]
where c1 and c2 are the word vectors of their children in the binarized

tree with dimensionality n, C1 and C2 ∈ Rn×n are matrices for

single words, W and WM ∈ Rn×2n are the weight matrices, g is a

non-linearity function and b is the bias term. Finally, the MV-RNN

uses the computed vector of the highest nodes in the path between

the pairs of words as features for predicting a DDI type label using a

simple softmax classifier.

MV-RNN was adapted by Socher et al., [8] for the SemEval-10

task 8, whose goal was the classification of relationships between

nominals. Thus, we had to transform the DDI corpus to the format

of the SemEval-2010 task 8. Since the implementation of MV-RNN

does not deal with discontinuous entities, we removed DDI candi-

dates involving this kind of entities. It should be noted that sentences

from the SemEval-2010 task 8 dataset are much simpler than our

sentences in the DDI corpus. For this reason, we simplified complex

entities (such as chemical compounds) and numerical expressions in

order to clarify the tokenization of texts.

3 RESULTS AND DISCUSSION

Table 1 shows the performance of MV-RNN over the DDI corpus test

dataset. The model achieves an F1 score of 46% using a syntactic

information for building the RNN architecture. In general, precision

is greater than recall due to the large number of false negatives in

each class caused by the misclassification. The class advice achieves

the best performance (54% in F-measure) with respect to the other

classes because these recommendations follows specific patterns and

are easy to learn.

Table 2 shows the results adding external features such as Part-

of-Speech tags, the WordNet hypernyms and the name entity tags

of the two words to the computed vector of the highest node in the

relation for the classification in the softmax layer. These three fea-

tures increase the performance F-measure (50%) and the Recall for

all the classes. Although, the features raise the number of instances

classified correctly, the False Positives are 38 instances bigger than

without using external features. It may be due to an over-fitting in the

softmax layer because in all the cases the False Negatives decreases

whereas that the False Positives increases with respect to the Table 1

causing a trade-off problem.

The main cause of our low performance may be due to the Stanford

parser is not able to correctly build the syntactic trees of sentences

from the DDI corpus, which usually have complex structures (such as

subordinate clauses, oppositions and coordinate structures, complex

named entities among others). Wrong syntactic trees involve wrong

RNN structures that are not able to capture the compositionality of

sentences.

True False False Precision Recall F-measure
Positives Positives Negatives

EFFECT 163 206 197 0.44 0.45 0.45
MECHANISM 105 102 194 0.51 0.35 0.42
ADVICE 108 71 113 0.60 0.49 0.54
INT 36 18 60 0.67 0.38 0.48
TOTAL 412 397 564 0.51 0.42 0.46

Table 1. Results on DDI Corpus using MV-RNN without external features.

True False False Precision Recall F-measure
Positives Positives Negatives

EFFECT 193 232 167 0.45 0.54 0.49
MECHANISM 121 110 178 0.52 0.40 0.46
ADVICE 119 76 102 0.61 0.54 0.57
INT 37 17 59 0.69 0.39 0.49
TOTAL 470 435 506 0.52 0.48 0.50

Table 2. Results on DDI Corpus using MV-RNN with external features.

4 FUTURE WORK
As future work we propose to replace the pretrained word vectors

from the Collobert and Weston model [1] by those from word2vec2.

The model will train on a large collection of biomedical texts to in-

clude technical terms and jargon, which are not generally represented

by [1]. Moreover, we would like to explore if the position embed-

dings and negative instance filtering improve our results in MV-RNN.
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Abstract. We address the problem of efficiently computing the ex-

tensions of abstract argumentation frameworks (AFs) which are up-

dated by adding/deleting arguments or attacks. We focus on the two

most popular ‘deterministic’ semantics (namely, grounded and ideal)
and present two approaches for their incremental computation, well-

suited to dynamic applications where updates to an initial AF are

frequently performed to take into account new available knowledge.

1 Introduction

Typically an argumentation framework (AF) models a temporary

situation as new arguments and attacks can be added/removed to

take into account new available knowledge. This may change sig-

nificantly the conclusions that can be derived. For instance, when

a new attack is added to an AF, existing attacks may cease to ap-

ply and new attacks become applicable. Surprisingly, the definition

of evaluation algorithms and the analysis of the computational com-

plexity taking into account such dynamic aspects has been mostly

neglected, whereas in these situations incremental computation tech-

niques can greatly improve performance. Sometimes changes to the

AF can make small changes to the set of conclusions, and recom-

puting the whole semantics from scratch can be avoided. For in-

stance, consider the situation shown in Figure 1: the initial AF A0,

where h is not attacked by any other argument, is updated to AF

A by adding attack (g, h). According to the most popular argu-

mentation semantics, i.e. grounded, complete, ideal, preferred, sta-
ble, and semi-stable [2, 1], the initial AF A0 admits the extension

E0 = {a, h, g, e, l,m, o}, whereas the extension for the updated

framework A becomes E = {a, c, g, e, l,m, o}. As it will be shown

later, for the grounded and ideal semantics, which are deterministic,

the extension E can be efficiently computed incrementally by look-

ing only at a small part of the AF, which is “influenced by” the update

operation. This part is just {h, c} in our example, and we will show

that the membership of the other arguments to E does not depend on

the update operation, and thus we do not need to compute them again

after performing update +(g, h).
In this paper, we introduce the concept of influenced set that con-

sists of the arguments whose status could change after an update.

The influenced set refines the previously proposed set of affected ar-
guments [4] and makes the computation more efficient. Incremental

algorithms for recomputing the grounded and ideal extensions can

be defined so that they compute the status of influenced arguments

only. Experiments reported in the extended version of this paper [3]

showed the effectiveness of our approach on real and synthetic AFs.

b

c

da fe

gh li
+(g, h)

nm

o

Figure 1. AFs A0 and A = +(g, h)(A0)

2 Influenced Arguments

An (abstract) argumentation framework [2] (AF) is a pair 〈A,Σ〉,
where A is a set of arguments and Σ ⊆ A×A is a set of attacks.

We assume the reader is familiar with abstract argumentation con-

cepts, such as conflict-free and admissible sets of arguments, and ar-

gumentation semantics complete (co), preferred (pr), semi-stable
(ss), stable (st), grounded (gr), and ideal (id), which specifies the

criteria for identifying sets of arguments considered to be “reason-

able” together, called extensions. Given an AF A and a semantics S ,

we use ES(A) to denote the set of S-extensions ofA. All the above-

mentioned semantics except the stable admit at least one extension,

and the grounded and ideal admit exactly one extension [2, 1]. Se-

mantics gr and id are called deterministic or unique status.

The argumentation semantics can be equivalently defined in terms

of labelling [1], that is using a total function L : A→ {IN, OUT, UN}
assigning to each argument a label. Between complete extensions and

complete labellings there is a bijective mapping defined as follows:

for each extensions E there is a unique labelling L = 〈E,E+, A \
(E ∪ E+)〉, where E+ denotes the set of arguments attacked by

arguments in E, and for each labelling L there is a unique extension

in(L), that is the set of arguments labeled as IN.

Updates. An update u for an AFA0 consists in modifyingA0 into an

AF A by adding or removing arguments or attacks. W.l.o.g., we can
focus on updates consisting of adding/deleting one attack between
arguments belonging to A0 [3]. We use +(a, b) (resp. −(a, b)) to

denote the addition (resp. deletion) of an attack (a, b), and u(A0) to

denote the application of update u = ±(a, b) to A0.

In [3], we identified sufficient conditions guaranteeing that a given

S-extension is still an S-extension after performing an update. That

is, let A0 be an AF, u = ±(a, b) an update, S ∈ {co,pr, ss, st,

gr, id} a semantics, E0 ∈ ES(A0) an extension of A0 under S ,

we identified conditions for extension (or labelling) preservation
under which it is ensured that E0 ∈ ES(u(A0)).

Let A0 be an AF, u = ±(a, b) an update, and E0 an extension of

A0 under a given semantics S. The definition of influenced set of u
w.r.t. A0 and E0 (denoted as I(u,A0, E0)) is built on the following
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observations: 1) if one of the conditions for extension (or labelling)

preservation holds, then E0 is still an extension for u(A0) and, there-

fore, I(u,A0, E0) = ∅; 2) the status of an argument c can change

when the status of argument b changes only if c is reachable from

b; 3) if argument z is not reachable from b and its status is IN (i.e.,

z ∈ E0), then also the status of the arguments attacked by z cannot

change: their status remains OUT. The influenced set I(u,A0, E0)
is the set of arguments that can be reached from b without using any

intermediate argument y whose status is known to be OUT because it

is determined by an argument z ∈ E0 which is not reachable from b.

Example 1 For the AF A0 of Figure 1, whose grounded extension

is E0 = {a, h, g, e, l,m, o}, we have that the influenced set of u =
+(g, h) is I(u,A0, E0) = {h, c}. Note that d �∈ I(u,A0, E0) since

it is attacked by a ∈ E0. Thus the arguments that can be reached only

using d cannot belong to I(u,A0, E0) either. �

3 Recomputing Unique Status Semantics
Grounded Semantics. We first identify the restricted subgraph of

the given AF containing the arguments influenced by the update.

Given an AF A0, the grounded extension E0 for A0, and an up-

date u = ±(a, b), the restricted AF of A0 w.r.t. E0 and u for the
grounded semantics (denoted as Rgr(u,A0, E0)) contains, in ad-

dition to the subgraph of u(A) induced by I(u,A0, E0), additional

nodes and edges containing needed information on the “external con-

text”, i.e. information about the status of arguments which are attack-

ing some argument in I(u,A0, E0). Specifically, if there is inA0 an

edge from node a �∈ I(u,A0, E0) to node b ∈ I(u,A0, E0), we

add edge (a, b) if the status of a is IN, so that, as a does not have

incoming edges in Rgr(u,A0, E0), its status is confirmed to be IN.

Moreover, if there is in A0 an edge from a node e �∈ I(u,A0, E0)
to a node c ∈ I(u,A0, E0) such that e in UN, we add edge (c, c) to

Rgr(u,A0, E0) so that the status of c cannot be IN.

Example 2 Continuing Example 1, Rgr(+(g, h),A0, E0) consists

of the subgraph induced by I(u,A0, E0) = {h, c} and the edge

(g, h) which is an attack towards argument h ∈ I(u,A0, E0) com-

ing from argument g outside I(u,A0, E0) labelled as IN. Hence,

Rgr(+(g, h),A0, E0) = 〈{g, h, c}, {(g, h), (h, c)}〉. �

Example 3 Consider the AF A0 = 〈{a, b, c, d, e, f, g}, {(a, b),
(b, a), (c, d), (d, c), (a, c), (b, c), (f, c), (g, f)}〉 and the update u =
+(e, d). We have that (i) the grounded extension of A0 is E0 =
{g, e} (i.e. arguments a, b, c, d are all labeled as UN); (ii) the influ-

enced set is I(u,A0, E0) = {c, d}; and (iii) the restricted AF is

Rgr(u,A0, E0) = 〈{c, d, e}, {(c, d), (d, c), (e, d), (c, c)}〉. �

Our algorithm first checks if the restricted AF (computed w.r.t. up-

date u = ±(a, b)) is empty. If this is the case, then E = E0. Other-

wise, the status of arguments in I(u,A0, E0) is recomputed and the

extension E of u(A0) is constructed by combining the arguments in

E0 not belonging to the influenced part and the arguments returned

by an incremental fixpoint function which computes the grounded

extension of the restricted AF Ad = 〈Ad,Σd〉 compatible with the

starting extension E0 ∩Ad.

Example 4 For the AF A0 of Figure 1, where E0 =
{a, h, g, e, l,m, o} and u = +(g, h), the restricted AF

Rgr(u,A0, E0) = Ad = 〈Ad,Σd〉 with Ad = {g, h, c} and Σd =
{(g, h), (h, c)} is computed. As Ad is not empty, the incremental fix-

point function with actual parameters Ad and E0 ∩ Ad = {g, h} is

called. The function returns the set {g, c}, and the algorithm returns

E = {a, g, e, l,m, o} ∪ {g, c} where {a, g, e, l,m, o} is the set of

arguments in E0 and not belonging to the influenced part. �

Ideal Semantics. Given an AF A0, the ideal extension E0 for A0

and an update u = ±(a, b), the restricted AF ofA0 w.r.t. E0 and u
for ideal semantics (denoted as Rid(u,A0, E0)) contains the paths

of A0, providing the information on the “context” outside the influ-

enced set S = I(u,A0, E0), that need to be considered to determine

the new status of arguments in S. To determine the status of nodes in

S we must consider all nodes and attacks occurring in paths (of any

length) ending in S whose nodes outside S are all labeled as UN.

Example 5 Continuing Example 3 we have that the ideal extension

of A0 is E′0 = {g, e, d} (i.e. arguments a and b are labeled as UN);

and the restricted AF is Rid(u,A0, E
′
0) = 〈{a, b, c, d, e}, {(a, b),

(b, a), (c, d), (d, c), (a, c), (b, c), (e, d)}〉. �

Our algorithm computes the ideal extension E of an updated AF

A = u(A0) using the ideal extension E0 of AFA0. It starts by iden-

tifying the set S of arguments whose status need to be recomputed

and the initial set that will be iteratively incremented to obtain the

ideal extension. It first checks if the influenced set is empty; in such

a case E = E0 and then it stops. If this is not the case, it iterates

to reach a fixpoint. At each step it first computes the restricted AF

for the grounded semantics and updates the current extension E and

the set S of unlabelled arguments by including in E all the argu-

ments belonging to the grounded extension and removing from S the

arguments that have been decided. Next, it decides if an unlabelled

argument belong to E by searching for a winning strategy for it.

4 Discussion
We presented two incremental approaches for computing determin-

istic extensions of updated AFs. The algorithms exploit the initial ex-

tension of an AF for computing the set of arguments influenced by an

update, and for detecting early termination conditions during the re-

computation of the status of the arguments. Although we focused on

updates consisting of adding/removing one attack, our technique can

be extended to deal with the case of multiple updates, as shown in [3],

where we reported on experiments conducted considering both single

and multiple attack updates. The experiments showed that the incre-

mental computation outperforms the base (non-incremental) compu-

tation. The experiments also showed that our definition of influenced

set substantially restricts the portion of the AF to be analysed for re-

computing the semantics of an AF after performing an update. This

means that even using any non-incremental algorithm taking as input

the restricted AF would result in a performance improvement, since

the size of the input data would be significantly smaller.
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The Post-Modern Homunculus 
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Abstract.1  Throughout the ages, magicians, scientists and 
charlatans have created life-like artifacts, some purported to be 
intelligent. In one famous case, the Chess Player, the intelligence 
was a little person hidden inside doing the thinking. Analogously, 
throughout the history of philosophy, and cognition, theories have 
arisen to explain intelligence in humans, but a philosophical 
problem with many such explanations is that they use what is 
called a homunculus argument – the explanation, upon scrutiny 
reveals a “little one” (homunculus) in the proposed mental 
apparatus that is responsible for thinking. For most of the era of 
computing, the Imitation Game, as so simply yet subtly put 
forward by Alan Turing, has been considered the gold standard for 
measuring this mysterious quantity, though recently Hector 
Levesque has pointedly argued that the time has come to abandon 
Turing’s test for a better one of his own design, which he describes 
in a series of acclaimed papers. In particular, we argue that 
Levesque, who has cleverly found the ‘homunculus’ in the 
arguments of others, has essentially regressed the problem of 
intelligence to a homunculus in his own system. 

1 INTRODUCTION 
Understanding intelligence, artificial or otherwise, continues to 
challenge humankind. Homunculus arguments slip into many 
discussions, benignly or unintentionally, and it can take 
considerable scrutiny to find them. For instance, consider a theory 
of human vision that notes how the human eye works like a 
camera, with the lens projecting an upside-down image of the 
world on the retina, which an internal mechanism in the brain can 
watch and interpret. (This is a highly oversimplified presentation of 
the Cartesian Theatre [2].) Here, the homunculus is the 
aforementioned “internal mechanism” that has solved the problem 
of vision that the theory proposed to explain.  

In a series of articles, several authors, in particular, Hector 
Levesque, revisit key foundational questions in artificial 
intelligence. Levesque, although he does not use the term 
homunculus, brilliantly uncovers one [4] in the celebrated Chinese 
Room thought experiment of John Searle.  

Elsewhere [5,6], Levesque goes on to ask whether the Turing 
Test is obsolete and should be replaced by something else, and 
poses a very clever constructive alternative, a claim startling 
enough to make the New Yorker. However, a study of Levesque’s 
papers suggests that, one, Levesque’s new test also uses 
(inadvertently) a variation of a homunculus argument (although it 
was very hard to find), and two, that the Turing test is of a different 
character than other landmark tests in AI. In light of the special 
theme of this conference on AI and Human Values, we claim that 
Turing’s test transcends formal philosophies of science, whereas 
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other artificial intelligence tests are benchmarks. Judging humanity 
in any number of ways also transcends science, and so this makes a 
clear contribution to this central theme of human values. 

The following elaborates these points. 

2 LEVESQUE AND SEARLE’S CHINESE 
ROOM 

Searle’s Chinese Room argument [7] tries to separate outward 
behavior from true intelligence. “Imagine,” he says, “a native 
English speaker who knows no Chinese locked in a room full of 
boxes of Chinese symbols (a data base) together with a book of 
instructions for manipulating the symbols (the program).” People 
outside the room pass in questions to the English speaker, who 
mechanically (!) consults his instruction book, retrieves certain 
answer symbols from the boxes, and returns them to the asker. 

If the asker is pretty happy with the answers, the question “Is 
the behavior of the English speaker intelligent?” may be asked. 

One camp argues that the English speaker’s behavior is 
intelligent, and if we can build its computational equivalent, why 
do we care whether it understands what it is doing? This seems 
obvious. Another camp argues that the behaviour is not intelligent, 
because the English speaker has no idea as to what is being 
discussed, even if he or she is a fully capable human. This also 
seem obvious. 

Both answers have merit. The first camp is concerned with 
pragmatics; the second demands a deeper notion of consciousness. 

The question can also be asked in a different way. “Is the 
behaviour of the system intelligent?” Putting the question this way, 
the system includes the English speaker, the Chinese Room full of 
boxes, and the instruction manual. 

Thirty years later, Searle [8] said “Computation is defined 
purely formally or syntactically, whereas minds have actual mental 
or semantic contents, and we cannot get from syntactical to the 
semantic just by having the syntactical operations and nothing 
else.” In other words, “no”. Searle’s view is that neither the person 
nor the system is intelligent, because however clever its answers 
are the system, the system does not understand what it is doing. 

Levesque [4] plainly notes, there is no such instruction book – 
mooting the discussion. He goes on to write that “Searle exploits 
the fact that we do not yet have a clear picture of what a real book 
for Chinese would have to be like.” Why? Because such a book 
would have to have an answer for every possible question asked in 
every possible context.  

That is, the instruction book is a homunculus!  
For Searle’s Chinese Room to function as described, some one 

(or thing) would have had to have already solved the problem of 
language understanding perfectly and incorporated it into an 
instruction book with a handy index. 

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1670

1670



Levesque takes a different tack from that described in the 
preceding paragraph, using an illustration he calls the Summation 
Room, which we do not reproduce for reasons of space. 

3 WINOGRAD SCHEMAS AND THE 
TURING TEST 

The genius of the Turing test (or Imitation Game) [9] is that it 
identifies intelligence with perhaps the most ordinary and basic of 
human activities – having a successful conversation in the 
estimation of a judge or jury. Turing thus proposed a way to test 
mechanical intelligence without actually defining it – a brilliant 
finesse. 

Pointing to the Loebner competition, Levesque [5,6] states that 
the Turing Test “has a serious problem: it relies too much on 
deception”. A program “will either have to be evasive … or 
manufacture some sort of false identity (and be prepared to lie 
convincingly).” “All other things being equal,” says Levesque, “we 
should much prefer a test that did not depend on chicanery of this 
sort”. “Is intelligence just a bag of tricks?” he asks. And so on. 

To combat such “chicanery”, Levesque proposes the Winograd 
Schema Challenge, which consists of multiple choice questions 
like this: 
 

Question: The trophy would not fit in the brown suitcase 
because it was too big (small). What was too big (small)?  

    Answer 0: the trophy  
    Answer 1: the suitcase. 
 
Levesque gives good arguments that tests can be constructed 

that are easy for humans to solve, yet are challenging for machines. 
Moreover, he provides a handy grading formula. 

However, with the act of grading, the WSC becomes another 
benchmark, rather than a replacement for the Turing test. By 
‘benchmark’, we intend many of the various challenges at which 
computers have already succeeded: tic-tac-toe, sliding tile puzzles, 
championship-level checkers, chess, or Go, Jeopardy, poker, and so 
on. The ability to objectively measure success in terms of win/loss, 
dollars, or speed allows us to define success in a manner that pays 
no attention to the machine’s performance.  

To understand this, consider the televised competition between 
Watson and two human Jeopardy champions. Watson almost 
enchanted until it was given, in the category U.S. Cities, the clue, 
“Its largest airport is named for a World War II hero, its second 
largest for a World War II battle.” Watson answered “Toronto”. 

 To the North American audience, this was a hysterical blooper, 
as most viewers knew Toronto to be in Canada, not the United 
States. To be fair, Watson knew it was guessing. Nonetheless, for 
many, this dispelled the illusion of intelligence, despite Watson’s 
landslide victory, measured by money won. 

The Turing test cannot use objective grading. It only requires 
that a human judge (or jury) be unable to distinguish the human’s 
performance from the machine’s. We believe that the existence of 
an objective grading scheme to decide intelligence in the WSC is 
equivalent to saying that a machine has been built that can decide 
whether another machine’s performance on a multiple choice exam 
is intelligent or not. 

There’s no such machine! Unless, of course, someone has 
created one that can decide when another machine is intelligent.  

It is interesting that Turing alternately suggested that judges or 
juries would decide the question of intelligence. There are at least 
two theories of why juries exist in the legal system [1]. One is that 
juries of peers tempered the decisions of judges, in the same sense 
the introduction of the House of Commons tempered decisions of 
the House of Lords.  

The other theory, which [1] argues should be central, might be 
characterized as saying that the idea of justice ultimately resides in 
the minds of humans.  

This brings us back to our earlier statement, where we stated 
that the Turing test transcends science. Let us be clear that we do 
not intend to enter the realm of the supernatural when we say this; 
it is only that in the Knowledge Representation community, it is 
appropriate to think of science in terms of the formal logical 
frameworks articulated, for example, by Kyburg [3]. But consensus 
on what science is has not been achieved there either – there are 
also frameworks going back to Popper and Quine, and many 
variations since. 

4 CONCLUSIONS 
The theme of this conference is AI and Human Values, and this 
work suggests that no computer has been able to impersonate a 
human and sustain the illusion for a reasonable length of time 
(despite some claims that the test has been passed), and that the 
ability to decide the success of such an impersonation remains a 
uniquely human task, even if computers are succeeding at various 
benchmarks perhaps sooner than expected.  

This paper is a shortened version of [7]; this research was 
supported by the University of Saskatchewan. 
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Symmetric Multi-Aspect Evaluation of Comments
Extended Abstract

Theodore Patkos 1 and Giorgos Flouris 2 and Antonis Bikakis 3

1 Introduction

As we explained in [3], most online systems for the Social Web,

such as social media, online discussion forums, news sites and prod-

uct review sites, offer limited support in identifying the helpful

comments among the credible ones. We thus proposed the multi-
Dimensional Comment Evaluation (mDiCE) framework, which re-

lies on methodologies from the field of Computational Argumenta-

tion to clearly distinguish between the acceptance (credibility) and

the quality (helpfulness) of arguments.

In this paper, we extend this framework and introduce the symmet-
ric multi-Dimensional Comment Evaluation (s-mDiCE) framework,

which has a more intuitive behavior and a wider scope, aiming to

cover also the goal-oriented debates found in decision support sys-

tems or in debate portals, e.g., in active citizenship portals. s-mDiCE

combines features, such as voting on arguments, expert rating, sup-

porting and attacking arguments, in a unified and adaptable frame-

work that can guarantee intuitive behavior for the user or the moder-

ator who wish to spot important opinions or to rank them for easier

processing.

2 Formalization of the s-mDiCE Framework

Our proposal is a generic formal framework that enables the evalua-

tion of thestrength of arguments considering one or more aspects.

Definition 1. An s-mDiCE (symmetric multi-Dimensional Com-
ment Evaluation) framework is an (N+1)-tuple 〈A,D∗d1, . . . ,D∗dN 〉,
where A is a finite set of arguments and D∗d1, . . . ,D∗dN are aspects
(dimensions), under which an argument is evaluated.

Depending on the domain of interest, different aspects can be de-

fined, such as relevancy, reliability, objectivity etc. The ultimate ob-

jective of the s-mDiCE framework is the calculation of the quality

and acceptance score of each argument (we use the interval I = [0, 1]
as the range of these functions), using the different aspects as differ-

ent “dimensions” for calculating said scores.

Definition 2. An aspect D∗x corresponding to an argument set A is
a 5-tuple 〈Rsupp

x ,Ratt
x , BSx, V

+
x , V −x 〉, where Rsupp

x ⊆ A ×A is
a binary acyclic support relation on A, Ratt

x ⊆ A × A is a binary
acyclic attack relation on A, and BSx : A → I, V +

x : A → N0 and
V −x : A → N0 are total functions mapping each argument to a basic
score, a number of positive and a number of negative votes relative
to this aspect, respectively.

1 FORTH-ICS, Greece, email: patkos@ics.forth.gr
2 FORTH-ICS, Greece, email: fgeo@ics.forth.gr
3 University College London, UK, email: a.bikakis@ucl.ac.uk

Figure 1. (a) A debate graph with votes, base score and user-generated
supporting and attacking arguments, (b) its transformation with black nodes.

The current definition generalizes the one introduced in [3], incor-

porating also the notion of a base score (or intrinsic strength) BSx,

which is often used in decision-making systems (e.g., in [1, 4]) to

capture an expert’s initial rating over an opinion, before any debate

has taken place. This parameter offers an one-time estimation for an

argument; other users may then affect the final score of the opinion

positively or negatively through their arguments or votes. In other

systems, the base score may obtain a more personalized flavor, rep-

resenting for instance the trust that a user attributes to the user who

issues an argument regardless of its content.

Discussion forums and review sites on the Web, on the other hand,

rely on a different rating scheme, enabling their users to express their

(unjustified) stance towards comments through various voting mech-

anisms, such as positive/negative votes, like/dislike counters, star-

based rating mechanisms etc. Many methods have been suggested to

aggregate such ratings having different degrees of confidence.

Some systems treat votes as a base score, yet the conceptual dif-

ference between the two is important. Our proposed framework dis-

tinguishes between static base scores and dynamic ratings. It also

considers the credibility that votes carry, given their the interplay of

the underlying supporting or attacking arguments.

In s-mDiCE, we reduce votes to the argument level and convert

them to arguments by assuming that they express an opinion in favor

or against the target argument. As these opinions carry no content on

their own, we call them supporting and attacking blank arguments.

We can estimate the credibility of these opinions more accurately

by adding additional attacks (supports) from arguments that support

(resp. attack) the target argument to its attacking blank argument, and

additional supports (resp. attacks) to its supporting blank argument.

Fig. 1 presents the simple argumentation graph that shows these in-

teractions.

Before formally defining blank arguments, some convenient no-

tation is needed. We let Ã denote the set of user-generated argu-

ments and use Å to refer to the set of blank arguments of an s-
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mDiCE framework F , such that A = Å ∪ Ã. Moreover, given

an aspect D∗x = 〈Rsupp
x ,Ratt

x , BSx, V
+
x , V −x 〉, we define the set

of direct supporters of an argument a ∈ A as R+
x (a) = {ai :

(ai, a) ∈ Rsupp
x }. Similarly, the set of direct attackers of a is de-

fined asR−x (a) = {ai : (ai, a) ∈ Ratt
x }.

Definition 3. Let F be an s-mDiCE framework and D∗x =
〈Rsupp

x ,Ratt
x , BSx, V

+
x , V −x 〉 be an aspect ofF . For each argument

a ∈ Ã, we define two new arguments
+
a and

−
a, called the supporting

and attacking blank argument of a respectively, such that

• (
+
a, a) ∈ Rsupp

x ,

• V +
x (

+
a) = V +

x (a), V −x (
+
a) = V −x (a),

• for all (ai, a) ∈ Rsupp
x it also holds that (ai,

+
a) ∈ Rsupp

x ,

• for all (aj , a) ∈ Ratt
x it also holds that (aj ,

+
a) ∈ Ratt

x , and
similarly

• (
−
a, a) ∈ Ratt

x ,

• V +
x (

−
a) = V −x (a), V −x (

−
a) = V +

x (a),

• for all (ai, a) ∈ Rsupp
x it also holds that (ai,

−
a) ∈ Ratt

x ,

• for all (aj , a) ∈ Ratt
x it also holds that (aj ,

−
a) ∈ Rsupp

x .

There is a inherent symmetry in the model, which is the main dif-

ferentiation to mDiCE, where the blank argument is only used as a

means to express the positive stance of votes towards an argument

(e.g., its social support [2]). We next introduce a set of generic func-

tions that help assess the different quantities affecting the strength of

an argument.

Definition 4. The generic score function gvot : N0 × N0 → I ag-
gregates the positive and negative votes into a single strength score.

Definition 5. The generic score function gset : (N0)I → I aggre-
gates the strength of a set of supporting or attacking arguments into
a single strength score.

We apply these functions, in order to estimate both the acceptance

and the quality score of an argument. For the former, we need to

define sdlgx (), which reflects the credibility of an argument by com-

bining the strength of its supporting and attacking arguments, i.e., the

outcome of the dialogue that it generated on a given aspect. For the

latter, we define scng
x () to characterize the congruence strength, i.e.,

the degree of people’s compliance with an argument with respect to

its clarity and justification.

Definition 6. Let F = 〈A,D∗d1, ...,D∗dN 〉 be an s-mDiCE frame-
work and D∗x = 〈Rsupp

x ,Ratt
x , BSx, V

+
x , V −x 〉 be an aspect of F .

The dialogue strength sdlgx : A → I of an argument a ∈ A over
aspect D∗x is given by

sdlgx (a) = gdlg(Gx
1(a),g

set({sdlgx (ai) : ai ∈ R+
x (a)}),

gset({sdlgx (aj) : aj ∈ R−x (a)}))
(1)

where

Gx
1(a) =

{
BSx(a) , if a ∈ Ã
gvot(V +

x (a), V −x (a)) , if a ∈ Å

and function gdlg : I×I×I→ I is a generic score function valuating
the dialogue strength of an argument for a given aspect, considering
the aggregation of the strength of the votes or base score, the sup-
porting and the attacking arguments.

Definition 7. Let F = 〈A,D∗d1, ...,D∗dN 〉 be an s-mDiCE frame-
work and D∗x = 〈Rsupp

x ,Ratt
x , BSx, V

+
x , V −x 〉 be an aspect of F .

The congruence strength scng
x : A → I of an argument a ∈ A over

aspect D∗x is given by

scng
x (a) = gcng(Gx

2(BSx(a), g
vot(V +

x (a), V −x (a))),

gset({sdlgx (ai) : ai ∈ R+
x (a) ∩ Ã}),

gset({sdlgx (aj) : aj ∈ R−x (a) ∩ Ã}))
(2)

where Gx
2 : I× I→ I is a generic function combining the strength of

the base score of an argument and its votes, and gcng : I× I× I→
I is a generic score function valuating the congruence score of an
argument, considering the aggregation of the strength of the votes,
the supporting and the attacking arguments.

Notice that gcng() only considers the strength of user-generated

arguments; in a sense, it calculates the strength of the supporting

blank argument, even though one may choose to instantiate it in a

different way. For example, typically, gcng(xv, xs, xa) should lay

more emphasis on xv and xa, increasing on xv and decreasing on xa,

as, arguably, the “ideal” comment would attract only positive votes

and no supporting arguments. That is, in an ideal setting, supporting

arguments are only asserted to add information or to explain better

the opinion stated, thus denoting a sense of dissatisfaction related to

the quality of the target argument. However, we keep the function

generic to allow its instantiation to vary from system to system.

Finally, by considering the strength of all aspects defined within a

particular s-mDiCE framework, the main scores (quality, acceptance)

of an argument can be determined.

Definition 8. Let F = 〈A,D∗d1, ...,D∗dtN 〉 be an s-mDiCE frame-
work. The quality and acceptance scores of an argument a ∈ A is
given by the functions QUA : A → I and ACC : A → I, respec-
tively, which aggregate the strength of its aspects, such that

QUA(a) = gQUA(scng
d1 (a), ..., scng

dN (a)) (3)

ACC(a) = gACC(sdlgd1 (a), ..., sdlgdN (a)) (4)

with gQUA, gACC : IN → I.

As is obvious from the above, our framework is generic enough to

allow many different types of functions to be defined. It is therefore

important to define adequate properties for such functions, which

would guarantee a “reasonable” behaviour for the task at hand.

Defining and proving these properties for specific instantiations of

the model is part of our future work.
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An Efficient and Expressive Similarity Measure for

Sebastijan Dumančić and Hendrik Blockeel1

Abstract. Clustering is an underspecified task: there are no univer-

sal criteria for what makes a good clustering. This is especially true

for relational data, where similarity can be based on the features of

individuals, the relationships between them, or a mix of both. Exist-

ing methods for relational clustering have strong and often implicit

biases in this respect. In this paper, we introduce a novel similarity

measure for relational data. It is the first measure to incorporate a

wide variety of types of similarity, including similarity of attributes,

similarity of relational context, and proximity in a hypergraph. We

experimentally evaluate how using this similarity affects the qual-

ity of clustering on very different types of datasets. The experiments

demonstrate that (a) using this similarity in standard clustering meth-

ods consistently gives good results, whereas other measures work

well only on datasets that match their bias; and (b) on most datasets,

the novel similarity outperforms even the best among the existing

ones.

1 Introduction
In relational learning, the data set contains instances with relation-

ships between them. Standard learning methods typically assume

data are i.i.d. (drawn independently from the same population) and

ignore the information in these relationships. Relational learning

methods do exploit that information, and this often results in better

performance. Much research in relational learning focuses on super-

vised learning [2] or probabilistic graphical models [4]. Clustering,

however, has received less attention in the relational context.

Clustering is an underspecified learning task: there is no universal

criterion for what makes a good clustering, thus it is inherently sub-

jective. This is known for i.i.d. data [3], and even more true for rela-

tional data. Different methods for relational clustering have very dif-

ferent biases, which are often left implicit; for instance, some meth-

ods represent the relational information as a graph (which means they

assume a single binary relation) and assume that similarity refers to

proximity in the graph, whereas other methods take the relational

database stance, assuming typed objects that may participate in mul-

tiple, possibly non-binary, relationships.

In this paper, we propose a very versatile framework for clus-

tering relational data. It views a relational dataset as a hypergraph

with typed vertices, typed hyperedges, and attributes associated to

the vertices. This view is very similar to the viewpoint of relational

databases or predicate logic. The task we consider, is: cluster the ver-

tices of one particular type. What distinguishes our approach from

other approaches is that the concept of similarity used here is very

broad. It can take into account attribute similarity, similarity of the

1 KU Leuven, Belgium, email: {sebastijan.dumancic,
hendrik.blockeel}@cs.kuleuven.be

relations an object participates in (including roles and multiplicity),

similarity of the neighbourhood (in terms of attributes, relationships,

or vertex identity), and interconnectivity or graph proximity of the

objects being compared. We experimentally show that this frame-

work for clustering is highly expressive and that this expressiveness

is relevant, in the sense that on a number of relational datasets, the

clusters identified by this approach coincide better with predefined

classes than those of existing approaches.

2 Type-based clustering over neighbourhood trees

2.1 Hypergraph Representation

Relational learning encompasses multiple paradigms. Among the

most common ones are the graph view, where the relationships

among instances are represented by a graph, and the predicate logic
or equivalently relational database view, which typically assumes

the data to be stored in multiple relations, or in a knowledge base

with multiple predicates. Though these are in principle equally

expressive, in practice the bias of learning systems differs strongly

depending on which view they take. For instance, shortest path
distance as a similarity measure is much more common in the

graph view than in the relational database view. In the purely

logical representation, however, no distinction is made between the

constants that identify a domain object, and constants that represent

the value of one of its features. Identifiers have no inherent meaning,

as opposed to feature values.

In this work, we introduce a new view that combines elements of

both. This view essentially starts out from the predicate logic view,

but changes the representation from a purely logical one to a hyper-

graph representation. Formally, the data structure that we assume in

this paper is a typed, labelled hypergraph H = (V,E, τ, λ) with V
being a set of vertices, and E a set of hyperedges; each hyperedge

is an ordered set of vertices. The type function τ assigns a type to

each vertex and hyperedge. The set of all vertex types is denoted as

TV , whereas TE denotes the set of all hyperedge types. A set of at-

tributes A(t) is associated with each t ∈ TV . The labelling function

λ assigns to each vertex a vector of values, one for each attribute of

A(τ(v)). If a ∈ A(τ(v)), we denote a(v) the value of a in v.

Consider a knowledge base, with its Herbrand universe (the set of

all constants) partitioned into domain constants and feature values.

From this we can infer a typed, labelled hypergraph as follows. The

set of vertices V equals the set of domain constants. We assume all

constants are typed. Each vertex has a type t(v) that equals the type

of the domain constant. For each fact p(d, v1, v2, ..., vn),

with d being a domain constant of type p and vi feature values, there

Relational Clustering Using Neighbourhood Trees
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is a vertex d with type p and attribute vector (v1, . . . , vm). For each

fact r(d1, d2, ..., dm), with di domain constants, there is

a hyperedge (d1, d2, . . . , dm) with type r. Hyperedges are ordered

sets, and do not have attributes2.

The clustering task we consider is the following: given a vertex

type t ∈ TV , partition the vertices of this type into clusters such

that vertices in the same cluster tend to be similar, and vertices in

different clusters dissimilar, for some subjective notion of similarity.

In practice, it is of course not possible to use a subjective notion; one

uses a well-defined similarity function, which hopefully in practice

approximates well the subjective notion that the user has in mind. To

be able to capture several interpretations of relational similarity, such

as attribute or neighbourhood similarity, we represent each vertex

with a neighbourhood tree - a structure that effectively describe a

vertex and its neighbourhood.

2.2 Neighbourhood tree

Consider a vertex v. A neighbourhood tree aims to compactly repre-

sent the neighbourhood of the vertex v and all relationships it forms

with other vertices, and it is defined as follows. For every hyperedge

E in which v participates, add a directed edge from v to each vertex

v′ ∈ E. Label each vertex with its attribute vector. Label the edge

with the hyperedge type and the position of v in the hyperedge (recall

that hyperedges are ordered sets). The vertices thus added are said to

be at depth 1. If there are multiple hyperedges connecting vertices v
and v′, v′ is added each time it is encountered. Repeat this procedure

for each v′ on depth 1. The vertices thus added are at depth 2. Con-

tinue this procedure up to some predefined depth d. The root element

is never added to the subsequent levels.

2.3 Similarity measure

Given the definition above, comparing two vertices is achieved by

comparing their neighbourhood trees. The main motivation behind

the proposed similarity measure is to capture the distribution of dif-

ferent elements in the neighbourhood of a vertex, the elements being

attributes of vertices in the neighbourhood, their identities and hy-

peredges. Given that in general a vertex participates in a non-fixed

number of relations, where neighbours are described by (often over-

lapping) sets of attributes and their relations to other vertices, distri-

butions are necessary to reliably model the neighbourhood of a ver-

tex. Furthermore, comparing distributions avoids issues arising when

comparing the vertices with very different number of neighbours (for

example, properly normalizing for such scenario).

The similarity measure we propose relies on the similarity

measure between multisets extracted from the corresponding

neighbourhood tree. The multiset can be seen as features of the

neighbourhood trees. For any neighbourhood tree g, let Bl(g) be

the multiset of vertices at depth l in g, and Bl,t(g) the multiset of

vertices of type t at depth l in g. All the vertices in Bl,t have the

same attributes, and each vertex assigns one value to each attribute;

thus, for each attribute a, a multiset of values Bl,t,a(g) is obtained.

Let Bl,e(g) be the multiset of labels of edges originating at vertices

at depth l. LetN be the set of all neighbourhood trees corresponding

to the vertices of interest in a hypergraph.

This way, the similarity is reduce to comparing different multisets.

In principle, any measure over multisets of elements can be used,

2 A fact of the form p(d1, ..., dn, v1, ..., vm) can always be
written as r(d1, ..., dn, h) and q(h,v1, ..., vm), where h
denotes a hyperedge identity

however, in our experiments, we chose to use the χ2-distance be-

tween multisets [5], which is defined as:

d(A,B) =
∑

x∈A∪B

(fA(x)− fB(x))
2

fA(x) + fB(x)
(1)

where A and B are multisets and fS(x) is the relative frequency of

element x in multiset S (e.g., for A = {a, b, b, c}, fA(a) = 0.25
and fA(b) = 0.5).

The final similarity measure consists of a linear combination of

different interpretations of similarity, reflected in the content of the

multisets. Concretely, the similarity measure is a composition of

components reflecting:

1. attributes of the root vertices,

2. attributes of the neighbouring vertices,

3. proximity of the vertices,

4. identity of the neighbouring vertices,

5. distribution of hyperedge types in a neighbourhood.

Each component is weighted by the corresponding weight wi.

These weights allow one to formulate an interpretation of the

similarity between relational objects.

This formulation is somewhat similar to the multi-view clustering
[1], with each of the components forming a different view on data.

However, there is one important fundamental difference: multi-view

clustering methods want to find clusters that are good in each view

separately, whereas our components do not represent different views

on the data, but different potential biases, which jointly contribute to

the similarity measure.

2.4 Results

We compared the proposed similarity measure against a wide range

of existing relational clustering approaches and graph kernels on five

datasets. The proposed similarity measure was used in conjunction

with spectral and hierarchical clustering algorithms. We found that,

on each separate dataset, our approach performs at least as well as

the best competitor, and it is the only approach that achieves good

results on all datasets. Furthermore, the results suggest that decou-

pling different sources of similarity into a linear combination helps

to identify relevant information and reduce the effect of noise.
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S. Dumančić and H. Blockeel / An Efficient and Expressive Similarity Measure for Relational Clustering 1675



On Inconsistency Measuring and Resolving
Said Jabbour 1

Abstract. In dealing with the field of inconsistency, measuring and

resolving conflicts are two interesting concepts allowing to make a

better reasoning. In this paper, we address these two essential ques-

tions. Firstly, we propose a new framework for inconsistency han-

dling based on independent sets of MUSes. In fact, we propose to

rank the knowledge bases using a sequence of number that represents

independent sets of MUSes. Such sequence is able to catch more

finely the structure of MUSes. Moreover, an inconsistency measure

is instantiated based on such sequence. Secondly, we address the

question of inconsistency resolving through hitting set deletion. In

this case we show the interesting points of our new approach which

selects hitting sets covering minimum subset of MUSes. Indeed, a

framework is defined for the computation of such hitting sets. Fur-

thermore, a derived underlying decision problem is defined. A special

case of such decision problem is known to be defined in the literature

as SIM-UNSAT and its complexity is still open.

1 Preliminaries
Throughout this paper a finite propositional language L is assumed. .

Let (a, b, . . .) be a set of propositional symbols and (α, β, γ, . . . ) be

a set of formulas from L . The symbol ⊥ denotes the constant true

and 	 its negation.

A Knowledge base K is a finite set of propositional formulas. K
is inconsistent if K : ⊥, where : is the classical inference (conse-

quence) relation. In this case, the inconsistency is generally caused

by subsets of K representing minimal conflicts and called Minimal

Inconsistent (Unsatisfiable) Subsets (Definition 1).

Definition 1. M is a Minimal Inconsistent Subset (MUS) of K iff
M : ⊥ and ∀M ′ � M , M ′ �: ⊥. The set of all minimal inconsistent
subsets of K is denoted MUSes(K).

Definition 2 (Hitting Set). H is a hitting set of a collection of sets F
if ∀S ∈ F , H ∩ S �= ∅ . A hitting set H is irreducible if there is no
other hitting set H ′, s.t. H ′ ⊂ H . HitS(F) denotes the set of hitting
sets of F.

Inconsistency measures I associate non-negative real number to

knowledge bases. These measures are considered as inconsistency

degree functions. Well-founded properties have been proposed [3, 4,

1] allowing to build strong frameworks to reason with inconsistency.

We introduce a non exhaustive list of such properties which were

introduced since many years:

1. Consistency: I(K) = 0 iff K is consistent.

2. Monotonicity: if K ⊆ K′, then I(K) ≤ I(K′).
3. Independence: I(K ∪ {α}) = I(K) if α ∈ free(K ∪ {α}).
1 CRIL, Univ. Artois & CNRS, F-62300 Lens, France, email:
{jabbour@cril.fr}

4. MinInc: I(M) = 1 if M ∈ MUSes(K).
5. Additivity: I(K1 ∪ . . . ∪ Kn) = Σn

i=1I(Ki) if MUSes(K1 ∪
. . . ∪Kn) = MUSes(K1) < . . . <MISes(Kn), where < is the

multi-set union over sets.

6. Ind-Additivity: I(K1∪ . . .∪Kn) = Σn
i=1I(Ki) if {K1, . . . , kn}

are independent knowledge bases (MUSes(K1 ∪ . . . ∪ Kn) =⊎n
i=1 MUSes(Ki), and unfree(Ki) ∩ unfree(Kj) = ∅, for

all i �= j).

7. Super Additivity: If K1∩K2 = ∅, I(K1)+I(K2) ≤ I(K1∪K2)

2 Independent Set Based Inconsistency Ranking

In this section, we propose to deal with structure based inconsistency

measures throughout Independent set of MUSes.

Definition 3 (Independent Set of MUSes). Let S ⊆ MUSes(K).
S is an independent set of MUSes(K) if for all M,M ′ ∈ S s.t.
M �= M ′ we have M ∩M ′ = ∅.

Independent Set of MUSes can be seen as the classical indepen-

dent Set defined in graph theory, where each vertex represents a MUS

and an edge is added between two vertices namely M1 and M2, if

M1 and M2 share a formula.

In order to catch as widely as possible the structure of MUSes, all

set of independent sets are considered and represented as a sequence.

Definition 4 (Independent MUSes Sequence). We define the incon-
sistency sequence associated to K as ims(K) = 〈δ0 . . . δmK 〉
where δk is the number of independent sets of size k and mK the
maximum cardinality value of independent sets of MUSes of K.

Example 1. Let K1 = {p ∧ q,¬q,¬p, p ∧ s, p ∧ r,¬r} and K2 =
{¬p, p∧ q, p∧ r,¬q,¬r, q∨ r}. We have ims(K1) = 〈1 5 5 1〉 and
ims(K2) = 〈1 5 5〉.

In order to compare knowledge bases, it will be convenient to as-

sume an ordering relation+ over their associated numeric sequences.

Definition 5. Let u = 〈u1 . . . un〉, v = 〈v1 . . . vm〉 ∈ Nn × Nm be
two sequences. Then, u is less preferred than v, denoted by u + v, iff
u = v or n < m or there exists k ≤ m s.t. uk < vk and uk′ = vk′

for all k′ > k. Furthermore, u ≺ v iff u + v and u �= v.

Now, we can compare knowledge bases according to their incon-

sistency sequence as defined below.

Definition 6. K is less inconsistent than K′ iff ims(K2) +
ims(K1).

According to Definition 6, the relation + privileges knowledge

bases having sparse set of MUSes.
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Example 2. Let us consider the knowledge bases of Example 1. We
have: ims(K2) + ims(K1).

Let us provide some results for particular knowledge bases.

• If MUSes(K) are pairwise disjoints, then ims(K) =
〈
(
n
0

) (
n
1

)
. . .

(
n
n

)
〉 =〈1 n . . . n!

k!(n−k)!
. . . 1〉 and it is the

maximum possible sequence according to+ order over sequences

when n is fixed.

• ims(K) reachs its minimum value for MUSes that pairwise inter-

sect. This is the case if there exists S ⊂ K s.t. Mi ∩Mj = S for

all i �= j and in this case we have ims(K) = 〈1 n〉.

In the sequel, we associate to a knowledge base K the polynomial

as stands in Definition 7.

Definition 7. Let K be a knowledge base s.t., ims(K) =
〈a0 . . . an〉. We define the polynomial function associated to K as:
ΛK(x) =

∑n
i=0 akx

i

We define fs as the function that associates to each polynomial
p(x) =

∑n
i=0 aix

i, the sequence of its factors 〈a0 . . . an〉.

According to Definition 7, we have ims(K) = fs(ΛK)
Now, we discuss the behavior of ims when merging independent

knowledge bases.

Proposition 1. Let K1 and K2 be two independent knowledge bases,
then ims(K1 ∪K2) = fs(ΛK1 × ΛK2)

According to Proposition 1, if K1 and K2 are independent, the

factors of ims(K1 ∪ K2) resulting by multiplying the polynomial

(with integers factors) of K1 and K2.

Proposition 2. ims satisfies the monotony and super-additivity.

In the sequel, we derive a new inconsistency measure based on

ims sequence.

Definition 8. Let ims(K) = 〈a0 a1 . . . an〉. We define the incon-
sistency measure of K as: Incis(K) = log(

∑n
k=0 ak)

Proposition 3. Incis satisfies the Consistency, Independence, Min-
Inc, Monotony, and Ind-Additivity. Furthermore, if MUSes(K) are
pairwise disjoint, then Incis(K) = n.

By using logarithm function, the multiplication of ims over inde-

pendent knowledge bases is translated into additivity of Incis.

Let us now provide a lower bound of Incis.

Proposition 4. mK ≤ Incis(K)

3 Inconsistency Resolving
Measuring inconsistency aims to have an idea on how conflicts are

structured inside a knowledge base. Often, such conflicts have to be

solved. Indeed, recovering consistency by formulas deletion is one

of the most used approach. Usually, the goal is to derive a consistent

base by performing the minimal change in the original knowledge

base. However, removing an arbitrary hitting set of minimum size

can lead to the suppression of useful information. To illustrate such a

case, let us consider the knowledge base K = {p,¬p∧r,¬r∧q,¬q}
where MUSes are respectively M1 = {p,¬p ∧ r}, M2 = {¬p ∧
r,¬r ∧ q}, and M3 = {¬r ∧ q,¬q}.

The minimum cardinality hitting sets are H1 = {p,¬r ∧ q},

H2 = {¬p ∧ r,¬q}, and H3 = {¬p ∧ r,¬r ∧ q}. Removing each

hitting set give rise to a different consistent knowledge base. How-

ever, among these hitting sets, H3 is a special one since removing

its formulas have the following results (1) The resolution of the con-

flict M2 two times (2) The complete deletion of M2, and therefore

any information about r is lost. In this particular case, H1 and H2

are more suitable for conflicts resolution in K. Using H3 to resolve

inconsistency is clearly a bad choice for the reasons cited above and

since there exists other alternatives to resolve conflict in this particu-

lar base allowing to keep more information of the initial base.

In the sequel, we tackle the problem of inconsistency resolving

through formulas deletion. Our preferred repairs are those aiming to

avoid as possible complete deletion of MUSes of K.

Let us first start by defining the cover of a hitting setting as stands

below.

Definition 9. Let H a hitting set of a knowledge K. We define the
cover of H as: Cmus(H) = {M ∈MUSes(K) |M ⊆ H}

H is said to cover each MUS of Cmus(H) and Cmus(H) rep-

resents the set of MUSes(K) covered by H . Let us note that 0 ≤
|Cmus(H)| ≤ |MUSes(K)|.
Example 3. Let K = {¬t,¬s ∧ t, p ∧ s,¬s,¬p, p ∧ q, p ∧ r}.
H = {¬s∧t, p∧s,¬p} is a hitting set and Cmus(H) = {M1,M3}
where M1 = {¬s ∧ t, p ∧ s} and M2 = {p ∧ s,¬p}.

In order to select best hitting sets, we define an ordering relation

over the hitting sets of K as stands before.

Definition 10. Let K be a knowledge base and H,H ′ ∈
HitS(MUSes(K)). H ≤c H ′ iff |Cmus(H)| ≤ |Cmus(H

′)|
Now we introduce our hitting set based inconsistency resolving.

Definition 11. Let K be a knowledge base. Minimum MUS Cover
(SHitCoverMin in short) is defined as the problem of finding a small-
est hitting set that covers the minimum number of MUSes.

Solutions of SHitCoverMin can be represented as min(≤s

,min(≤c, HitS(MUSes(K))), where H ≤s H ′ for H, H ′ ∈
HitS(MUSes(K)) iff |H| ≤ |H ′| and are regarded in priority to

restore consistency.

Example 4. Let us reconsider the Example 3. The hitting set H =
{¬p,¬s ∧ t,¬s} is a solution of SHitCoverMin problem.

Let us first start by considering an underlying decision problem as-

sociated to min(≤c, HitS(MUSes(K))) noted HitCoverEMUS(k,
MUSes(K))).

Definition 12. HitCoverEMUS(k, MUSes(K)) is the problem of de-
ciding if there exists a hitting set covering exactly k MUSes of K.

Proposition 5. HitCoverEMUS(0, MUSes(K)) is computationally
equivalent to SIM-UNSAT [2].

Note that HitCoverEMUS, HitCoverEMUS, and SHitCoverMin

problems can be encoded as SAT and MaxSAT problems.
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A Fuzzy Semantic CEP Model for Situation Identification
in Smart Homes

Amina Jarraya 1 and Nathan Ramoly 24 and Amel Bouzeghoub2

and Khedija Arour3 and Amel Borgi1 and Béatrice Finance4

Abstract. Uncertainty is an essential issue for smart home appli-

cations. Events generated from sensors can be outdated, inaccurate,

imprecise or in contradiction with other ones. These unreliable data

can lead to dysfunction in smart home applications. To tackle these

challenges, we propose a new model named FSCEP (Fuzzy Seman-

tic Complex Event Processing) that integrates fuzzy logic paradigm,

semantic features through an ontology and traditional CEP. We con-

fronted FSCEP with other works tackling uncertainty for CEP and

experimented it through simulation with early but promising result.

1 Introduction

Event-driven systems are highly depending on the quality of detec-

tion and processing of events. CEP is considered to be a key tool to

analyze events from multiple sensors in order to generate high-level

events (complex event).

In everyday life environment, in particular smart homes, dealing

with uncertainty in CEP is a serious issue. In fact, we should expect

sensors to provide non-perfect data. In the literature, uncertainty has

multiple dimensions [8]. In this work, we aim to deal with four of

them: freshness, precision, accuracy and contradiction. We propose

to enrich the traditional CEP with semantic and fuzzy properties.

Hence, the new model is able to provide complex events compliant

with uncertainty and usable for various applications, in particular,

activity recognition.

To illustrate our contribution, we describe a short use case sce-

nario. Let us consider a user living in a smart home equipped with

multiple sensors. A smart application aims to recognize the current

activity of the user and requires the user’s location. However, the

user is detected in multiple rooms due to his/her movement or unreli-

able sensors. With a standard CEP approach, only the most probable

value is kept. However, with this solution, the selected value may still

not match the real one, leading to a misunderstanding of the activity.

With our approach, events are analyzed and one fuzzy semantic com-

plex event is provided with trust weights for each possible interpreta-

tion. The activity recognition process can then use these information

to provide a more reliable result.

This paper introduces a new model, its implementation and a short

state of the art.
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2 FSCEP model
As stated before, to overcome uncertainty challenges for event pro-

cessing in smart homes, we propose a Fuzzy Semantic Complex

Event Processing (FSCEP) model that combines traditional CEP,

semantic features through a domain ontology, and the fuzzy logic

paradigm.

2.1 Architecture
As expressed in figure 1, FSCEP is a three steps process.

Figure 1. FSCEP approach for environmental perception

Firstly, the sensing phase deals with acquiring context data from

physical sensors as simple events. Sensors are various and provide

heterogeneous data, such as cameras or motion sensors. The data can

be pushed by the sensors or pulled by the system. Both approaches

are tackled by FSCEP: pushed data are treated when received while

pulled data are asked periodically.

Secondly, the perception phase consists in analyzing simple

events in order to transform them into higher level fuzzy semantic

complex event (FSCE). Perception is the heart of our work and it has

three steps that are detailed in the next section.

Thirdly, once the FSCE is computed, it is provided to an applica-
tion. This application will then take advantage of the semantic and

fuzziness of the provided event. In our global work, we aim to pro-

vide a situation recognition system based on a fuzzy ontology: the

FSCEP would enrich the ontology on whom a recognition algorithm

would be applied.

2.2 Perceiving
Our main contribution lies in the perception layer. The perception is

put into action through multiple agents. Each agent is able to handle

the whole perception process and each agent focuses on one type of

context data. For instance, one agent handles user’s location while
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another focuses on the temperature. Once processed, agents send

generated FSCEs to the application. The perception proceeds by a

three-steps process: event processing, semantization and fuzzifica-

tion.

Event processing - Simple events are gathered, filtered and

batched using a standard CEP, such as ESPER. The CEP is provided

with a user query, each agent has a different one. This query defines

the duration of acquisition (time window), what type of events to

gather (example: location) and conditions to filter these events. The

output of this step is a batch of filtered events.

Semantization - At this step, events only carries sensors data.

This phase aims to enrich events by using a domain ontology to

make them more compliant with the upcoming phases. Seman-

tized events are for example enhanced with sensors’ confidences

values or devices’ positions. In this process, events are also mod-

eled as RDF graphs, that is to say a set of triples, such as:

(camera1, hasTrust, ”0.8”). This allows a better integration and

interoperability of events.

Fuzzification - A batch of semantic events is analyzed as a

whole to compute a single FSCE. We define a dedicated mem-

bership function MF that calculates trust weights for each pos-

sible values from a batch of semantic events. The resulting

FSCE carries those weights, for example: FSCE(presence) =
{[livingroom; 0.75], [office; 0.25]}. In our work, we have defined

MF as a weighted mean: it is the average occurrence of a possible

value (ex: living room or office) weighted by the confidence values

associated to each events. It is possible to substitute it with other

functions.

In the end, the FSCE is provided to the application. It can easily

be integrated in an ontology, thanks to its RDF format, and can be

processed in a fuzzy inference engine.

3 Implementation and evaluation
We evaluated FSCEP through a simulation. Our prototype is imple-

mented in Java and is agent oriented (Jade5). We use a famous CEP,

ESPER [4] combined with the Jena6 framework to handle ontologies.

The background knowledge is carried by a context ontology inspired

from [6]. The fuzzy logic is integrated through annotations. The sim-

ulation was set up in Freedomotic7, a development framework used

for managing smart spaces.

We simulated the case of activity recognition in a smart home. The

application aims to identify what activity the user is doing and re-

quires the user’s location to do so. User position is acquired through

multiple sensors, however the interpretation is uncertain. Our ap-

proach is able to overcome uncertainty and to provide fuzzy events

that will later enable a better and more reliable activity recognition.

We plan to evaluate our approach in a physical and real context.

4 State of the art
Although researches on CEP mainly focus on performance [9, 2],

uncertainty was tackled by several approaches. Most approaches rely

on probabilities to overcome uncertainty, in particular accuracy. To

the best of our knowledge, there is no work that uses fuzzy logic.

Compared to probabilistic approaches, fuzzy logic is more suitable

to tackle imprecision and contradiction: they deal with different un-

certainty dimensions. Of course, fuzzy logic and probability do not

5 http://jade.tilab.com/
6 https://jena.apache.org/
7 http://freedomotic.com/

have the exclusivity and other techniques are used. Let us have a

short review of the literature. First, Wasserkrug et al. [7] addressed

two types of uncertainty in CEP: the imprecision of events and the

uncertain relations between events. The authors defined a probabil-

ity space and relied on dynamically generated Bayesian Networks to

compute the relevant probabilities. Artikis et al. [1] identified five

essential uncertainty dimensions in CEP, such as incomplete data

or imprecision. They proposed multiple ideas to solve these chal-

lenges, but none of them uses fuzzy logic. More recently, Cugola et

al. [3] proposed CEP2U (Complex Event Processing under Uncer-

tainty). They tackle accuracy over events and rules by using theory

of probability and Bayesian Networks. Finally, Lee et al. [5] aimed

to tackle the problem of dynamic changes in the environment domain

and/or expert mistakes. This can be seen as a problem of freshness.

They have proposed a tool known as Sequence Clustering-based Au-

tomated Rule Generation (SCARG) that generates rules by analyzing

decision-making history.

These approaches tackle either fewer or different uncertainty di-

mensions than our FSCEP. Some of them are complementary and

compatible with our approach.

5 Conclusion
In this work, we propose a novel combination between CEP, ontol-

ogy and fuzzy logic to tackle four essential uncertainty dimensions

in smart home applications. Our first experiments shows encourag-

ing results but we aim to deepen our tests and use-cases to validate

our approach. Finally, several improvements are scheduled as future

works. This includes using machine learning to set up sensors con-

fidence values and making our approach compatible with open and

unknown environments.
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Multi-Context Systems in Time
Stefania Costantini and Andrea Formisano 1

Abstract. In this paper we consider how to enhance flexibility and

generality in Multi-Context Systems (MCS) by considering that con-

texts can evolve over time, that bridge-rule application can be proac-

tive (according to a context’s specific choice), and not instantaneous

but requiring an execution mechanism. We introduce bridge-rule pat-

terns to make bridge-rules parametric w.r.t. the involved contexts.

1 BRIDGE RULES AND MCS

Multi-Context Systems (MCSs) have been proposed in Artificial In-

telligence and Knowledge Representation to model information ex-

change among heterogeneous sources. MCSs are defined so as to

drop the assumption of making such sources in some sense homoge-

neous: rather, the approach deals explicitly with their different repre-

sentation languages and semantics. Heterogeneous “contexts” (also

called “sources”, or “modules”) interact through special inter-context

bridge rules. The reason why MCSs are particularly interesting is

that they aim at modeling in a formal way real applications requir-

ing access to sources distributed, for instance, on the web. In view of

such practical applications it is important to notice that, being logic-

based, contexts may encompass logical agents, to which MCSs have

in fact already been extended (cf. [2, 3]).

We refer the reader to [1, 5], and the references therein, for the

formal definition of basic notions and properties concerning MCSs

and managed MCSs (for short, mMCSs), such as context, bridge rule,

belief state, management function, equilibrium, etc.

2 PROPOSED EXTENSIONS

2.1 Update Operators and Timed Equilibria

Let us assume a discrete, linear model of time. States t1, t2, . . . can

be seen as time instants (or ’time points’) in abstract terms. More-

over, we assume that each context is subject, at each time point, to a

(possibly empty) finite update. Thus, for mMCS M = (C1, . . . , Cn)
let ΠT = 〈Π1

T , . . .Π
n
T 〉 be a tuple composed of the finite updates

performed to each context at time T , where, for 1 ≤ i ≤ n,

Πi
T is the update to context Ci (possibly including the set Ops

of sensor inputs of [1]). Let Π = Π1,Π2, . . . be a sequence of

such updates performed at time instants t1, t2, . . . Let us assume

that each context copes with updates in its own particular way, so

let U = {U1, . . . ,Un} be the tuple composed of the update oper-
ators Uis that modules Cis employ for incorporating the new in-

formation. Let, morever, the update base uopsi be a set of up-

date operations which are admitted on context Ci. Then we have:

Ui : 2uopsi × KBi → 2KBi \ {∅}, where KBi is the set of

1 DISIM – Università di L’Aquila, Italy, email: stefania.costantini@univaq.it
and DMI–Università di Perugia, Italy, email: formis@dmi.unipg.it. Re-
search partially supporded by GNCS and FCRPG.2016.0105.021 project.

knowledge bases pertaining to Ci. Consequently, we allow contexts’

knowledge bases and belief states to evolve in time.

Definition 1 Given context Ci = (ci;Li; kbi; bri;OPi;mngi) as
originally defined in mMCS, we define the corresponding timed con-
text w.r.t. belief state S as follows:

C0
i = (ci;Li; kb

0
i ; bri;OPi;mngi;uopsi;Ui)

CT+1
i = (ci;Li; kb

T+1
i ; bri;OPi;mngi;uopsi;Ui),

where kb0i = kbi and kbT+1
i = mngi(app(S

T ),Ui(Π
i
T , kb

T
i )),

with Πi
T being the update performed on CT

i , and app(·) determines
the set of bridge rules that are applicable in a belief state.
Timed context CT

i will also be referred to as “context Ci at time T”.

Definition 2 Let M = (CT
1 , . . . , CT

n ) be an mMCS at time T .
A timed belief state at time T is a tuple ST = (ST

1 , . . . , S
T
n ) where

each ST
i is a possible set of consequences of CT

i ’s knowledge base.

The timed belief state S0 will possibly be an equilibrium, according

to original mMCS definition. Later on, however, transition from a

timed belief state to the next one, and consequently the definition of

an equilibrium, is determined both by the update operators and by

the application of bridge rules. Therefore:

Definition 3 A timed belief state of mMCS M at time T+1 is a timed
equilibrium iff, for 1 ≤ i ≤ n it holds that ST+1

i ∈ ACCi(kb
T+1
i ),

where ACCi(·) is a function which computes the semantics of Ci.

The meaning is that a timed equilibrium is now a data state which en-

compasses bridge rules applicability on the updated contexts’ knowl-

edge bases. As seen in Def. 1, bridge-rule applicability is checked on

belief state ST , but bridge rules are applied (and their results incorpo-

rated by the management function) on the knowledge base resulting

from the update. The enhancement w.r.t. [1] is that the management

function now resumes its original role concerning bridge rules, while

the update operator copes with updates. So, we relax the limitation

that each rule involving an update should be considered to be a bridge

rule, and that updates should consist of (the combination and elabo-

ration of) simple atoms occurring in bridge bodies. Our approach in

fact allows update operators to consider and incorporate any piece of

knowledge. Moreover, we make time explicit thus showing the timed

evolution of contexts and equilibria.

2.2 Bridge Rule Grounding and Activation

In the original definition of mMCSs, bridge rules are by definition

ground and their application is reactive. However, according to a

context’s own logic, other patterns of application might in princi-

ple be defined. In particular, we admit non-ground bridge rules that

might be grounded over all terms that can be built over the signa-

ture of every context’s underlying logic. This because mMCSs admit

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1680

1680



“value invention”, i.e., via the results of bridge-rules application, be-

liefs (and their arguments) are propagated among contexts; so, via

a bridge rule a context may obtain a result involving constants and

terms previously not occurring therein.

Definition 4 Let r be a non-ground bridge rule occurring in con-
text Ci of a given mMCS M with (timed) belief state ST . A ground
instance ρ of r w.r.t. ST is obtained by substituting every variable
occurring in r via ground terms occurring in ST .

As concerns proactive activation, let, for each context Ci, H(T, i) =
{h|there exists rule r∈ bri with head h at time T}, and let trTi :
KBi → 2H(T,i) be a timed triggering function, specifying which

rules are triggered at each time T , by performing some reasoning

over the present knowledge base in KBi of Ci. Then, a bridge rule

r of context Ci is triggered at time T iff r ∈ trTi (kb
T
i ). Note that, a

(ground instance of) a bridge rule can be triggered at a time T ′, but

can become applicable at some later time T . Thus, any bridge rule

which has been triggered in actual terms remains in predicate for

applicability, which occurs whenever its body should be entailed by

some future data state. The definition of timed equilibrium remains

unchanged, save for modified bridge-rule applicability. However, the

added expressivity is remarkable, as with our solution a context is not

just the passive recipient of new information, but rather can reason

about which bridge rules to potentially apply at each stage. Moreover,

in practical applications, the grounding of literals in bridge rules can

be computed at run-time, when the rule is actually applied.

2.3 Bridge-Rules Patterns

In [4] we have proposed, for logical agents, bridge-rule patterns
which are enhanced bridge rules of the form

s← (C1:p1), . . . , (Cj :pj), not (Cj+1:pj+1), . . . , not (Cm:pm).
where each Cd can be either a constant (i.e., a context name, as in

usual bridge rules) or a context designator (which is a term built up

from fresh function symbol and constants. Intuitively, a context des-

ignator indicates a specific kind of context, and can be substituted

by a context name. New bridge rules can thus be obtained by replac-

ing, in a bridge-rule pattern, context designators via actual context

names. So, contexts will now evolve also in the sense that they may

increase their set of bridge rules by exploiting bridge-rule patterns.

Note that the context names to substitute to a context designator are

established by suitable reasoning performed according to context’s

knowledge base. All other previously-introduced notions (equilibria,

bridge-rule triggering and applicability, etc.) remain unchanged. No-

tice that bridge-rule patterns instantiation corresponds to specializ-

ing rules with respect to the context which is deemed more suitable

for acquiring some specific information at a certain stage of a con-

text’s operation. This evaluation is performed via specific predicates

(cf. [5]) so as to take several factors into account, among which, for

instance, trust and preferences. Also, this enhancement goes in the

direction of dynamic mMCS, where contexts can either join or leave

the system during its operation, while rule applicability may depend

upon the presence in the system of suitable contexts.

3 COMPLEXITY ISSUES

In general, the property that we may wish to check is whether a spe-

cific belief of our interest will eventually occur at some stage in one

(or all) timed equilibria of a given mMCS. The formal definition is

the following.

Definition 5 The problem Q∃ (respectively Q∀), consists in de-
ciding whether, for a given mMCS M under a sequence Π =
Π1,Π2, . . . of updates performed at time instants t1, t2, . . . , t, and
for a context Ci of M and a belief bi for Ci, it holds that bi ∈ St′

i

for some (respectively for all) timed equilibria St′ at time t′ ≤ t.

The system’s context complexity (see [6]) depends upon the logics

of the contexts composing M . Then, in general, the problems Q∃

and Q∀ are undecidable for infinite update sequences, because con-

texts’ logics can in general simulate a Turing Machine and such prob-

lems reduce to the halting problem. Complexity results can however

be obtained under some restrictions. For instance, if we assume that

all contexts Ci’s knowledge bases and belief states are finite at any

stage, all update operators Ui, management functions and trigger-

ing functions are computable in polynomial time, and that the set of

bridge-rule patterns is empty and all bridge rules are ground, it is

easy to show that for finite update sequences the context complexity

determines the complexity of Q∃ and, complementarily, that of Q∀.

Reconsidering bridge rules patterns, and assuming that substitu-

tions for each context designator can be completed in polynomial

time, given a set of bridge-rule patterns of size ĉ, the size of the set

of its valid instances is in general single exponential in ĉ. The same

holds in principle for the grounding of (non-ground) bridge rules.

4 CONCLUDING REMARKS
In this paper (see also [5]) we have discussed and extended MCSs,

which are a general and powerful framework for modeling systems

composed by several heterogeneous and possibly distributed sources.

We have in particular considered that such systems may evolve in

time in consequence of updates of several kinds, and that bridge rules

get actually instantiated at run-time, and that their actual execution in

a distributed setting cannot be instantaneous, but rather may involve

some delay. We introduced bridge-rule patterns to make bridge rules

parametrical w.r.t. the queried contexts.

We intend to employ the proposed features in the implementation,

that will start in the near future, of a smart Cyber-Physical System

for e-health, which will be developed in cooperation with medical

oncology doctors, and will be tested and applied in the monitoring of

oncology patients with co-morbidities. Participation to this project

will allow us to perform also practical experiments to assess the per-

formance of this kind of systems, and to identify possible limitations

and/or further aspects that can be subject to improvements.
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Speech Emotion Recognition Using Voiced Segment
Selection Algorithm

Yu Gu1 and Eric Postma 2 and Hai-Xiang Lin3 and Jaap van den Herik 4

Abstract. Speech emotion recognition (SER) poses one of the ma-

jor challenges in human-machine interaction. We propose a new al-

gorithm, the Voiced Segment Selection (VSS) algorithm, which can

produce an accurate segmentation of speech signals. The VSS al-

gorithm deals with the voiced signal segment as the texture image

processing feature which is different from the traditional method. It

uses the Log-Gabor filters to extract the voiced and unvoiced fea-

tures from spectrogram to make the classification. The finding shows

that the VSS method is a more accurate algorithm for voiced seg-

ment detection. Therefore, it has potential to improve performance

of emotion recognition from speech.

1 Introduction
A speech always consists of voiced and unvoiced parts. When vocal

chords vibrate to pronounce vowels, voiced segments are generated.

In contrast to unvoiced segments, voiced segments show periodic and

prosodic signals. Unvoiced segments show irregular signals, gener-

ated by the influence of narrow vocal tract. Emotion is an important

component of the information contained in a speech. Emotional in-

formation in speech is represented in a variety of prosodic types and

is also mainly contained in the voiced parts. That is why researchers

always focus on the voiced parts of a speech in emotion recognition.

The outline of the paper is as follows. Section 2 describes the

methodology of VSS method in detail. In Section 3, the set-up of

the comparative evaluation of the VSS method is described. Exper-

imental results and discussions are presented in Section 4. Finally,

Section 5 provides concluding remarks.

2 Formulation of VSS Method
There are two key components in the VSS method which are the

spectrogram and the log-Gabor filter.

The VSS method deals with the voiced activity detection as a clas-

sification issue. In contrast to existing machine learning algorithm

for VAD which normally used the acoustic features or statistical fea-

tures for the classification, we propose a novel kind of feature which

is extracted by log-Gabor filter from the spectrogarm for this issue.

We use two-dimensional Gabor filters which are locally correspond-

ing to the orientations of energy bands in the spectrogram. There-

1 Tilburg center of Communication and cognition, Tilburg University,
Tilburg, Netherlands, email: y.gu 1@uvt.nl

2 Tilburg center of Communication and cognition, Tilburg University,
Tilburg, Netherlands

3 Institute of Applied Mathematics, Delft University of Technology, Delft,
Netherlands

4 Leiden Institute of Advanced Computer Science, Leiden University, Leiden,
Netherlands

fore, by convolving the spectrogram with a Gabor filter of a given

spatial frequency and orientation, the convolved spectrogram repre-

sents spectro-temporal patterns with the associated spatial frequency

(width) and orientation, respectively. We use the log-Gabor filters

with combination of scale and orientation for convolving whole spec-

trogram to obtain the texture information. Because all the texture pat-

terns are generated by voiced parts in the spectrogram, these convo-

lution results from the filters are sensitive to the voiced segment for

speech signal. Each combination of different scale and orientation

will result in one filter-image. The energy of each filter-iamge will

be averaged by the time sequence and be stored as a vector data. And

finally, all the vectors which calculated by each filters will be assem-

ble as a matrix. The Support vector machine will be used to classify

the voiced and unvoiced segment by using the convolution feature

matrix from spectrogram.

3 Experiment of the VSS method

This section describes the implementation which is used in the ex-

periments and evaluation details.

The evaluation of the VSS method was performed on two corpora:

the Mandarin Affective Speech (MAS) corpus (MAS, 2007) and the

Berlin Database of Emotional Speech (Emo-DB, 2007). More details

about the corpus can be found via the Linguistic Data Consortium

website5.

The experimental procedure consisted of three steps: (i) spectro-

gram generation, (ii) spectrogram convolution using Log-Gabor fil-

ters, (iii) voiced and unvoiced segment classification. In the follow-

ing, the details of each of these steps will be outlined.

Table 1. The value of parameters for Log-Gabor filter

name of parameter value of parameter

spectrogram time resolution t 0
scale Ns and orientation No 12 12

segmented Patch 8
minwavelength 3

mult 1.35
sigmaOnf 0.8

(i) The speech signal was visualized in spectrogram. Each auditory

signal (utterance) was transformed into a spectrogram using Matlab’s

spectral analysis function. (ii) Each spectrogram is convolved by a

Log-Gabor filter with a number different parameter values of scale

5 http://catalog.ldc.upenn.edu/LDC2007S09
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and orientation. Ns and No denote the scale and the orientation re-

spectively. Therefore, if the number of scales and the orientations are

equal to Ns and N0 respectively, then, Ns∗No bank filter images are

generated. The parameters of log-Gabor filters as shown in Table 1

will be applied to make the convolution to the spectrogram. The con-

volution values within each image is averaged by the time sequence

and store as a vector. Thus, each vector will have 1 ∗ 512 value. (iii)

Step (ii) will produce Ns ∗No convolution image, and the total num-

ber of the speech record is Nt. Therefore Ns ∗No ∗Nt vectors which

we could achieve after the whole convolution. Combining the energy

value vectors into matrices features which we can use for training an

SVM classifier.

The performance evaluation consists of two parts: a comparison in

accuracy of voiced part detection between the VSS method exiting

voiced detection methods and the performance in emotion recogni-

tion by the VSS method. First, we compare the VSS method with

another prevalent VAD method in the voiced segment detection.

Three major algorithms were duplicated: the a) The Energy and ZRC

method, b) the statistical likelihood ratio method [1] and c) the Deep

belief network method [2].
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Figure 1. Comparison of the voiced part accuracy performances obtained
on both database.

Figure 1 show the comparison of the voice accuracy between the

three major methods and our VSS method by using the AMS and DB

database respectively. We can clearly observe that our method was

significantly better than the traditional ZCR and LR method. There

are three possible explanations are as follows. Firstly, the spectro-

gram contains various kinds of most occurring acoustic phenomena,

such as hamonicity, formants, vertical edges which are all the crucial

characters for indicating the voice parts. And the formant and ver-

tical edges are exactly the start and end point for the voice signal.

Therefore, it can detect all acoustic phenomena which in other words

to recognize the voice speech in a robust manner. Secondly, tradi-

tional methods have limitation due to manually set thresholds, the

value of threshold was not always optimized. Compare to that, the

SVM has a strong ability for the high dimensional feature learning

that for the voice and unvoiced discrimination which can be less in-

fluence than manually and more accurate. Last reason for the higher

accuracy is due to that, the log-Gabor filters has strong ability to

distinguish the phonetic phenomena from noise background in spec-

trogram. Even through the noise in speech which can bring a huge

number of corresponded peaks to the spectrogram. The reason which

can be explained this is because the output of Log-Gabor filters is

achieved from integrating the entire 2-D spectrogram information,

which make the 2-D filterbank more robust ability to the noise. More-

over, the DBN method slightly outperforms the VSS method. How-

ever, for the deep learning it requires huge computation consumption.

Therefore, we conclude that the VSS method is a useful and practical

method to improve the voice detection accuracy than the traditional

method.

4 Experiment of Speech Emotion Recognition
In the speech emotion recognition experiment, the acoustic features

were extracted from the voiced segments based on the VSS method.

The performance of speech emotion recognition was also compared

with and without VSS procedure before the feature extraction. To

avoid over-fitting due to the PCA and the SVM parameter optimiza-

tion, the evaluation was performed using a nested 10× 10-fold cross

validation,.
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Figure 2. Comparison of the recognition performances obtained from both
database.

The classification was applied in both corpus of MAS and Emo-

DB. Figure 2 visualizes the classification performances with and

without VSS before feature extraction. Both of the features were base

on the state-on-art baseline. The comparative evaluation of employ-

ing VSS method against without VSS method. It demonstrates that

the performance of speech emotion recognition with VSS method

led to a non-overlapping improvement. The results showed that VSS

method for voiced detection is more effective in extracting features,

because most of the acoustic features are related to the voiced parts.

5 Conclusions
We proposed a novel VSS algorithm which uses the log-Gabor filter

to extract the features from the spectrogram for the voiced segment

classification. Experiment results showed that the VSS algorithm can

be a useful and practical method for the voiced activity detection.

Furthermore, the performance in speech emotion recognition shows

that the classification rate is improved for both Chinese and Ger-

man speech. It convinced us the VSS is an useful compliment for the

speech emotion recognition.
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Scalable Exact MAP Inference in Graphical Models
Radu Marinescu and Akihiro Kishimoto and Adi Botea1

Abstract. This paper presents parallel dovetailing in a distributed-

memory environment for exact MAP inference in graphical models.

Parallel dovetailing is a simple procedure which performs multiple

searches in parallel with different parameter configurations. We eval-

uate empirically the performance of parallel dovetailing with three

state-of-the-art AND/OR search algorithms in solving various MAP

inference benchmarks. Our results clearly show that parallel dove-

tailing is effective, yielding considerable speedups and improving the

solving abilities of these state-of-the-art baseline methods.

1 INTRODUCTION
Graphical models provide a powerful framework for reasoning about

conditional dependency structures over many variables. The Maxi-

mum a Posteriori (MAP) task, which asks for the mode of the joint

probability distribution defined by the graphical model, arises in

many applications and is often solved efficiently with search meth-

ods. Current state-of-the-art exact algorithms for MAP inference tra-

verse either depth-first or best-first an AND/OR search space while

being guided by admissible heuristics based on the mini-bucket parti-

tioning [1, 7, 4]. Parallelizing these algorithms is difficult, especially

in distributed-memory environments, due to parallel overheads.

In this paper, we apply the so-called parallel dovetailing [9] to

parallelize any AND/OR search-based exact MAP inference algo-

rithm in a distributed-memory environment. Parallel dovetailing is

a simple scheme that executes many search algorithms with differ-

ent configurations in parallel. In order to exploit search diversity, our

scheme generates many different problem reformulations as inputs.

Then, each search algorithm attempts to solve an assigned, refor-

mulated problem individually without sharing any information with

the others. If any of the search algorithms returns a solution, then

that solution is the optimal one and the other algorithms can safely

be terminated. We evaluate empirically the performance of parallel

dovetailing for depth-first and best-first AND/OR search on solving

various MAP inference benchmarks. Our experimental results show

that parallel dovetailing achieves significant improvement to all of

these algorithms, often yielding super-linear speedups especially in

solving problem instances with a large branching factor.

2 BACKGROUND
A graphical model is a tuple M = 〈X,D,F〉, where X = {Xi :
i ∈ V } is a set of variables indexed by set V and D = {Di : i ∈
V } is the set of their finite domains of values. F = {ψα : α ∈ F}
is a collection of discrete positive real-valued local functions defined

on subsets of variables, where F ⊆ 2V , and α ⊆ V . The graph-

ical model M defines a factorized probability distribution on X,

p(x) = 1
Z

∏
α∈F ψα(xα), where Z =

∑
x

∏
α∈F ψα(xα) is called

1 IBM Research – Ireland, email: radu.marinescu@ie.ibm.com

the partition function and normalizes the probability. The MAP task

looks for a complete assignment to the variables that has the high-

est probability (i.e., a mode of the joint probability), namely to find

x∗ = argmaxx p(x) = argmaxx
∏

α∈F ψα(xα).
Significant recent improvements in search for MAP inference have

been achieved by using AND/OR search spaces, which often capture

problem structure far better than standard OR search methods [1].

The AND/OR search space is defined relative to a pseudo tree of the

primal graph, which captures problem decomposition. The current

state-of-the-art for exact MAP inference is based either on depth-

first or best-first exploration of the AND/OR search space, guided

by mini-bucket heuristics enhanced with a variational cost-shifting

mechanism [7, 8, 3]. Algorithms like AOBB and AOBF have shown

robust performance on various benchmarks. More recently, a recur-

sive best-first AND/OR search approach (RBFAOO) that can operate

within restricted space has emerged as one of the best-performing

exact search algorithms [4]. A parallel version for shared-memory

environments called SPRBFAOO has also been proposed in [5].

3 DOVETAILING AND/OR SEARCH
We introduce a simple dovetailing strategy to enable distributed

MAP inference. Given a graphical modelM and m processing cores,

the basic idea is to run in parallel m instances of a MAP algorithm a,

one for each core, such that each instance solves the same modelM
but uses a different parameter configuration θi, where 1 ≤ i ≤ m.

The communication is limited to broadcasting messages signaling

that M has been solved by a core and the other cores should stop

running their assigned algorithm instance. Clearly, many of the prop-

erties of dovetailing relate to the properties of its underlying MAP

inference algorithm a. For example, if algorithm a guarantees opti-

mality of the solution, then dovetailing is optimal as well.

Extending dovetailing to AND/OR search spaces can be done by

using any of the exact AND/OR search algorithms introduced in re-

cent years such as AOBB, RBFAOO and SPRBFAOO, respectively.

We use the pseudo tree as the parameter configuration θi, and there-

fore generate m distinct pseudo trees using a randomized min-fill
heuristic [6]. This is because the performance of the AND/OR search

algorithms is strongly influenced by the quality of the guiding pseudo

tree that determines variable ordering [7]. Furthermore, this choice

applies with no change to multiple AND/OR search methods, as op-

posed to having to find a different set of parameters for every baseline

algorithm considered.

4 EXPERIMENTAL RESULTS
Our benchmark problems2 include three sets of instances from ge-

netic linkage analysis (denoted pedigree with 22 instances) [2],

2 http://graphmod.ics.uci.edu
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Figure 1. Average speedups. Top: AOBB; bottom: SPRBFAOO. Left: grid domain; middle column: pedigree domain; right: protein domain.

grid networks (denoted grid with 32 instances) and protein side-

chain interaction networks (denoted protein with 240 instances)

[10]. Following [5], all algorithms use the pre-compiled mini-bucket
heuristics [7], with two distinct i-bound values for each domain:

i ∈ {6, 14} in pedigree and grid, and i ∈ {2, 4} in protein.

For each problem instance, we consider 12 new variable order-

ings, in addition to the default minfill ordering reported in [5]. When

applied to a serial algorithm, such as AOBB and RBFAOO, dove-

tailing is run on 12 CPU cores. For the parallel, shared-memory

SPRBFAOO, dovetailing requires 144 cores in total. Each instance

of SPRBFAOO runs on 12 cores, and there is one instance for each

variable ordering considered in the dovetailing scheme.

Figure 1 plots the average speedups as a function of the variable

orderings considered in the dovetailing solver (AOBB and SPRB-

FAOO). In case of a timeout, the cutoff time of 7,200 seconds is used

as the running time. For a given combination of a domain, an al-

gorithm and an i-bound, the speedup obtained with dovetailing is the

largest value for the curve at hand. Indeed, as soon as the run with the

best performing variable ordering completes, an optimal solution has

been found and all other runs can be halted. We can see that our dove-

tailing approach leads to a significant variability of the performance

across all variable orderings, which in turn translates into significant

speedups (e.g., super-linear speedups on the protein domain).

Algorithm: AOBB
instance baseline dovetail instance baseline dovetail
Domain: protein

i = 2 i = 4
pdb1aho 81.49 0.49 pdb1b0b >7200 2060.44
pdb1c9x >7200 47.28 pdb1b8e 4448.31 676.90
pdb1co6 >7200 8.56 pdb1jbe 2019.72 121.08
Algorithm: RBFAOO
instance baseline dovetail instance baseline dovetail
Domain: protein

i = 2 i = 4
pdb1aac 46.61 2.28 pdb1bgc >7200 1984.16
pdb1atg 700.69 28.68 pdb1b0b >7200 1668.23
pdb1bkb >7200 351.09 pdb1bkb 1239.16 307.43
Algorithm: SPRBFAOO
instance baseline dovetail instance baseline dovetail
Domain: protein

i = 2 i = 4
pdb1atg 121.93 6.32 pdb1ail 490.02 54.41
pdb1bkb 2417.90 59.76 pdb1b0b >7200 258.72
pdb1c9x >7200 7.76 pdb1i5g 634.17 132.74

Table 1. CPU time (in seconds) for a subset of difficult instances from the

protein domain. Timeout cases are written as “>7200.” Best performance

points are shown in bold.

Table 1 shows the CPU time in seconds obtained on a subset of

difficult instances from the protein domain. The results show con-

sistent savings achieved with the dovetailing strategy. The largest

speedup exceeds a factor of 1443, on instance pedigree33 in the

pedigree domain for i = 6.

5 CONCLUSION
Exact MAP inference in graphical models is an important problem

that arises in many applications. However, despite recent progress in

optimal solving approaches, such as search-based algorithms, many

problem instances remain difficult. In this paper we presented a par-

allelization strategy based on dovetailing. The approach is simple,

easy to implement, and it is not specific to a particular baseline solver.

In dovetailing, several instances of a given baseline algorithm run in

parallel each one with a different configuration of the parameter set-

tings. Results on three popular benchmark domains demonstrate the

benefits of this approach which often leads to substantial speedups.
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Hiding Actions in Concurrent Games
Vadim Malvone 1 and Aniello Murano1 and Loredana Sorrentino1

Abstract. We study a class of determined two-player reachability

games, played by Player0 and Player1 under imperfect information.

Precisely, we consider the case in which Player0 wins the game if

Player1 cannot prevent him from reaching a target state. We show that

the problem of deciding such a game is EXPTIME-COMPLETE.

1 Introduction
In this paper we consider two-player reachability games (2CRGI),

played by Player0 and Player1, where both players can have imperfect

information about the actions taken by the other player. Some states of

the game arena are set as target. We consider the game “optimistically”

from the viewpoint of Player0. Precisely, Player0 wins the game if

Player1 does not have a strategy, while adhering to his observability,

to prevent the former to reach a target state. Solving the game amounts

to check whether Player0 wins the game. Notably, 2CRGI result to

be determined, i.e. in every state, either Player0 has a wins the game

or not [3]. We recall that two-player turn-based games are always

determined, while concurrent games are generally not [1].

Technically, to solve a 2CRGI G we look for trees (representing

Player1 strategies) that, at each node and for every possible action

taken by Player0, collect the best possible counter-actions of Player1,

chosen under the visibility constraint. Such a tree is considered "block-

ing" whenever it contains only paths along which no target state is

met. Then, we say that Player0 wins the game if no such a tree exists.

Otherwise, we say that Player0 loses the game. We build in linear

time an alternating tree automaton A collecting all such trees and

thus reduce the problem of solving G to checking for the empti-

ness of A. As the latter can be checked in exponential time [8] and

solving two-player turn-based games with imperfect information is

EXPTIME-HARD [11], we finally get that the problem of solving

2CRGI is EXPTIME-COMPLETE.

2 Game definition
We model the game by means of a classic concurrent game struc-
ture [2] augmented with a set of target states and a set of equivalence
relations over actions, one for each player. Precisely, for a Playeri and

two actions a and b, if a ∼=i b we say that a and b are indistinguishable
to Playeri. The formal definition of our game model follows.

Definition 2.1 A concurrent two-player reachability game with imper-

fect information (2CRGI) is a tuple G�<St, sI ,P,Ac, tr,W,∼=>
where St is a finite non empty set of states, sI ∈St is a designated ini-

tial state, P�{Player0, Player1} is the set of players, Ac�Ac0∪Ac1
is the set of actions. We assume that Ac0∩Ac1=∅. W is a set of target
states, tr : St× (Ac0 ×Ac1)→ St is a transition function mapping

1 Università degli Studi di Napoli Federico II, Italy.
Contact author: Aniello Murano, mail:{murano@na.infn.it}.

a tuple of one state and two actions to one state, and ∼=�∼=0 ∪ ∼=1

is a set of equivalence relations on Ac.

By [Aci] we denote the subset of Playeri actions that are distin-

guishable to Player1−i. If two actions are indistinguishable then also

the states reached by using tr are so. A relation∼=i is called an identity
if a ∼=i b iff a = b. A 2CRGI has perfect information if ∼= contains

only identity relations (so, we drop I from the acronym).

To give the semantics of 2CRGIs, we now introduce some basic

concepts such as track, strategy, and play.

A track is a finite sequence of states ρ ∈ St∗ such that, for all

k < |ρ|, there are two actions a0 ∈ Ac0 and a1 ∈ Ac1 such that

(ρ)k+1 = tr((ρ)k, a0, a1), where (ρ)k denotes the k-st element of

ρ. For a track ρ, by ρ≤k we denote the prefix track (ρ)0...(ρ)k. By

Trk ⊆ St∗, we denote the set of tracks over St. For simplicity, we

assume that Trk contains only tracks starting at the initial state sI .

A strategy represents a scheme for a player containing a precise

choice of actions along an interaction with the other player. It is given

as a function over tracks. Formally, a strategy for Playeri in a 2CRGI
is a partial function σi : Trk ⇀ Aci that maps each track to an action.

A strategy σi is total if it is defined on all tracks in Trk. A strategy

is uniform if it adheres on the visibility of the players. Thus uniform

strategies are based on observable actions. In the rest of the paper we

only refer to uniform strategies.

The composition of strategies, one for each player in the game, in-

duces a computation called play. More precisely, assume that Player0
and Player1 take strategies σ0 and σ1, respectively. Their composition

induces a play ρ such that (ρ)0 = sI and for each k ≥ 0 we have that

(ρ)k+1 = tr((ρ)k, σ0(ρ≤k), σ1(ρ≤k)), for all k ∈ N .

We have now all the ingredients to properly define how to interpret

a game and thus to establish who wins it. The winning condition we

set is based on the reachability condition viewed “optimistically” for

Player0. Precisely, Player0 wins the game if Player1 does not have a

strategy to prevent him to reach a target state. Dually, we have that

Player1 wins the game (and thus Player0 loses it) if, for each strategy

σ0 of Player0, there exists a strategy σ1 for Player1, that can force the

induced play to never reach a target state in W. The latter is the one

we will use in the rest of the paper. Deciding the winner of a game

by looking at the strength of the adversary is quite common in game

theory applied to open system verification, largely investigated in the

two-player turn-based setting. See [5–7, 9] for an argument.

It is worth noting that the winning condition we consider preserves

the determinacy property [3], even under imperfect information 2. The

automata-based solution we propose in the next section will strongly

2 For the sake of clarity, we recall that in the plain two-player reachability
winning condition Player0 wins the game if he has a strategy such that
for all strategies of Player1 the resulting induced play has at least one
state in W. This definition does not guarantee the determinacy property in
the concurrent setting. To be convinced considering the classic two-player
concurrent matching bit game where no one of the player wins the game.
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benefit from this fact.

To properly formalize the winning condition we use, we introduce

a tree structure machinery that we call blocking tree. For the lack of

space, we only give the main concepts about trees and refer to [12]

for a proper definition. Let Υ be a set. An Υ-tree is a prefix closed

subset T ⊆ Υ∗. The elements of T are called nodes and the empty

word ε is the root of T . Given a node v = y · x, with y ∈ Υ∗ and

x ∈ Υ, we define prf(v) to be y and last(v) to be x. For an alphabet

Σ, a Σ-labeled Υ-tree is a pair <T, V > where T is an Υ-tree and

V : T → Σ maps each node of T to a symbol in Σ.

Definition 2.2 Given a 2CRGI G, a blocking tree for Playeri is a
{	,⊥}-labeled ([Ac0]× [Ac1])-tree <T, V > with T ⊂ ([Ac0]×
[Ac1])

∗ and V as follows: (i) V (ε) = 	; (ii) for all v ∈ T let
ρ = (ρ)0...(ρ)|v|−1 be a track from sI such that for each k < |v|
we have that (ρ)k = tr((ρ)k−1, last(v≤k)(i), last(v≤k)(1− i)). If
last(v)(1− i) = σ(ρ) then V (v) = 	, otherwise V (v) = ⊥.

Directly from the definition of blocking tree, the definition of win-

ning condition follows.

Definition 2.3 Let G be a 2CRGI and W ⊆ St a set of target states.
Player0 wins the game G, under the reachability condition, if there is
no blocking tree for Player0.

3 Automata theoretic solution
For the solution side, we use an automata-approach via alternat-
ing tree automata (ATA). Specifically, an ATA is a tuple A �<
Σ, D,Q, q0, δ, F >, where Σ is the alphabet, D is a finite set

of directions, Q is the set of states, q0 ∈ Q is the initial state,

δ : Q×Σ→ B+(D×Q) is the transition function, whereB+(D×Q)
is the set of all positive Boolean combinations of pairs (d, q) with d
direction and q state, and F ⊆ Q is the set of accepting states. An

ATA A recognizes (finite) trees by means of runs. For a Σ-labeled

tree <T, V >, with T = D∗, a run is a (D∗× Q)-labeled N -tree

<Tr, r> such that the root is labeled with (ε, q0) and the labels of

each node and its successors satisfy the transition relation. A run is

accepting if all its leaves are labeled with accepting states. An input

tree is accepted if it admits an accepting run. By L(A) we denote the

set of trees accepted by A. We say that A is not empty if L(A) �= ∅.

The solution we propose is to read a {	,⊥}-labeled full ([Ac0]×
Ac1)-tree such that more copies of the automaton are sent to the same

directions along the class of equivalence over [Ac0]. These trees are

taken with depth greater than the number of states; so if no state in W
is reached in |St| step, then there is a loop over the states in the game

model that forbids to reach states in W.

Theorem 1 Given a 2CRGI G the problem of deciding whether
Player0 wins the game is in EXPTIME-COMPLETE.

Proof sketch. Let G be a 2CRGI . For the lower bound, we re-

call that two-player turn-based games with imperfect information

is EXPTIME-HARD [11]. For the upper bound, we can build in lin-

ear time an automaton accepting all blocking trees for Player0. The

automaton uses as set of states Q = St × St × {	,⊥} × {0, 1}
and alphabet Σ = {	,⊥}. Note that, we use in Q a duplication of

game states as we want to remember the game state associated to

the parent node while traversing the tree. For the initial state we

set q0 = (sI , sI ,	, 0), i.e. for simplicity the parent game state

associated to the root of the tree is the game state itself. The flag

f ∈ {0, 1} indicates whether along a path we have entered a target

state, in that case we move f from 0 to 1. The transition relation is de-

fined as: δ((p, q,	, f),	) =
∧

a0∈Ac0

∧
a1∈Ac1

(d, (q, q′, t′, f ′)),

δ((p, q, t′, f),⊥) = true, δ((p, q,⊥, f),	) = false; where q′ =
tr(q, a0, a1), t

′ ∈ {	,⊥}, d = [Ac0]×[Ac1], and f ′ = 1 if q′ ∈W
otherwise f ′ = f . The set of accepted states is F = {(p, q, t, f) :
p, q ∈ St ∧ t = 	 ∧ f = 0}. Recall that an input tree is accepted if

there exists a run whose leaves are all labeled with accepting states. In

our setting this means that an input tree simulates a blocking tree for

Player0. So, if the automaton is empty then Player0 wins the game,

i.e., does not exists a blocking tree for him. The required computa-

tional complexity of the solution follows by considering that: (i) the

size of the automaton is polynomial in the size of the game, (ii) to

check its emptiness can be performed in exponential time [4, 8].�

4 Discussion and future work
Game theory is a useful framework largely applied in AI [13]. Worth

of mentioning are the contributions in open-system verification, where

the goal is to check whether a system can avoid to reach a bad state no

matter how the unpredictable environment behaves, while acting under

perfect or imperfect information [7, 9]. Along this line of research,

we have considered in this paper the case in which the two players,

Player0 and Player1, move concurrently, under partial visibility. The

reachability condition is interpreted by looking at the ability of Player1
to prevent Player0 to reach a target state. In this case Player0 loses the

game (and wins otherwise). We have proved that this can be checked

in EXPTIME and showed that this result is tight.

Our game setting is very useful in multi-agent open-system ver-

ification. In particular, it would be useful to consider the case of

multiple players along with some reacher acceptance condition, such

as a logic for the strategic reasoning (ATL* [2], Strategy Logic [10],

and like). Of course one has to consider some restrictions as the im-

perfect information immediately let the decision problem to jump to

nonelementary or even undecidability.
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Shape Invariant Formulation for Change Point Models in
Multiple Dimensions

Jesse Glass1 and Zoran Obradovic1

Abstract.
Artificial intelligence has achieved superhuman performance in

a variety of tasks. Unfortunately, this is often done without inter-

pretable methods. In medicine, it is not sufficient to have an algo-

rithm with maximum accuracy. The methods must be evaluated by

experts. Our motivating task is to detect features of the eye using un-

labeled data. We detect features using a Bayesian changepoint model.

Changepoint detection can perform object recognition when applied

to two dimensional feature spaces such as images. We present a for-

mula for detecting any shape with the changepoint model. We then

extend it to multiple features in order to capture the color of an object.

The work presented here has the ability to incorporate prior informa-

tion, the ability to handle images of varying granularity, can provide

confidence estimates on object features in an image. It will serve as

the foundation for a classification method with interpretable results.

1 INTRODUCTION, BACKGROUND, &
RELATED WORK

The task of predicting the severity of diabetic retinopathy using im-

ages of the retina was a recent Kaggle competition. A significant

majority of the top 100 performers used Deep Learning approaches.

This approach has several drawbacks. When applying Convolutional

Neural Networks, the pixel sizes of the images must be the same.

This requires that many of the images are downgraded, which results

in information loss. Our approach can learn on varying granularities

which potentially enables us to transfer knowledge learned on more

detailed images to the less detailed ones.

Another drawback with Deep Learning Models, is a lack of in-

terpretability. Our model provides the location, color, and size of an

object with probability estimates for any combination. Detecting ob-

jects such as the basal ganglion helps with the prediction task of la-

beling veins because vascular growth stems out from the basal gan-

glion. Similarly detecting the macula helps during diagnosis because

stage 2 retinopathy is most often diagnosed by determining whether a

hemorrhage is blocking light from entering the macula. Importantly,

the accuracy of the detection of a macula and hemorrhage can be

easily verified by physicians.

The Gamma-Poisson conjugate prior has a closed form Bayesian

posterior for the changepoint problem. The Poisson distribution is

an obvious choice for image pixel value prediction since a Poisson

distribution outputs a natural number and images are coded with in-

tegers from 0 to 255 on three color channels.

Bayesian models also give us a unique opportunity to incorporate

prior information. Then evaluate/update that prior information. The

images in this data set have a great variety some are dark, some have

1 Temple University, Center for Data Analytics and Biomedical Informatics,
email: tud25892@temple.edu, zoran.obradovic@temple.edu

Figure 1. Retina (whole), Optic Nerve (light), Macula (dark)

glare, some have artifacts. A well designed model will not require

preprocessing to handle these.

Bayesian methods can often seem too specific for adaptation to

multiple purposes. [1] derived an exact solution for multiple fea-

tures for changepoints along a single dimension. [2] used heuristics

to model a single feature, with the potential to model stacked signals.

Bayesian models also have a much better ability to learn confidence.

Heuristics can work but often fail miserably in outlier cases. So, we

developed a fully Bayesian extension of both of the discussed mod-

els.

2 METHOD

Given the following Gamma priors on our average values and Pois-

son priors on our observations we will develop a Gibbs sampling

algorithm for multiple features on arbitrary shapes. We allow dif-

ferent objects within the image (segments) and the different color

channels to have different priors (a,b). The notation is: S, shape; f,

feature (RGB layer); ij, position in image. The generative model is

as follows:

λ
(f)
i ∼ Gamma(a, b)

x
(f)
ij ∼

{
Poisson(x

(f)
ij |λ

(f)
1 ) i, j �∈ S

Poisson(x
(f)
ij |λ

(f)
2 ) i, j ∈ S

The problem of inferring the posterior over the latent variables S,

λ1, λ2 can be solved via Bayes theorem. The full joint distribution

p(�λ1, �λ2, S|X) ∝ p(X|�λ1)p(X|�λ2)p(�λ1)p(�λ2)p(S)

∝
M∏
f=1

(
∏
ij �∈S

p(x
(f)
ij |λ

(f)
1 )

∏
ij∈S

p(x
(f)
ij |λ

(f)
2 )p(λ

(f)
1 )p(λ

(f)
2 ))p(S).

The probability of the shape depends on the number of features

required for the shape. We define a square by its start and end points.
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We define a circle by is center, (x,y), and radius, r.

p(S) = p(x)p(y)p(r)

We see that each neighboring xij is independent of its neighbors

given that it is drawn from a known underlying gamma process. This

enables us to plug known prior distributions into the above formula.

Obtain the posterior conditionals for each latent variable by col-

lecting the terms in the full joint distribution that include the latent

variable of interest. Derive the posterior conditionals for each of the

variables S, λ1, λ2 by selecting relevant components from the full

joint distribution. When calculating the conditional probability we

can marginalize constants out of p(λ1|·).

p(λ
(f)
1 |S,�λ−f

1 , �λ2,X) ∝ Gamma(a+
∑
ij∈S

(xf
ij),

∑
ij∈S

(1) + b)

p(λ
(f)
2 |S,�λ−f

2 , �λ1,X) ∝ Gamma(a+
∑
ij �∈S

(xf
ij),

∑
ij �∈S

(1) + b)

We can see that each λ(f) is independent of one another. Calculat-

ing the Multinomial Distribution of p(S| �λ1, �λ2,X) is a bit more

complex, and must be done separately for each component of S. We

defined the properties of a circle as two center points and a radius.

They all have the similar formulations. We present the multinomial

formula for the probability of the radius below.
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ij )+
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+
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(log(λ
(f)
2 )

∑
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(f)
ij )−M ·

∑
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M∑
f=1

λ
(f)
2 .

After calculating each possible solution, we take the exponent and

then normalize.

3 EXPERIMENTS & RESULTS
A set of synthetic experiments were devised in increasing complex-

ity to examine this approaches ability to handle the data. First, we

display a change point algorithm run for one and two change points

on 1-D data. Then, the models for those are extended to the two di-

mensional case - the square. Then, we change the shape to a circle.

Last, three features are incorporated endowing objects in the image

with a color. For all of the synthetic experiments, the latent values of

the objects were learned without mistakes in 100% of trials.

Figure 2. Single Change Point (left) & Segment Shift (right)

Figure 3. Two Dimensional Change Point

Figure 4. Two Dimensional Segment Shift (a.k.a. Square Detection)

Figure 5. Two Dimensional Circle Detection

Figure 6. Color Circle Detection

Figure 7. Color Circle Detection

4 CONCLUSION
[1] and [2] are both one dimensional solutions. [2] attempts to handle

overlapped signals using heuristics while [1] develops an exact solu-

tion for a similar problem but does not handle stacked signals. The

next step in this work is to handle stacked signals. Once we can iden-

tify the key circular features of the eye, we can attempt an approach

for the vasculature and detecting hemorrhages.
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Shaping Proto-Value Functions Using Rewards

Abstract. In reinforcement learning (RL), an important sub-problem

is learning the value function, which is chiefly influenced by the ar-

chitecture used to represent value functions. is often expressed as a

linear combination of a pre-selected set of basis functions. These ba-

sis functions are either selected in an ad-hoc manner or are tailored

to the RL task using the domain knowledge. Selecting basis func-

tions in an ad-hoc manner does not give a good approximation of

value function while choosing functions using domain knowledge in-

troduces dependency on the task. Thus, a desirable scenario is to have

a method to choose basis functions that are task independent, but

which also provide a good approximation for the value function. In

this paper, we propose a novel task-independent basis function con-

struction method that uses the topology of the underlying state space

and the reward structure to build the reward-based Proto Value Func-

tions (RPVFs). The approach we propose gives good approximation

for the value function and enhanced learning performance. The per-

formance is demonstrated via experiments on grid-world tasks.

1 INTRODUCTION
Reinforcement learning (RL) is a sequential decision making

paradigm to solve adaptive control problems under model uncertain-

ties. RL problems are cast in the framework of Markov decision pro-

cesses (MDPs). In the MDP setting, dynamics of the underlying envi-

ronment evolves within a set of states called the state-space, and the

agent performs actions to control the state of the system. Depending

on the state and the action the agent performs in that state, the agent

receives a reward. The agent aims to maximize the infinite sum of dis-

counted rewards obtained as a result of its actions. An action selection

mechanism is known as a policy and the agent aims to learn an optimal

policy. To learn the optimal policy, the agent needs to be able to eval-

uate a policy. The value function Ju corresponding to a given policy

u, is a map from the state space to real numbers, and captures the total

discounted reward that agent collects by following the policy u. Using

the value function, the agent can improve its policy and hence learning

the value function in an efficient manner assumes importance.

The value function representation has to be compact (i.e., it should

be easy to compute and store). Usually, the value function is repre-

sented as a linear combination of basis functions, which are generally

chosen using task-specific knowledge and when there is no such task-

specific information, primitive hand-coded functions ([3, 4]) are used.

However, the primary objective is to formulate a method that selects a

compact representation for effectively approximating the value func-

tion with little or no information about the task. Hand-coded basis

functions do not usually capture the connectivity information which

can be exploited to optimally control the underlying MDP. Thus, there

is a need for algorithms which build and optimize basis functions by

leveraging the geometry of the state space and the reward (or cost)

structure. Aiming at this problem, we develop the Shaping-based Rep-

resentation Policy Iteration (SRPI) algorithm.

In this paper, we present the reward-shaping based graph Laplacian

framework. Immediate rewards indicate beneficial transitions. Using

the knowledge of transitions which yield good and bad rewards, we

construct the graph underlying the MDP and the Laplacian by ap-

propriately shaping (see [1]) the rewards. We also incorporate risk-

1 Dept. of Computer Science and Automation, Indian Institute of Science, Ban-
galore, India, Email: {rkmaityju,chandrurec5,sindhupr}@gmail.com

sensitivity [2] for rewards in the construction of the Laplacian. Thus,

the graph so constructed is sensitive to immediate rewards. Spec-

tral analysis of the Laplacian gives us the required basis functions.

Through this construction, we show that the learning agent is pre-

vented from taking actions which lead it to unfavourable states. Sim-

ulation results and experiments show that the error in value function

approximation is minimized when SRPI is used as compared to pre-

vious approaches [6, 7].

2 REWARD-SHAPING BASED GRAPH
LAPLACIAN FRAMEWORK

Let G = (E, V ) denote a graph with edge set E and vertex set V .

W is a weight matrix for G. Let D denote the diagonal matrix whose

diagonal entries are row sums of W . For a fixed policy, we can con-

struct the matrices W , D for a MDP. To construct the weight matrix,

we obtain trajectory samples. From the samples, we also get the im-

mediate rewards which can be used to capture preferred connectivity.

While in the case of goal oriented tasks, the immediate rewards are

0 for non-goal states, it might not hold true for MDPs with a general

reward structure. The agent’s decision can be influenced by shaping

the immediate rewards. The shaped rewards must preserve the optimal

policy structure which can be guaranteed only if the reward shaping

functions satisfy certain conditions and are potential functions (see

[1]).

We denote the shaped reward for state transition from a state s to

s′ as R̃(s, s′), ∀s, s′ ∈ S. Using the shaped rewards R̃, we define the

weight matrix WR in a manner which prevents the agent from choos-

ing unfavourable states. The weight matrix so defined captures the

nearness of states which is affected by the underlying reward struc-

ture. Let WR = (wr(s, s
′), s ∈ S, s′ ∈ S), where

wr(s, s
′) =

expβR̃(s′)∑
s′′∈S

expβR̃(s′′)
. (1)

In (1), β > 0 is a positive constant that models affinity. The parameter

β allows one to incorporate aversion (β < 0) or preference (β > 0)
to risk. Using the weight matrix WR, we compute the matrix D, find

the combinatorial and normalized Laplacian operators and the diffu-

sion matrix (see [6]). The basis functions for the state-action value

function are selected by analyzing the spectra of the random walk dif-

fusion matrix DR. We choose the top m eigen values of DR and the

corresponding eigen vectors to form the matrix Ψ. The ith row of the

matrix Ψ|V |×m, i.e., ψ(i), i ∈ 1, 2, . . . , |V |, is the feature vector of

state si, that is in the vertex set V . Hence, ψ(si) = ψ(i). The state-

action feature matrix Φ is obtained as indicated in [4]. Let φ(si, a) be

the feature vector corresponding to the state-action pair (si, a). Thus

the action-value function Qπ(s, a) for a policy π is approximated as:

Qπ(s, a) =
k∑

i=1

φi(s, a)w
π(i), (2)

where wπ ∈ Rk is the weight vector. The SRPI algorithm is given

in Algorithm 1, wherein the approximate value function is evaluated

using the LSTDQ algorithm [4] (a variant of LSTD algorithm). The

integer t used in policy iteration in SRPI is chosen large enough to

ensure convergence.
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Algorithm 1 SRPI

1: Collect a set of (state,action,reward) samples DS using a random

policy π0

2: Construct WR and DR

3: Generate eigen vectors of DR and construct Φ
4: for i = 0, 1, 2, . . . , t− 1 do
5: wπi = LSTDQ(DS , πi, k), where Q̂πi = Φwπi

6: Set πi+1(s) = argmax
a∈A

(Q̂πi(s, a)), ∀s ∈ S

7: end for
8: Return πt

3 EXPERIMENTS
We consider an instance of goal-based MDP (see Table 1), which

is a N × N grid. The state space is given by S = {s = (x, y), x =
1, . . . , N, y = 1, . . . , N}, where (1, 1) denotes the bottom-left cell

and (N,N) the top-right cell. The allowable actions are to move up,
down, right or left. (N,N) is the goal-state. The agent receives a re-

ward of 10 on reaching the goal state and actions in the intermediate

states do not yield any reward. It is evident that the learning process

can be sped up if the agent is rewarded for those actions that take it

either up or right.

G
↑

← →
↓

5 10 15 20 25
4 9 14 19 24
3 8 13 18 23
2 7 12 17 22
1 6 11 16 21

Table 1: On the left is the grid world task with a reward of 10 in the goal-state
G. On the right is the potential reward shaping function.
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Figure 1: Shows the optimal value function (left, top row) and the learned
value functions (other three) for the grid world domain in Table 1. Notice that
learning using the RPVF (right, bottom row) is better than the learning using
PVF with/without reward shaping.
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0.2
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Figure 2: Comparing the profiles of eigen functions of W and WR. The first
two eigen functions of W and WR were identical and hence not presented.

We consider a grid for N = 5. The optimal value function is shown

in the top most plot of Fig. 1. We chose 4 eigen functions correspond-

ing to 4 largest eigen values of the diffusion matrix DR constructed

from the usual adjacency matrix W . We ran the RPI algorithm [6]

with the diffusion matrix constructed from A and the result is shown

(top-right) in Fig. 1. Notice that the value function learnt by the RPI

algorithm does not quite resemble the profile of the optimal value

function and consequently resulted only in a moderately good policy.

We evaluated the policy πW returned by RPI and it turned out that∑
s∈S

JπW (s) = 1132 as opposed to
∑
s∈S

J∗(s) = 1887. Further, we

also ran the RPI algorithm by retaining the diffusion matrix, but pro-

vided additional reward shaping feedback using the shaping function

R̃ during the learning phase (see Table 1). Even in this case the pro-

file of the learnt value function did not change, and the resulting pol-

icy performed only moderately. The SRPI algorithm was run for this

experiment by using the shaped rewards for constructing the weight

matrix WR. In this case, the profile of the learnt value function re-

sembles the optimal value function. Further, we also observed that the

policy πWR returned by SRPI in this case performed better than πW

(with/without reward shaping feedback), i.e.,
∑
s∈S

JπWR
(s) = 1660.

The reason why the RPVFs perform better than the PVFs can be ex-

plained by looking at the corresponding eigen functions (see Fig. 2).

The PVFs and RPVFs corresponding to the first two largest eigen val-

ues were the same. However, the third and fourth eigen functions dif-

fered (see Fig. 2). We can see from (Figures 1 and 2), that this differ-

ence in eigen function shows up in the difference in the profiles of the

corresponding learnt value functions.

4 CONCLUSION
This paper presents a new reward transformation based graph

Laplacian framework for basis representation, which can be used to

find a compact representation for the value function. The performance

of SRPI is compared with RPI for the grid world problem. It is shown

that the RPVFs capture the neighbourhood information well when

compared to PVFs. The experimental results show that the SRPI al-

gorithm finds better basis compared to RPI. It is also observed that

similarity matrices other than the diffusion matrix can be used to gen-

erate the basis. Reward transformation is shown to aid learning, and

the SRPI algorithm is seen to outperform the policy learnt using PVFs.

An extended version of this work is available at [5].

REFERENCES
[1] Tim Brys, Anna Harutyunyan, Matthew E Taylor, and Ann Nowé, ‘Policy
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Heuristic Constraint Answer Set Programming
Erich C. Teppan1 and Gerhard Friedrich1

Abstract. Constraint answer set programming (CASP) is a fam-

ily of hybrid approaches integrating answer set programming (ASP)

and constraint programming (CP). These hybrid approaches have al-

ready proven to be very successful in various domains. In this pa-

per we present first evaluation results for the CASP solver ASCASS,

which provides novel methods for defining and exploiting problem-

dependent search heuristics. Beyond the possibility of using already

built-in problem-independent heuristics, ASCASS allows on the ASP

level the definition of problem-dependent variable selection, value

selection and pruning strategies, which guide the search of the CP

solver. The proof-of-concept evaluation was carried out on bench-

mark instances of the real world Partner Units Problem (PUP). Due

to a sophisticated heuristic, which cannot be represented by other

ASP or CASP solvers, ASCASS shows superior performance.

1 Introduction
During the last decade, Answer Set Programming (ASP) under the

stable model semantics [5] has evolved to an extremely powerful

approach for solving combinatorial problems. Especially conflict-

driven search mechanisms contribute to the high performance of

state-of-the-art solvers [4]. Furthermore, ASP provides superior

problem encoding capabilities as ASP is strongly declarative in na-

ture and even provides language features, which go beyond first or-

der.

However, the expressive power on the one hand and the potent

conflict-driven search approach on the other hand do not come for

free. Current ASP solvers employing conflict-driven search trans-

form the higher-order problem representation to propositional logic.

This transformation (called grounding) constitutes the space bottle-

neck of current ASP systems. Once the grounding step is completed,

conflict-driven search in combination with state-of-the-art look-back

heuristics like VSIDS and restarts [6] typically shows superior per-

formance compared to other search approaches. Yet, grounding is not

possible for many industrial-sized problem instances.

One approach that emerged also out of the need of easing the

grounding was Constraint Answer Set Programming (CASP) [8, 2].

CASP can be seen as a hybrid approach extending ASP by Constraint

Programming (CP) features. Conceptually, it is very close to satisfi-

ability (SAT) modulo theory approaches, which integrate first-order

formulas with additional background theories such as real numbers

or integers [9].

For combining ASP and CP there are basically two approaches.

First, solvers like Clingcon [8] are based on the extension of the ASP

input language in order to support the formulation of constraints. A

different approach has been introduced by the Ezcsp solver [2] where

ASP and CP are not integrated into one language. ASP rather acts as a

specification language for Constraint Satisfaction Problems (CSPs).

1 Universität Klagenfurt, Austria, email: firstname.lastname@aau.at

The main idea is that answer sets constitute CSP encodings, which

are used as input for a CP solver.

For certain classes of problems like industrial-sized scheduling

CASP was already successfully applied [3]. Especially search prob-

lems with large variable domains often profit from the CASP repre-

sentation due to the alleviation of the grounding bottleneck [7].

Of course, the complexity of problem solving does not vanish by

easing the grounding bottleneck but it is rather shifted from ground-

ing in ASP to search in CP. In the context of CASP, often a ma-

jority of the solution calculation is done by the CP solver. Hence,

the applied search strategies on the CP level play a crucial role for

the successful application of CASP in real-world problem domains.

However, up to now there was no focus on the development of so-

phisticated features for expressing and exploiting search strategies in

CASP solvers. Consequently, the means for expressing and exploit-

ing search strategies on the CP level are rather limited.

Clingcon2 and Ezcsp3 provide a set of built-in problem-

independent strategies depending on the underlying CP solver.

Clearly, for many real-world problem domains problem-independent

strategies are not sufficient and problem-dependent heuristics are

needed. Any problem-dependent heuristic on the CP level basically

consists of three components:

1. a problem-dependent variable selection strategy

2. a problem-dependent value selection strategy

3. a problem-dependent pruning strategy

In EZCSP, problem-dependent variable selection strategies are al-

ready supported by a special label-ordering predicate. What is miss-

ing is the possibility of expressing custom value ordering and pruning

strategies.

2 A Simple Constraint Answer Set Solver
ASCASS4 is a finite discrete CASP solver following the approach of

Ezcsp, i.e. the input language is pure ASP and the answer sets encode

CSPs. Answer set production (grounding and solving) is done by

Clingo5, which is currently one of the most powerful ASP systems.

The input language is the ASP standard ASP-Core-26.

After answer set solving, a produced answer set is handed over

to a parsing module that extracts the facts, which encode the CSP

and search directives. This information is used to instantiate a cor-

responding CSP in the CP solver and perform search conforming

to the given search directives. Currently, Jacop7 is used within AS-

CASS as a CP solver. In case that the CSP could not be solved by

2 www.cs.uni-potsdam.de/clingcon/
3 mbal.tk/ezcsp/index.html
4 http://isbi.aau.at/hint/ascass
5 sourceforge.net/projects/potassco/files/clingo
6 www.mat.unical.it/aspcomp2013/files/ASP-CORE-2.03b.pdf
7 jacop.osolpro.com
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the CP solver or a timeout occurred (defined by the special predi-

cate csptimeout(Δ)), the process continues with the next answer

set, until a solution is found, or there are no more answer sets. The

empty CSP (i.e. when there is not a single CSP variable) is always

satisfiable and possesses the empty CSP solution.

ASCASS combines and extends the heuristic possibilities of state-

of-the-art CASP solvers and makes them completely available on the

problem encoding level. Beyond the usage of built-in strategies, AS-

CASS provides powerful constructs for the formulation and exploita-

tion of problem-dependent heuristics consisting of variable selection,

value selection and pruning strategies.

3 The Partner Units Problem
We want to exemplify the expressive power of ASCASS with respect

to the partner units problem (PUP) out of three reasons.

1. The PUP is a real world combinatorial problem with many differ-

ent application domains [1].

2. The PUP is one of the hardest benchmark problems participating

in the ASP competitions8.

3. There exists an effective and non-trivial problem-dependent

heuristic to solve the PUP.

The PUP originates in the domain of railway safety systems. One

of the problems in this domain is to make sure that certain rail tracks

are not occupied by a train/wagon before another train enters this

track. The signals for the corresponding occupancy indicators are

calculated by special processing units based on the input of several

observing sensors. The problem consists in connecting sensors/indi-

cators with units and units with other units such that all communica-

tion requirements are fulfilled and the number of maximal connectors

of the devices is not exceeded.

The state-of-the-art heuristic for solving the PUP is the QuickPup

heuristic proposed in [10]. QuickPup can be expressed quite naturally

in ASCASS but, to the best of our knowledge, cannot be expressed

in any other ASP or CASP approach.

4 Evaluation
We tested the ASP solver Clingo 4 and the CASP solvers ASCASS,

Clingcon and Ezcsp on the PUP benchmark suite used in [1]9. Clingo

was tested using the PUP encoding proposed in [1]. The tests were

run on a 3.2 Ghz machine with 64 GByte of RAM, assuring that the

grounding bottleneck does not play a role for the tested instances and

performance can be attributed to the search phase.

In the Clingcon model, problem-dependent CSP variable selec-

tion, value selection or pruning strategies cannot be exploited. For

Ezcsp, it is possible to express the topological variable orderings sim-

ilar to ASCASS. However, there are no means for pruning search or

problem-dependent value strategies.

Table 1 depicts how many instances of each type in the bench-

mark suite could be solved by the different approaches within a 1000

seconds time frame. Clingo using VSIDS heuristic peformed very

well on the benchmark suite showing once again that the conflict-

driven search techniques employed by Clingo are quite powerful.

Also Ezcsp was able to solve some instances. Using other built-in

heuristics did not result in better performance. Clingcon was not able

8 Further information can be found at www.mat.unical.it/aspcomp2014/
9 Encodings and benchmark instances can be found at

http://isbi.aau.at/hint/ascass

# Clingo ASCASS Clingcon Ezcsp
double(IUCAP=2) 10 2 10 0 2
doublev(IUCAP=2) 6 3 6 0 0
triple(IUCAP=2) 3 2 3 0 2
triple(IUCAP=4) 7 6 6 0 3
grid(IUCAP=4) 10 10 10 0 0
total 36 23 35 0 7

Table 1. Solved instances whithin 1000 seconds

to solve a single instance. In the contrary, ASCASS was able to solve

all but one instances within time limits. We want to point out that

only optimal solutions (i.e. minimum number of units) were allowed

for easing the grounding bottleneck of conventional ASP. Increasing

the number of allowed units in a solution would increase grounding

size for ASP significantly. In the cases of ASCASS and Ezcsp, in-

creasing the number of allowed units would not affect the grounding

size as the number of allowed units is captured by the upper bounds

of the CSP variables.

Furthermore, we want to make clear that the superior performance

of ASCASS can be attributed to the inclusion of the QuickPup strate-

gies. This was crosschecked by removing the heuristic parts from the

ASCASS problem encodings. It is to be noted that QuickPup origi-

nally was designed for producing only near-optimal solutions. How-

ever, the concepts of QuickPup obviously also work well for finding

optimal solutions.
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Non-Deterministic Planning with Numeric Uncertainty
Liana Marinescu and Andrew Coles 1

Abstract. Uncertainty arises in many compelling real-world appli-

cations of planning. There is a large body of work on propositional

uncertainty where actions have non-deterministic outcomes. How-

ever handling numeric uncertainty has been given less consideration.

In this paper, we present a novel offline policy-building approach

for problems with numeric uncertainty. In particular, inspired by the

planner PRP, we define a numeric constraint representation that cap-

tures only relevant numeric information, supporting a more compact

policy representation. We also show how numeric dead ends can be

generalised to avoid redundant search. Empirical results show we can

substantially reduce the time taken to build a policy.

1 Introduction and Background
Planning accounting for uncertainty is relevant to many interesting

real-world problems, for instance where the dynamics of the envi-

ronment make it difficult to plan on the basis of actions having a

single, predictable outcome. In this work we look at fully observable
non-deterministic (FOND) planning, i.e. applying an action has sev-

eral possible outcomes, but we can observe which occurs. The task

of planning here is to find a policy (a mapping from states to actions)

that dictates what to do in each state reachable from the initial state.

Additionally, within this setting, we allow numeric effects to have

continuous uncertainty; specifically, we allow Gaussian-distributed

(independent) effects on variables. Each effect is of the form

v opN (w·v+k, σ2), where v is some state variable; op ∈ {+=,=};

w · v is a weighted sum of state variables; k ∈ =; and σ2 ∈ = is the

variance of the effect. In each state we store the mean and variance of

each variable: v and σ2(v). For a numeric precondition (or goal) of

the form w ·v ≥ c, we first compute the variance affecting it (1). The

precondition is then true with confidence θ iff (2) is satisfied (where

Φ is the Gaussian cumulative distribution function).

σ2(w · v) = ∑
w·v∈w·v w

2 · σ2(v) (1)
w · v ≥ c+ σ(w · v) · Φ−1(θ) (2)

Effectively, this computes an offset we need to add onto the precon-

dition so that, even accounting for uncertainty, it remains true e.g.

99% of the time for θ = 0.99. The task of planning is then to find a

policy such that at each point, the preconditions of the action to be

applied (or the goals) are true with a given confidence level θ.

Our work builds upon two recent strands of research: a heuristic

for planning with continuous numeric uncertainty [5]; and a planner

for propositional FOND domains, PRP [8, 7]. In PRP, policies are

found by making repeated calls to a deterministic planning kernel,

which finds weak plans that work assuming the action outcome can

be chosen. To then obtain a policy that covers the other outcomes,

this process is recursively applied for the other states that could be

reached. Key to the success of PRP are two ideas:

1 Department of Informatics, King’s College London, UK
email: firstname.lastname@kcl.ac.uk

First, the policy maps partial states (rather than fully-specified

states) to actions. These partial states are found by regression: ev-

ery time a weak plan is added to the policy, the goals are regressed

through it step-by-step, and at each point a partial-state–action pair

is added to the policy. The benefit of regression is that it collects

the weakest preconditions needed for the tail of the plan to succeed

– if a state in a weak plan contains literals that are irrelevant to the

remaining steps, these literals will not be included in the partial state.

Second, for states that cannot reach the goal, dead end generali-
sation is used. In the propositional case, this amounts to a sensitivity

analysis to check which literals in a state are causing it to be a dead

end. If a dead end state S contains f , and evaluating S ∪ {¬f} with

the Relaxed Planning Graph (RPG) heuristic [4] indicates S is still a

dead end, then the truth value of f is irrelevant and can be ignored.

Any state found during policy-building that matches a known dead

end can then be discarded, avoiding wasted search effort.

Adapting these ideas to the continuous numeric case requires a

planning kernel (we use our recent work [5]) and suitable definitions

of regression and dead end generalisation. These form the next two

sections of this paper, followed by an empirical evaluation.

2 Regression for Numeric Constraints

As mentioned above, in PRP, the policy maps partial states to actions;

these partial states are found by regressing through the weak plans

given by the planning kernel. Regression begins with the goal state

and steps through the actions in reverse order. From a partial state

ps ′, regressing through an action a with propositional preconditions

Pre(a) and add-effects Eff +(a) yields a new partial state:

ps = (ps ′ \ Eff +(a)) ∪ Pre(a) (3)

The policy would then record that a should be applied in any state

S where S : ps . In effect, ps constrains S in a way that ensures

action a and subsequent actions in the weak plan are applicable. To

apply this same reasoning for the numeric case, we now derive an

analogous constraint representation for numeric partial states.

Suppose in state S, a variable v has value S[v] and variance

S[σ2(v)]. Applying an action a with an uncertain numeric effect

v+=N (p, q) (where p, q ∈ =) reaches a state S′, where:

S′[v] = S[v] + p S′[σ2(v)] = S[σ2(v)] + q (4)

If we have a precondition (v ≥ c) that must be true in S′, then

(S′[v] ≥ c) must be true with confidence θ allowing for variance

S′[σ2(v)]. By replacing S′ with S according to (4), we can rewrite

this as (S[v]+p ≥ c) allowing for variance (S[σ2(v)]+ q). Writing

the precondition in this form allows us to derive numeric regression

for increase effects: for (v ≥ c) to hold in the state after a, then

(S[v] + p ≥ c) must hold allowing for variance (S[σ2(v)] + q) in

the state before a. Each partial state ps in the policy records numeric

constraints in this form. When checking if S : ps , these constraints
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Figure 1. Tests comparing our approach (X axis) to a baseline (Y axis). For the baseline in all cases, only propositional dead end generalisation is used. For
the Time to Solve baseline (a), additionally, only propositional regression is used. Tests that timed out are plotted at t = 1000. All axes are log scaled.

are evaluated alongside the propositions recorded in (3).

Analogously, applying an assignment effect v =N (p, q) reaches:

S′[v] = p S′[σ2(v)] = q (5)

Regression in this case is trivial, as there is no reference to S at all.

If a precondition (v ≥ c) must be true in S′, then (p ≥ c) must be

true with confidence θ allowing for variance q.

The above can be generalised to cases where the precondition

refers to a weighted sum of variables, rather than a single variable

v; and where p is a weighted sum of variables rather than a constant.

Our approach is based on the following intuition (for full details,

see [6]). Suppose we have a condition w · v ≥ c with a non-zero

weight on the affected variable v. Regressing this condition does one

of three things depending on the type of effect:

• Increase/decrease on v: we update c and the weights in w · v ac-

cording to the variables and values p in the effect. We separately

record any extra variance q that now needs to be accounted for.

• Assignment to v: we update c and the weights in w·v according to

the variables and values p in the effect. We then set the weight on

v to zero, effectively removing it from the condition, as regressing

through further effects on v would not affect this condition.

• Assignment to σ2(v): for the purpose of evaluating this condition,

from this point on we fix σ2(v) to the value q. (NB regressing

through further effects on v would not change this variance.)

3 Numeric Dead End Generalisation
In PRP, when building a policy, forbidden state–action pairs (FSAPs)

are recorded each time a dead end is found. As noted earlier, the dead

end is generalised by using the propositional RPG heuristic, to better

allow it to prune fruitless search branches during policy-building.

For the numeric case (with uncertainty), in a dead end state S we

store the mean v and variance σ2(v) of each variable. We generalise

S by finding a range of values for each variable’s mean and variance

such that S is still a dead end. This ties in nicely with the structure

of the metric RPG heuristic [3], which underlies the heuristic we

use in this work [5]. Within the metric RPG, the values of numeric

variables are relaxed so they lie in a range rather than taking on fixed

values. The upper and lower bounds on each value are then used to

optimistically determine whether preconditions are true. Ordinarily,

at the start of heuristic computation, the upper and lower bounds on

each variable are set to the value the variable takes in the state being

evaluated (in our case, the original dead end S). For generalising

numeric dead ends as below, we exploit this mechanic to expand the

range of still-dead-end values for each variable.

Suppose S is a dead end, and S[v] = k; i.e. initially S[v] ∈ [k, k].
We perform interval halving on the upper bound of v in the range

[k,∞], using our heuristic [5], to find the largest v for which S is still

a dead end. Likewise, we reduce the lower bound on v using interval

halving in the range [−∞, k]. If the revised bounds on v after interval

halving are [−∞,∞], it means the value of v is irrelevant to whether

S is a dead end. Otherwise, for finite bounds, we have expanded

the range of still-dead-end values of S[v]. This process is repeated

greedily, updating S at each step, for each variable and variance.

4 Evaluation
To evaluate our techniques, we compare them to a configuration of

our planner where only propositional regression and dead end gener-

alisation are used (the values of numeric variables are assumed to be

exactly those from the states in the weak plan, or from the dead end,

respectively). We evaluate on three domains: Rovers and AUV2[1];

and a ‘flat tyre’ variant of TPP [2]. Summary results are in Figure 1a,

showing a dramatic reduction in the time taken to solve problems.

TPP does not have dead ends, so it serves to highlight the benefits

of numeric regression. In Figures 1b and 1c, we test the benefits of

numeric dead end generalisation (both X and Y use numeric regres-

sion), in the two domains with dead ends. There is again an improve-

ment in time taken (Figure 1b). This is correlated with a reduction in

the number of forbidden-state–action pairs (Figure 1c): the lower the

number, the more ‘general’ the dead ends, and the faster the planner.
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How Good Is Predictive Routing in the Online Version of
the Braess Paradox?

László Z. Varga 1

Abstract. With the online routing game model we can investigate

the online routing problem, where each subsequent agent of the traf-

fic flow may select different route based on real-time data. Recent

investigations proved that if the agents of such system use the self-

ish shortest path search strategy, then in some situations sometimes

the multi-agent system may be worse off with real-time data than

without real-time data, even if anticipatory techniques are applied to

predict the future state of the environment. We investigate the online

Braess paradox, where each subsequent agent of the traffic flow may

select different route, using anticipatory techniques.

1 Introduction
Things are connected to the internet in the hope that we can derive

economic benefit from analysing the generated data streams in sev-

eral application areas. The critical challenge is using the generated

big amount of real-time data in a way that the overall distributed

adaptive human-agent collective benefits from the instant availabil-

ity of information. Recent mobile phone applications, like Google

Maps and Waze, collect real-time and detailed information, includ-

ing for example current travel time on road sections, in order to op-

timize travel routes. With this technical progress, the former equilib-

rium models [10] may not describe those traffic flows, where each

subsequent agent of the traffic flow makes autonomous and rational

decision based on the real-time traffic situation.

In this paper we claim that there is guaranteed benefit of real-time

data in that version of the Braess paradox [1], where traffic partic-

ipants exploit cooperation through intention-sharing-based predic-

tion. We also claim that the maximum travel times after some transi-

tional time are almost the same as in the classic Braess paradox.

2 Related Work
From game theory point of view [3], the routing problem is a net-

work with source routing, where end users simultaneously choose a

full route to their destination and the traffic is routed in a congestion

sensitive manner [6]. A flow distribution is optimal, if it minimizes

the cost of the total traffic flow over all possible flow distributions. A

flow distribution is an equilibrium flow distribution, if none of the ac-

tors can change its traffic flow distribution among its possible paths to

decrease its cost. It is proven [6] that every nonatomic routing prob-

lem has at least one equilibrium flow distribution and all equilibrium

flow distributions have the same total cost. The price of anarchy is

the ratio between the cost of an equilibrium flow distribution and the

optimal flow distribution. If the cost functions are linear functions of

the traffic flow, then the price of anarchy has an upper bound [6].

1 ELTE University, Hungary, email: lzvarga@inf.elte.hu

In order to be able to investigate the effect of real-time data on

the routing problem formally, the online routing game model was

developed [7], and later refined [8]. In order to measure the effect

of real-time data, the benefit of online real-time data concept was

defined [7]. The agents are happy with real-time data, if the benefit

value is below 1. If the benefit value is greater than 1, then it is in fact

a ”price” like the price of anarchy. Three types (worst/average/best)

of benefit of online real-time data are needed in case an equilibrium

traffic distribution cannot be achieved.

The class of simple naive (SN) online routing games [7] is the

model of current commercial vehicle navigation systems, which se-

lect the shortest route, with taking into account the real-time infor-

mation available at decision time. It is proved [7], that in SN online

routing games, equilibrium is not guaranteed, ”single flow intensifi-

cation” is possible and the worst case benefit of online real-time data

is not guaranteed to be below 1.

Anticipation [5] is essential to be able to behave proactively, and

adapt to changing situations. Several design patterns were studied

[11] to help the systematic design of self-organising emergent sys-

tems, that show anticipatory behaviour. The anticipatory vehicle

routing simulation system of [2] uses delegate multi-agent systems

to forecast future traffic conditions, based on the broadcast intention

of the agents. This forecast information is then used by the agents to

make better routing decisions than without forecast information.

In order to formally underpin the empirical conjectures, the class

of simple naive intention propagation (SNIP) online routing games

was defined and investigated in [8]. The findings are, that SNIP on-

line routing games may also have ”single flow intensification” (al-

though in a ”lighter” way), the worst case benefit of online real-time

data may be above 1, and the traffic may fluctuate.

Because SNIP online routing games are very promising, and previ-

ous formal investigations found problems only with the simultaneous

decision making, we advance the state of the art by proving proper-

ties of the SNIP online routing game on the Braess paradox, where

there is a single incoming flow.

3 Online Routing Games
In order to get a detailed description of the online routing game

model, the reader is referred to the open access paper [8].

The classic routing game [6] is a non-cooperative normal form

game, where the decision making is on the flow level. The online

routing game model resembles to the routing game model in the con-

cepts of flow, cost, and graph edges.

Because the classic game types do not really fit the online routing

problem, the approach of online mechanisms [4] is applied in the

online routing game model. The sequential decision making of the

agents of a flow is modelled with the sequences of time periods and
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decisions. A T time unit is introduced in the online routing game

model, because the costs of the edges depend on the number of agents

entering the edge in a time unit.

The class of SNIP online routing games [8] abstracts away from

the anticipatory design patterns, and models the mechanisms of these

design patterns with the ability of the agents to spread their intentions

truthfully, and the ability of the infrastructure to compute the future

state of the system as a result of the intended actions of the agents.

The agents select the route with the shortest travel time among the

predicted travel times on the different routes (as predicted from the

propagated intentions). The predicted travel times carry a kind of

aggregated information about the previous decisions of the agents.

4 The Braess Network
We are investigating the Braess paradox in the road network G
(shown in Figure 1). The total traffic flow is r = (r1), with only one

flow on trip P1 from source vertex v0 to target vertex v3. The cost

function of the road network is c, with ce1(x(t)) = l1 + x(t) ÷ d,

ce2(x(t)) = l2, ce3(x(t)) = l3, ce4(x(t)) = l2, ce5(x(t)) =
l1 + x(t) ÷ d (where x(t) is the traffic flow, i.e. total number of

agents entering an edge from time period t− T to time period t, and

l1, l2, l3, d are positive constants, and l2 − l3 − l1 > 0 ).

Figure 1. The investigated Braess network

In the equilibrium model if the traffic is low, then all the traffic

goes on path p2. The equilibrium cost is ceq1 = 2×l1+2×r1÷d+l3.

If the flow is above (l2 − l3 − l1) × d × 2 ÷ 3 and below (l2 −
l3 − l1)× d, then all the traffic goes on path p2, and the anarchy has

price. The equilibrium travel cost is again ceq1.

If the flow is above (l2−l3−l1)×d and below (l2−l3−l1)×d×2,

then the traffic is divided among the paths p1, p2 and p3, and the

anarchy has price. The equilibrium travel cost is ceq2 = 2× l2 − l3.

If r1 is above (l2 − l3 − l1) × d × 2, then there is no traffic on

the central path p2, and half of the traffic goes on path p1, and half

of the traffic goes on path p3. The equilibrium travel cost is ceq3 =
l1 + r1 ÷ 2÷ d+ l2.

5 How Good is Predictive Routing?
Let us take the SNIP online routing game over the above Braess net-

work, and call it B1. This is the online version of the Braess paradox

with anticipatory routing. The graph G and cost function c of B1 is

defined above in Section 4. The SNIP route selection strategy of the

agents is described in Section 3. The total flow r = r1 is from source

vertex v0 to target vertex v3. The minimum following distance gape
on all edges is the constant g ≥ 0. The time unit T of B1 can be any

valid value, because it is not relevant in the theorems below.

Theorem 1 The worst case benefit of online real-time data has a
value less than or equal to 1 + (1 ÷ d + g) ÷ (2 × l2 − l3) in the
SNIP online routing game B1.

The proof and discussion of Theorem 1 is in [9].

Theorem 2 The travel times in the SNIP online routing game B1

after some time are at most the same as in the routing game model
plus 1÷ d.

The proof is omitted here. The Braess network in [7] has the values

l1 = 1, l2 = 15, l3 = 7.5 and d = 10. With these values, ceq2 of the

routing game model has the value 22.5 and the additional time in the

SNIP online routing game model is 0.1. The additional time is due

to the atomic nature of the flows.

Note that Theorem 2 seems to indicate that the worst case ben-

efit of online real-time data is much better than the result from

Theorem 1. For example if r1 > (l2 − l3 − l1) × d × 2 + 2,

then Theorem 2 shows that the travel time ceq3 is around half of

cp2oracle = 2 × l1 + l3 + 2 × r1 ÷ d from Theorem 1. There is

no contradiction. The value 1 + (1 ÷ d + g) ÷ (2 × l2 − l3) of the

worst case benefit of online real-time data may be achieved at the

flow value r1 = (l2 − l3 − l1)× d or somewhat above.

6 Conclusion
The conjecture is that if simultaneous decision making is prevented,

then intention-propagation-based prediction can limit the fluctuation

in the multi-agent system. The results show that the coordination es-

tablished by the intention-propagation-based prediction among the

agents entering the network in a sequence is good enough to reduce

the excessive swing of the system caused by the utilization of real-

time information. There is convergence to the equilibrium, but the

equilibrium may have to pay the price of anarchy.
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Delete- ree Reachability Analysis
for Temporal and Hierarchical Planning

Arthur Bit-Monnot1 and David E. Smith2 and Minh Do2

Abstract. Reachability analysis is a crucial part of the heuristic

computation for many state of the art classical and temporal plan-

ners. In this paper, we study the difficulty that arises in assessing the

reachability of actions in planning problems containing sets of inter-

dependent actions, notably including problems with required concur-

rency as well as hierarchical planning problems. We show the limita-

tion of state-of-the-art techniques and propose a new method suitable

for both temporal and hierarchical planning problems. Our proposal

is evaluated on FAPE, a constraint-based temporal planner.3

1 Introduction

Reachability analysis is crucial in computing heuristics guiding

many classical and temporal planners. This is typically done by re-

laxing the action delete lists and constructing the reachability graph.

This graph is then used as a basis to extract a relaxed plan, which

serves as a non-admissible heuristic estimate of the actual plan reach-

ing the goals from the current state.

Temporal planning poses some additional challenges for reacha-

bility analysis as heuristics should not only estimate the total cost

but also the earliest time at which goals can be achieved. This can

be accomplished on the reachability graph by labeling: (1) proposi-

tions with the minimum time of the effects that can achieve them;

and (2) actions with the maximum time of the propositions they re-

quire as conditions. Since the reachability graph construction process

progresses as time increases, when all start conditions are reachable,

a given action a is eligible to be added to the graph. However, there

is the additional problem that a’s end conditions must also be reach-

able, although they do not need to be reachable until the end time of

a. To see why this is a problem for the conventional way of building

the reachability graph, consider the two actions in Figure 1: action

B achieves the end condition for action A, but requires a start effect

of A before it can start. Thus, B cannot start before A, but A cannot

end until after B has ended. This means that A is not fully reachable

until B is reachable, but B is not reachable unless A is reachable.

Whether this turns out to be possible depends on whether B fits in-

side of A. In this example, the reasoning is simple enough, but more

generally, B might be a complex chain of actions.

Planners such as POPF [2] address this problem by splitting du-

rative actions into instantaneous start and end events, and forcing a

time delay between the start and end events. In our example, the start

of A would be reachable, leading to the start of B being reachable,

which leads to the end of B being reachable, and finally the end

of A being reachable. This approach therefore concludes that A is

reachable. Unfortunately, the same conclusion is reached even when

1 LAAS-CNRS, Université de Toulouse, email: arthur.bit-monnot@laas.fr
2 NASA Ames Research Center, email: {david.smith, minh.do}@nasa.gov
3 A long version of this paper was presented at the HSDIP workshop [1].

A (duration: 10)

y

x

B (duration: 7)

x

y

Figure 1: Two interdependent actions: A with a start effect x and an

end condition y, and B with a start condition x and an end effect y.

B does not fit inside of A, because this “action-splitting” approach

allows A to “stretch” beyond its actual duration.

In this paper, we present an approach to reachability analysis that

addresses the above limitation and show how it can be beneficial for

both generative and hierarchical temporal planners.

2 Planning Model & Relaxation
Temporal Model. We consider temporal planning problems sim-

ilar to those of PDDL 2.1. For ease of presentation, we consider a

discrete time model and restrict ourselves to actions with fixed du-

ration and positive conditions.4 An action has a set of conditions Ca

and a set of effects Ea, all at arbitrary instants in the action envelope.

A condition c ∈ Ca has the form 〈[tc] fc〉, where fc is a fluent and

tc is a positive delay from the start of the action to the moment fc
is required to be true. An effect e ∈ Ea has the form 〈[te] fe〉 (resp.

〈[te]¬fe〉 for negative effects), where te is the positive delay from

the start of the action to the moment the fluent fe becomes true (resp.

false).

Relaxed Model. To estimate when each fact can be achieved, our

reachability analysis utilizes elementary actions, which are artificial

actions created from the original temporal actions defined in the do-

main description. Elementary actions contain: (i) only a single ‘add’

effect and (ii) the minimal set of conditions required to achieve that

effect. More specifically for each positive effect e = 〈[te] fe〉 of an

action a, there will be an elementary action ae with:

• a single effect 〈[1] fe〉
• for each condition 〈[tc] fc〉 of a, a condition 〈[tc − te + 1] fc〉
Our relaxed model is composed of those delete-free elementary ac-

tions, each giving one possible way of achieving a given fluent. For

any given elementary action, we say that a condition c = 〈[tc] fc〉 is

a before-condition (resp. an after-condition) if tc ≤ 0 (resp. tc > 0).

An after-condition represents a condition that is required when or af-

ter the effect of the elementary action becomes active (e.g. y is an

after-condition of the action A of Figure 1). In a reachability graph,

such conditions would be represented by a negative edge. Those

after-conditions are necessary for the presence of interdependencies

such as the one shown in Figure 1 [3].

4 Extensions to more general models are discussed in the long version of this
paper [1].

F
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3 Reachability Analysis with After-conditions
In POPF, the splitting mechanism used for reachability analysis re-

sults in ignoring all after-conditions of durative actions. In order to

avoid this additional relaxation, our method for reachability analy-

sis is based on repeatedly alternating two steps: (i) we optimistically

propagate achievements times while ignoring after-conditions; then

(ii) we enforce all after-conditions. More specifically:

1. As a preliminary, we select a set of symbols that are assumed

reachable at time 0. All fluents of the initial state are obviously

part of this set. They are optimistically complemented with all el-

ementary actions that have no before-conditions.

2. We then iteratively extend the set of assumed reachable nodes

with: (i) all fluents that have an assumed reachable achiever and

(ii) all actions whose every before-condition is assumed reachable.

Each reachable symbol is associated with an earliest appearance

time satisfying: (i) the minimal delays between an action and its

before-conditions and (ii) the minimal delay between a fluent and

its first achiever. This is done by a Dijkstra-like procedure that

processes the nodes by increasing their earliest appearance times.

3. Our optimistic assumptions are then revised recursively by in-

corporating the ignored after-conditions. Specifically: (i) any el-

ementary action with an after-condition on an unreachable fluent

is removed from the model, (ii) if a removed action a is the only

achiever of a fluent f , f is removed together with any action de-

pending on it, (iii) the minimal delays between an action and its

after-conditions are enforced by increasing the action’s earliest ap-

pearance time as much as necessary.

4. If any action was updated in the previous step, we go back to step

(2) and restart the propagation of earliest appearances from the

updated nodes. Otherwise, analysis finishes with a set of reachable

actions and fluents, each associated with an earliest appearance

time.

Because earliest appearances could be endlessly increased towards

infinity, we complement the last step with a detection of unreachable

nodes. A group of nodes N is unreachable if for any node n ∈ N ,

there is a delay of at least dmax between the earliest appearance of

any node n′ �∈ N and n, dmax being the highest delay between any

condition and its action or any action and its effect. The intuition is

that nodes of this group are delaying each other due to unachievable

interdependencies [1].

4 Extension to Hiearchical Planning
While automated reachability analysis is widespread in generative

planners, hierarchical planners still rely on manual annotation of

methods for this purpose. Here we propose a translation of hierarchi-

cal actions that exposes hierarchical features as additional conditions

and effects for the purpose of reachability analysis.

We associate each hierarchical action a to a task symbol τa and a

set of subtasks Sa. The intuition is that a achieves the task τa and

requires all its subtasks to be achieved by other actions. For a plan π
to be a solution it is required that:

• all initial tasks and all subtasks have been achieved. A task τ
spanning a duration [stτ , etτ ] is said to be achieved if there is

an action aτ in the plan that: (i) achieves the task τ ; (ii) starts at

stτ ; and (iii) ends at etτ .

• all actions in π achieve some task. This simulates HTN planners,

in which all actions are inserted to achieve a pending task.

To allow reasoning on those additional requirements, we transform

a hierarchical action a, with task τa, into a ‘flat’ action aflat with:

• all conditions and effects of a,

• one start condition 〈[0] required(τa)〉,
• one start effect 〈[0] started(τa)〉 and one end effect

〈[da] ended(τa)〉, where da is the duration of a,

• for each subtask 〈[d1, d2] τ〉 of a:

– two conditions 〈[d1] started(τ)〉 and 〈[d2] ended(τ)〉,
– one effect 〈[d1] required(τ)〉.

Actions resulting from this compilation step encompass both

causal and hierarchical features of the domain and can be split into el-

ementary actions for reachability analysis techniques described ear-

lier. This transformation usually exposes many interdependencies as

each action both enables and requires the presence of its subactions.

5 Experiments & Conclusion
Our technique has been implemented in FAPE [4], a constraint-based

temporal planner for the ANML language supporting both hierarchi-

cal and generative planning. Reachability analysis is used to (i) prune

the search space by detecting dead-ends; and (ii) disregard resolvers

involving unreachable actions.

Our method is tested with different configurations, R∞ being the

original method and R5 and R1 are variants in which the number of

iterations are limited to 5 and 1 respectively. R+ is the configuration

where all after-conditions are ignored, thus producing the same result

as the reachability analysis of POPF. ∅ denotes the configuration in

which no reachability analysis is performed. Evaluation was done on

various temporal domain with and without hierarchies.

R∞ R5 R1 R+ ∅
(IPC-8) satellite (20) 14 14 14 14 15
(IPC-5) rovers (40) 25 25 25 25 25
(IPC-2) logistics (28) 8 8 8 8 8
(IPC-8) satellite-hier (20) 17 17 17 17 16
(IPC-5) rovers-hier (40) 22 22 22 22 22
(IPC-8) tms-hier (20) 7 7 7 7 7
(IPC-2) logistics-hier (28) 28 28 28 6 9
(LAAS) handover-hier (20) 16 16 16 7 7
(IPC-8) hiking-hier (20) 20 17 16 15 17
(LAAS) docks-hier (18) 17 13 12 7 7
Total (254) 174 167 165 128 133

Table 1: Number of solved tasks for various domains with a 30 min-

utes timeout. The best result is shown in bold. The number of prob-

lem instances is given in parenthesis.

As shown in Table 1, our method results in significant perfor-

mance gain on hierarchical problems. This is because those prob-

lems feature many examples of interdependent actions for which our

method is especially usefull. On temporally simple problems (here

non-hierarchical ones), our method is equivalent to the reachability

analysis of POPF and does not result in any runtime penalty. Note that

the use of reachability analysis is here limited to dead-end detection.

While this proves extremely useful on a wide variety of problems,

one could also contemplate using it as a base for heuristic extraction.
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Intention Selection with Deadlines
Yuan Yao1 and Brian Logan1 and John Thangarajah2

1 INTRODUCTION

In BDI agent programming, an intention is the combined plan steps

an agent commits to in order to achieve a goal. One of the key fea-

tures of the BDI approach is the ability of an agent to pursue mul-

tiple goals concurrently, by interleaving the steps of multiple inten-

tions. Choosing the next step to progress (execute) from these con-

current intentions is critical, as the wrong choice can result in failure

to achieve one or more goals. Conversely, appropriate scheduling of

the steps in intentions can maximise the number of goals achieved by

the agent. Deciding which intention to progress next becomes more

challenging in settings where goals must be achieved before a dead-

line. An interleaving of steps in the agent’s intentions that avoids

conflicts may still result in failure to achieve a goal by its deadline.

There has been relatively little work on intention selection

with deadlines. One recent exception is AgentSpeak(RT). AgentS-

peak(RT) [3, 2] is a real-time agent programming language based on

AgentSpeak(L) in which top-level goals may have deadlines and pri-

orities. Given the estimated execution time of plans, AgentSpeak(RT)

schedules intentions so as to achieve a priority-maximal set of inten-

tions by their deadlines with a specified level of confidence. However

AgentSpeak(RT) avoids conflicts by scheduling potentially conflict-

ing intentions in FIFO fashion, which can make it more difficult for

an agent to achieve its goals by their deadlines.

In this paper, we present SR, a novel approach to intention selec-

tion with deadlines. SR extends the stochastic scheduling approach

of Yao et al. [5, 6, 4] in two ways. First, goals may have both a pre-

ferred achievement time (the time by which the goal should ideally

be achieved) and a deadline (the time by which the goal must be

achieved). Second, SR supports the concurrent execution of dura-

tive actions in different intentions. SR schedules intentions so as to

maximise the number of goals achieved and minimise tardiness (i.e,

the difference between the time a goal is achieved and its preferred

achievement time). We evaluate the performance of SR and compare

it to that of AgentSpeak(RT) in a simple blocks world domain. Our

results suggest SR outperforms AgentSpeak(RT) in this scenario.

2 INTENTIONS WITH DEADLINES

We extend the notion of goal found in BDI-based languages by intro-

ducing two temporal constructs: a preferred achievement time (soft

deadline) p, and a deadline (hard deadline) d, where p ≤ d ≤ ∞.

The preferred achievement time specifies the time by which a goal

should ideally be achieved; however achieving the goal after the pre-

ferred achievement time still has value. The deadline specifies the

time by which a goal must be achieved; achieving the goal after the

deadline has no value. Goals which are not achieved by their (hard)

1 University of Nottingham, email: {yvy | bsl}@cs.nott.ac.uk
2 RMIT University, email: john.thangarajah@rmit.edu.au

deadline are dropped. If a top-level goal with preferred achievement

time p is achieved at time t ≤ d, we define the tardiness in achieving

the goal as max(0, t− p).
Each action a an agent may perform also has an estimated execu-

tion time, e(a,Φ), which is a function of the agent’s beliefs Φ. The

estimated execution time may be specified by the developer, e.g., the

expected execution time of a ‘move’ action may be based on the dis-

tance to be moved, or learnt from experience, e.g., the agent may

learn that traversing a hallway during a busy period takes longer than

in the middle of the night. In general, the actual time it takes an ac-

tion to execute, t, will differ from e(a,Φ). We define the estimation

error in the execution time of an action a by
|e(a,Φ)−t|

e(a,Φ)
.

We assume that the agent executes its intentions in parallel. Pro-

gressing intentions in parallel allows the agent to achieve the max-

imum number of goals by their deadlines. (Executing intentions in

parallel is often desirable for other reasons, e.g., to ensure more pre-

dictable response times for users or other agents.) Since external ac-

tions will, in general, require more time than a single deliberation

cycle to execute, this means that multiple actions will typically be

executing concurrently.

3 INTENTION SELECTION

In this section, we present our approach to intention selection, SR.

SR attempts to find an interleaving of steps in the agent’s intentions

which (a) maximises the number of goals achieved (by their hard

deadline), and (b), where the number of goals achieved is the same,

minimises the total tardiness (i.e, the difference between the time

goals are achieved and their preferred achievement time).

We use goal-plan trees to represent the relations between goals,

plans and actions, and to reason about the interactions between in-

tentions. The root of a goal-plan tree is a top-level goal (goal-node),

and its children are the plans that can be used to achieve the goal

(plan-nodes). Plans may in turn contain subgoals (goal nodes), giv-

ing rise to a tree structure representing all possible ways an agent can

achieve the top-level goal. As in [6, 4] goal-plan trees may contain

actions in plans (action nodes). We assume that each top-level goal is

associated with a preferred achievement time and deadline, and each

action is associated with the expected execution time of the action.

The agent’s current intentions are represented by a set of pairs,

I = {(T1, c1), . . . , (Tn, cn)}, where each Ti is a goal-plan tree cor-

responding to a top-level goal of the agent, and ci is the current step
(primitive action or a subgoal) of Ti. The next step of a goal-plan tree

is the step after the current step. For example, if the current step is a

subgoal, advancing the current step involves choosing a plan for the

subgoal, and setting the next step to be the first action of the plan.

If the current step is a primitive action, the next step is the basic ac-

tion or subgoal following that action in the same plan. An intention

is progressable if its current step does not point to an action that is
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currently executing, and the next-step (step after the current step) of

the intention is either an action whose precondition holds and its pre-

and postcondition does not conflict with the pre- or postcondition of

any currently executing action, or a sub-goal for which there is at

least one applicable plan in the current state.

If there is at least one progressable intention at the current deliber-

ation cycle, the SR algorithm is invoked to determine which intention

to progress (which current-step pointer to advance). SR is based on

Single-Player Monte-Carlo Tree Search (SP-MCTS) [1], a best-first

search in which pseudorandom simulations are used to guide expan-

sion of the search tree. Each node in the search tree represents a pos-

sible interleaving of steps from the goal-plan trees in I , and records

the state of the agent’s environment resulting from the execution of

this interleaving, the estimated time at which that state is achieved,

the current-step of each intention and the completion time for the

goals achieved on the path to this node. Edges represent the selection

of a plan for a subgoal or the execution of primitive action in a plan.

Starting from the current step in each intention and the current en-

vironment, SR iteratively builds a search tree. Each iteration consists

of four phases. In the selection phase, a leaf node, ne, representing a

non-terminal state s(ne) is selected for expansion using a modified

version of Upper Confidence bounds applied to Trees (UCT) [1]. In

the expansion phase, ne is expanded by adding child nodes represent-

ing the environment state (and the new current step of each intention)

resulting from executing each next step of a goal-plan tree that is ex-

ecutable in state s(ne). Each child node therefore corresponds to a

different choice of which intention to progress at this cycle. In the

simulation phase, a developer-specified number of simulations are

performed from a randomly selected child node, ns, to determine the

maximum number of goals that can be achieved from ns, vg , and

the total tardiness of the interleaving, vt. Starting in the environment

represented by ns, a next step of a goal-plan tree that is executable

in s(ns) is randomly selected, and the environment and the current

step pointer updated. This process is repeated until a terminal state is

reached in which no next steps can be executed or all top-level goals

are achieved. The value of the simulation is taken to be the values

of vg and vt in the terminal state. Finally, in the back-propagation
phase, vg and vt are back-propagated from ns to all nodes on the

path to the root node n0 to inform selection at the next iteration.

After a developer-specified number of iterations, the step that leads

to the best child of the root node is returned for execution at this

deliberation cycle. SR selects the best step using <g,t, i.e., first on

the number of top-level goals achieved, and, where two or more steps

result in the achievement of the same number of goals, it prefers steps

that also minimise total tardiness.

4 EVALUATING SR

To evaluate the ability of our approach to schedule intentions

with deadlines, we compared the performance of SR with AgentS-

peak(RT) in a simple Blocks World scenario in which an agent must

pick blocks and stack them to build towers. Each top-level goal in-

volves picking up two blocks from different locations and building

a tower at a specified location. Each top-level goal has a preferred

achievement time and deadline, specifying the times by which the

task should and must be completed. In the experiments reported be-

low, we used an environment with 30 cells. Initially, 20 randomly

selected cells contain a block (numbered from 1 to 20), and the re-

maining 10 cells (the locations of the towers) are empty. The actions

of picking up a block and stacking a block require 100 time units.

The time required by a move action is determined by the distance

the agent has to move (moving from one cell to another requires 100

time units). For simplicity, we assume the blocks and tower positions

are located on a straight line, and the number of blocks the agent

can carry is unlimited. The Blocks World scenario is very simple,

but representative of a large class of real-world problems in which an

agent must collect and use resources in order to achieve goals.

In our experiment, we used 50 sets of 10 goals. Each goal in-

volves collecting two specified blocks and stacking them in a spec-

ified empty cell (the block ids and tower positions are different for

each goal). Three goals are given initially, and the remaining top-

level goals are posted every 1650 time units. As the average time for

achieving a top-level goals is 3300 time units, posting a new goal

every 1650 time units means that, typically, the agent must achieve

more than one goal in parallel. We varied the deadline d for each top-

level goal from 7500 to 30000, and the preferred achievement time p
was 2500 time units less than the deadline.

Table 1: Goals achieved and tardiness with decreasing deadline

SR AS(RT)
d p #Goals Tardiness #Goals Tardiness

30000 27500 10 0 10 0
15000 12500 10 0 6.96 2386
10000 7500 10 2340 5.38 3195
7500 5000 9.34 3874 5.04 3220

The results are shown in Table 1. As can be seen, as the deadline

decreases, the performance of AgentSpeak(RT) declines rapidly. In

contrast, SR was able to achieve at least 9.34 goals on average,

though with tighter deadlines, tardiness increases significantly.

5 FUTURE WORK
SR takes deadline and preferred achievement time of goals into ac-

count when choosing which intention to progress. However, while

the choice of action at each deliberation cycle is based on the current

state of the agent’s environment at that cycle, the simulation of the

possible outcomes of actions assumes a static environment. In future

work we plan to investigate the incorporation of simple environment

models to allow the prediction of likely environment changes during

simulation, and evaluate SR in dynamic environments.
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Cost-Optimal Algorithms
for Planning with Procedural Control Knowledge

Vikas Shivashankar1and Ron Alford2 and Mark Roberts3 and David W. Aha4

1 Motivation and Background

Formalisms for automated planning (to represent and solve planning

problems) broadly fall into either domain-independent planning or

domain-configurable planning. Domain-independent planning for-

malisms, such as classical planning requires that the users only pro-

vide models of the base actions executable in the domain. In con-

trast, domain-configurable planning formalisms (e.g., Hierarchical
Task Network (HTN) planning [1]) allow users to supplement action

models with additional domain-specific knowledge structures that in-

creases the expressivity and scalability of planning systems.

An impressive body of work exploring search heuristics has been

developed for classical planning that has helped speed up generation

of high-quality solutions. More specifically, search heuristics such as

the relaxed planning graph heuristic [2], landmark generation algo-

rithms [3, 5], and landmark-based heuristics [5, 4] dramatically im-

proved optimal and anytime planning algorithms by guiding search

towards (near-) optimal solutions to planning problems.

Yet relatively little effort has been devoted to develop analo-

gous techniques to guide search towards high-quality solutions in

domain-configurable planning systems. In lieu of such search heuris-

tics, domain-configurable planners often require additional domain-

specific knowledge to provide the necessary search guidance. This

requirement not only imposes a significant burden on the user, but

also sometimes leads to brittle or error-prone domain models.

In this paper, we address this gap by developing the

Hierarchically-Optimal Goal Decomposition Planner (HOpGDP),
a hierarchical planning algorithm that uses admissible heuristic es-

timates to generate hierarchically-optimal plans (i.e., plans that are

valid and optimal with respect to the given hierarchical knowledge).

HOpGDP leverages recent work on a new hierarchical planning for-

malism called Hierarchical Goal Network (HGN) Planning [8, 6],

which combines the hierarchical structure of HTN planning with the

goal-based nature of classical planning.

In particular, our contributions are as follows:

• Admissible Heuristic: We present hHL(HGN Landmark heuris-

tic), a planning heuristic that extends landmark-based admissible

classical planning heuristics to derive admissible cost estimates

for HGN planning problems. To the best of our knowledge, hHL

is the first non-trivial admissible hierarchical planning heuristic.

• Optimal Planning Algorithm: We introduce HOpGDP, an A∗

1 Knexus Research Corporation, National Harbor, MD,
vikas.shivashankar@knexusresearch.com

2 MITRE, McLean, VA, ralford@mitre.org
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search algorithm that uses hHL to generate hierarchically-optimal
plans.

• Experimental Evaluation: We describe an empirical study on

three benchmark planning domains in which HOpGDP outper-

forms optimal classical planners due to its ability to exploit hi-

erarchical knowledge. We also found that hHL provides useful

search guidance; despite substantial computational overhead, it

compares favorably in terms of runtime and nodes explored to

HOpGDPblind, using the trivial heuristic h = 0.

For the full paper, the readers are referred to the online e-Print [7].

2 Preliminaries
An HGN planning problem is a triple P = (D, s0, gn0), where D is

an HGN domain, s0 is the initial state, and gn0 = (T,≺) is the initial

goal network. An HGN domain is a pair D = (Dc,M) where Dc

is a classical planning domain and M is a set of HGN methods. Dc

describes the models of the base actions, while the HGN methods M
specifies hierarchical control knowledge the planner needs to respect

when generating plans. Finally, a goal network is a partially ordered

multiset of goals; this is analogous to the central data structure in

HTN planning, the task network [1].

HGN Methods. An HGN method encodes knowledge on how to

decompose goals. Each method m consists of a goal goal(m) that m
decomposes, the conditions precond(m) under which it is applicable,

and the goal network network(m)) that m decomposes into.

Solutions to HGN Planning Problems. The set of solutions for

P = (D, s0, gn0) is inductively defined as follows: (1) if gn0 is

empty, the empty plan is a solution. If not, assuming g ∈ gn0 is a

goal without predecessors, (2) if g is true in s0, we can remove g
from gn0, or (3) if there is an action/method applicable in s0 and rel-

evant to g, we can apply it; actions progress the state while methods

progress the goal network.

Let us denote S(P ) as the set of solutions to an HGN planning

problem P as allowed by the previous definition. Then we can de-

fine what it means for a solution π to be hierarchically optimal with

respect to P as follows:

Definition 1 (Hierarchically Optimal Solutions). A solution
πh,∗ is hierarchically optimal with respect to P if πh,∗ =
argminπ∈S(P )cost(π).

3 The HOpGDP Algorithm and the hHL Heuristic
HOpGDP takes as input an HGN planning problem P =
(D, s0, gn0). It does a standard A∗ search using the admissible HGN

Full paper: https://arxiv.org/abs/1607.01729

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1702

1702



heuristic hHL (described later in this section) to compute a hierarchi-

cally optimal solution to the problem; it either returns a plan if it finds

one, or failure if the problem is unsolvable. In particular, starting

from the search node (s0, gn0), HOpGDP (1) generates successors

according to the solution definition in Section 2, and (2) evaluates

them using using hHL; it repeats this cycle until it either (a) finds a

search node with an empty goal network, at which point it can termi-

nate and return the corresponding plan, or (b) it exhausts the entire

search space, in which case it returns failure. HOpGDP thus explores

an identical search space as previous HGN planners like GDP [8], but

unlike them, it explores the space in a best-first manner, allowing it

to explicitly optimize for total plan cost.

The hHL Heuristic. As mentioned previously, HOpGDP uses

hHL to compute the h-values (and thus, the f -values) of search

nodes. The main insight behind the construction of hHL is as fol-

lows: given a problem P = (D, s, gn), every goal in gn must be
achieved, and in the order specified in gn. In other words, the ele-
ments of gn can be thought of as landmarks enforced by the hier-
archical knowledge, with the partial order serving as landmark or-
derings. So, one way to develop admissible HGN heuristics is to use

goals in gn as starting points for generating an expanded set of land-

marks, and then invoke off-the-shelf landmark-based classical plan-

ning heuristics on these landmarks to compute admissible estimates.

Concretely, we construct hHL as follows (details in [7]):

1. We define a relaxation of HGN planning that ignores the provided

methods and allows unrestricted action chaining as in classical

planning, which expands the set of allowed solutions,

2. We extend landmark generation algorithms for classical planning

problems to compute sound landmark graphs for the relaxed HGN

planning problems, which in turn are sound with respect to the

original HGN planning problems as well, and finally

3. We use admissible classical planning heuristics like hL [4] on

these landmark graphs to compute admissible cost estimates for

HGN planning problems.

Based on the admissibility of hL we can prove that hHL generates

admissible cost estimates for HGN planning problems:

Theorem 2 (Admissibility of hHL). Given an HGN planning do-
main D, a search node (s, gn, π) and its cost-optimal solution
π∗,HGN
s,gn , hHL(s, gn, π) ≤ π∗,HGN

s,gn .

4 Experimental Study
We implemented HOpGDP within the Fast-Downward codebase,

and extended LAMA’s landmark generation code to develop hHL,

our HGN planning heuristic. We tested two hypotheses in our study:

H1. HOpGDP’s ability to exploit hierarchical planning knowledge
enables it to outperform state-of-the-art optimal classical plan-
ners. To test this, we compared the performances of HOpGDP
with A*-hL [4], the optimal classical planner whose heuristic we

extended to develop hHL.

H2. The heuristic used by HOpGDP, hHL, provides useful search
guidance. To test this, we compared the performances of

HOpGDP with HOpGDPblind, which is identical to HOpGDP ex-

cept that it uses the trivial heuristic estimate of h = 0.

We evaluated HOpGDP, HOpGDPblind, and A*-hL on three well-

known planning benchmarks, Logistics, Blocks World and Depots.

Due to space constraints, we show results only for Blocks-World;

the reader can find the full experimental study in [7].
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Figure 1: Node expansions and running times in Blocks-World. Each

data point is the average over 25 randomly generated problems. Data

points where all the problems are not solved were discarded.

Figure 1, which shows the results for Blocks-World, shows that

A*-hL could only solve problems up to size 10, while HOpGDPblind

and HOpGDP could solve problems up to sizes 16 and 18 respec-

tively within the 30 minute timelimit, thus supporting Hypothesis

H1. In terms of node expansions, Figure 1a indicates that the guid-

ance provided by hHL helped substantially; HOpGDP on average

expanded 76% fewer nodes than HOpGDPblind. This savings far out-

weighed the heuristic computation overhead (on average about 48%

of the total running time), resulting in smaller overall planning times

for HOpGDP as shown in Figure 1b, supporting Hypothesis H2.

To conclude, our experimental results demonstrate that HOpGDP
outperforms optimal classical planners (due to its ability to exploit

domain-specific planning knowledge) as well as optimal blind search

HGN planners (due to the search guidance provided by hHL).

In the future, we plan to explore extensions of HOpGDP to sup-

port anytime-optimal planning as well as temporal planning.
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Adaptive Condorcet-Based Stopping Rules Can Be
Efficient

Omer Reingold1 and Nina Narodytska2

Abstract. A crowdsourcing project is usually comprised of many

unit tasks known as Human Intelligence Tasks (HITs). As answers

to each HIT varies between workers, each HIT is often contracted

to more than one worker to obtain a reliable and consistent enough

answer. When implementing a project, an important design decision

is how to formulate HITs and how to aggregate workers’ answers.

These decisions have strong impact on the quality of results and cost

of elicitation process. One way to design an efficient elicitation pro-

cedure is to use adaptive stopping rules, which allows terminating

the elicitation process as soon as a high quality result is guaranteed.

Adaptively deciding how many times to issue a HIT is mostly well

understood for the case of binary-answer HITs, thanks to the work of

Abraham et al. [3, 2, 1]. In this line of work the authors focused

on plurality-based stopping rules and provided their theoretical anal-

ysis. As a decision rule (when many alternatives are offered), it is

well known that plurality may be inferior to other rules, such as the

Condorcet method. We argue that for large number of possible an-

swers, plurality-based stopping rules may also be terribly inefficient.

In other words, one may need to elicit answers from many workers

(at least linear in the number of answers) in order to get any reason-

able approximation of the plurality answer. Somewhat surprisingly,

we show that Condorset-based stopping rules may be much more

efficient (with the number of workers to find the approximate Con-

dorset winner depending only logarithmically on the number of an-

swers). Moreover, in an important case of restricted domains, namely

single-peaked domains, we show that the stopping time to find an ap-

proximate Condorcet-based winner does not depend on the number

of answers at all. Overall, our results suggest that both crowdsourcing

platform developers and HIT designers, should consider Condorcet-

based adaptive stopping rules as a useful tool in their toolboxes.

Introduction Crowdsourcing is a simple and efficient way to

gather information from a large population of people. A typical

crowdsourcing platform is a marketplace for two types of users: re-

questers and workers. The central notion at the marketplace is a hu-

man intelligence task (HIT). HIT is a unit task that can be allocated

to a worker. The requester formulates their question as a HIT and

assigns a monetary reward for answering this question. Each time

a worker answers a HIT, they receive the reward and the requester

obtains their answer.

Some of the most popular crowdsourcing tasks are data clas-

sification and data ranking [9, 14], e.g., labeling an image as

child-appropriate or adult-only, tagging tweets with relevant senti-

ments [7], ranking search results based on relevance, etc. Such tasks

are used, in particular, to provide input to analytics algorithms, in-

1 Samsung Research America, email: o.reingold@samsung.com
2 Samsung Research America, email: nina.n@samsung.com

cluding machine learning, natural language processing and informa-

tion retrieval algorithms. For example, image labeling is an important

preprocessing step for training deep neural networks, which typically

requires a training set of 1-2 million labeled images. Obtaining such

a set is a labor demanding task. Thanks to crowdsourcing platforms,

like Amazon Mechanical Turk or CrowdFlower, large volumes of

data can be processed efficiently and with reasonable budget.

Being a gateway to a large population of workers, the crowdsourc-

ing framework is unable to evaluate the qualification of workers or

to monitor the quality of their answers. Therefore, ensuring high-

quality answers is one of the first problems that any requester faces

in dealing with such frameworks. One natural way to improve the

quality of results is to obtain answers from many different workers.

Implementing such redundancy in practice can be costly as the re-

quester does not know in advance how many workers to assign to the

same task. In this context, Abraham et al. [3, 2, 1] studied adaptive
stopping rules that at each stage, given previous workers’ answers,

decide whether to stop or to ask for an additional answer. Stopping

as early as possible saves costs and is therefore highly motivated.

They focus on a single HIT stopping rule, where each HIT is a bi-

nary question and they perform a thorough theoretical investigation

of the proposed stopping rule.

In this work we consider non-binary or multi-answer HITs. Non-

binary tasks naturally occur in data classification and data ranking

problems. For example, a tweet tagging task requires the worker to

choose the most relevant emotional labels from a list of labels. An-

other example is to choose the most appropriate label for a picture.

Next we overview our contributions.

Approximate-Condorcet winner. The plurality-based stopping rule

proposed by Abraham et al. [3] has several disadvantages that can be

avoided when additional information about the structure of the pref-

erences is available. For example, if the probability of the plurality

answer is small then the rule is inefficient, even if the plurality answer

is twice as likely as any other answer. To overcome these issues, we

propose to natural extension of the plurality-based stopping rule to

a Condorcet-based stopping rule. We use the notion of approximate-

Condorcet winner which is defined as an alternative that wins or ef-

fectively ties with any other alternative. We say that an alternative

x effectively ties with another alternative x′ if the probability that a

random worker prefers x to x′ is at least 1
2
− μ, where μ is a pa-

rameter. Intuitively, if the probability that one alternative is preferred

to another is within a μ circle of 1
2

, we decide that these alternatives

are equally preferred by the workers. We introduce this notion with

dual motivation. First, it allows us to determine a socially accept-

able answer even in cases where an exact Condorcet winner does not

exist. Second, it decreases the expected stopping time significantly.

To be able to find an approximate Condorcet winner and perform
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the search efficiently, we make two technical extensions of existing

stopping rules.

Extensions of stopping rules. Given a k-answer HIT, the Con-

dorcet winner determination procedure finds O(k2) outcomes of

pairwise comparisons between alternatives. Each of these compar-

isons can be seen as an independent competition between two corre-

sponding alternatives. Hence, we propose an extension of plurality-

based stopping rule [3] that can deal with parallel processes. We

show that the expected stopping time depends only logarithmically

on the number of parallel processes. The second extension helps

us to deal with cases when several alternatives are very close to be

Condorcet winners in workers’ preferences. These alternatives might

effectively tie in several pairwise competitions. Applying the exist-

ing stopping rule [3] to establish the winner in these competitions is

costly. In this case, we augment our stopping rule with the ability to

output the ‘too close to call’ answer. Such enchantment achieves a

significant improvement in the expected stopping time and allows us

to find an approximate Condorcet winner efficiently.

Single-peaked preferences. In the general case, when HIT’s an-

swers are unrelated, we cannot reduce the elicitation cost per worker.

However, for multi-answer HITs where possible answers are related

we can reduce the elicitation cost by requiring workers to provide

only their top choice, as in the case of plurality-based stopping rules.

In particular, we show how to reduce the stopping time needed to

identify approximate Condorcet winners in single-peaked domains

to be completely independent of the number of answers and only de-

pend on the approximation parameter.

Designing individual HITs within a larger project involves many

considerations, e.g. the attention span of a typical worker, budget

constraints, workers’ qualification. We suggest that the cost of reach-

ing a high-quality answer is another important consideration, and we

offer our quantitative analysis as a design tool for task requesters

to take into account. In particular, our results reveal that expected

stopping time to find (an approximate) Condorcet winner is not very

expensive and, in case of single-peaked domains, no more expensive

than finding the plurality winner (for binary HITs). In other words,

our results show that, especially in case of single-peaked domains,

the requester can find a Condorcet winner without the significant

budget overhead.

Related work The related work can be divided into two main cat-

egories. The first category is on adaptive stopping rules by Abraham

et al. [3, 2, 1]. The main goal of this line of work is to reduce the total

cost of crowdsourcing procedure by using adaptive stopping rules. In

particular, the proposed algorithm decides whether to stop or to ask

one more worker at each round. The crowdsourcing platform stops if

it can provide a high-quality answer with high probability. The main

contribution of our work in to extend these plurality-based rules to

Condorcet-based rules efficiently.

The second related work category consists of finding sam-

pling bounds and aggregation procedures in computational social

choice [6, 10, 4, 12, 11]. The main difference from our work from

the work is that we focus on adaptive stopping rules for the elicita-

tion procedure. Hence, the main advantage of our work that we can

stop dynamically, often before reaching the requesters static bound

on the number of HIT assignments. For example, adaptive stopping

rules are particularly useful if the crowd significantly prefers x over

other alternatives and can efficiently produce the correct answer with

a high probability. Moreover, in most of the work, a different ac-

cess model to users’ preferences is considered, based on comparison

queries (the elicitor can ask an agent which of two alternatives they

prefer), while we assume that voters can provide their top choices.

Hence, we will briefly overview related work in this line of research.

Kruger et al. [10] considered several aggregation procedures, includ-

ing the plurality rule and the bias-correcting method. The authors

provided axiomatic analysis of these aggregation methods and con-

ducted an experimental study on Amazon Mechanical Turk. Procac-

cia et al. [13] present a new aggregation method that assumes that

workers’ answers are noisy. Lee et al. [12], introduced the notion

of ε-approximate winners which is closely related to our approxima-

tion notion. They show how to elicit these approximations in time

O(klog(k)), where k is the number of alternatives. These methods

can return an approximate winner for ε-Borda and ε-Condorcet with

high probability. Our notion of approximate Condorcet winner is dif-

ferent from ε-Condorcet [12] as we require that an alternative to win

or tie in all pairwise competitions rather than a fraction of them. Later

these results were extended to a larger class of voting rules [11].

Conitzer [5] focuses on elicitation of voters preferences in single-

peaked domains. He showed preferences can be elicited using only

a linear number of comparison queries if the underlying order with

respect to which preferences are single-peaked is known. Goel and

Lee [8] extended results of Conitzer [5] to the case when the single-

peaked axis is unknown assuming that candidates and participants

coincide.
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Landmark-Based Plan Recognition

Ramon Fraga Pereira and Felipe Meneguzzi 1

1 Introduction

As more computer systems require reasoning about what agents

(both human and artificial) other than themselves are doing, the abil-

ity to accurately and efficiently recognize goals and plans from agent

behavior becomes increasingly important. Plan recognition is the

task of recognizing goals and plans based on often incomplete ob-

servations that include actions executed by agents and properties of

agent behavior in an environment [10]. Accurate plan recognition

is important to monitor and anticipate agent behavior, such as in

crime detection and prevention, monitoring activities, and elderly-

care. Most plan recognition approaches [3, 1] employ plan libraries

(i.e, a library with all plans for achieving a set of goals) to represent

agent behavior, resulting in approaches to recognize plans that are

analogous to language parsing. Recent work use planning domain

definitions (domain theories) to represent potential agent behavior,

bringing plan recognition closer to planning algorithms [8, 7, 6, 2].

In this paper, we develop a plan recognition approach that relies

on planning landmarks [4] to filter candidate goals and plans from

observations. Landmarks are properties (or actions) that every plan

must satisfy (or execute) at some point in every plan execution to

achieve a goal. In this way, we use this filtering algorithm in two set-

tings. First, we build a landmark-based plan recognition heuristic that

analyzes the amount of achieved landmarks to estimate the percent-

age of completion of each filtered candidate goal. Second, we show

that the filter we develop can also be applied to other planning-based

plan recognition approaches, such as the approach from Ramı́rez and

Geffner [8]. We evaluate our approach empirically against the cur-

rent state-of-the-art [8] using their own datasets [8, 7], and show that

our approach has multiple advantages over existing approaches: it is

more accurate than the state-of-the-art; it is substantially faster on its

own; and it can also be used to speed up existing approaches. A com-

plete discussion of our plan recognition approach and experiments is

provided in the full paper2.

2 Filtering Candidate Goals from Landmarks in
Observations

Key to our approach to plan recognition is the ability to filter candi-

date goals based on the evidence of fact landmarks and partitioned

facts in preconditions and effects of observed actions in a plan ex-

ecution. Our filtering process analyzes fact landmarks inferred from

observed actions, and selects goals from a set of candidate goals with

the highest number of observed landmarks having been achieved. We

take as input a plan recognition problem TPR, which is composed of

a planning domain definition Ξ, an initial state I, a set of candidate

1 Pontifical Catholic University of Rio Grande do Sul (PUCRS), Brazil. Con-
tact: ramon.pereira@acad.pucrs.br and felipe.meneguzzi@pucrs.br

2 https://arxiv.org/pdf/1604.01277v2.pdf

goals G, a set of observed actions O, and a filtering threshold θ. The

threshold gives us flexibility when dealing with incomplete observa-

tions and sub-optimal plans, which, when θ = 0, may cause some

potential goals to be filtered out before we get additional observa-

tions. Our algorithm iterates over the set of candidate goals G, and,

for each goal G in G, it extracts and classifies fact landmarks and

partitions for G from the initial state I. We then check whether the

observed actions O contain fact landmarks or partitioned facts of G
in either their preconditions or effects. As we deal with partial ob-

servations in a plan execution some executed actions may be missing

from the observation, thus whenever we identify a fact landmark, we

also infer that its predecessors have been achieved. Given the num-

ber of achieved fact landmarks of G, we estimate the percentage of

fact landmarks that the observed actions O have achieved according

to the ratio between the amount of achieved fact landmarks and the

total amount of landmarks. Finally, we return the goals from G with

the highest percentage of achieved landmarks within threshold θ.

3 Heuristic Plan Recognition using Landmarks

We now develop a landmark-based heuristic method that estimates

the goal completion of every goal in the set of filtered goals. This

estimate represents the percentage of sub-goals (atomic facts that

are part of a conjunction of facts) in a goal that have been accom-

plished based on the evidence of achieved fact landmarks in observa-

tions. Our heuristic method estimates the percentage of completion

towards a goal by using the set of achieved fact landmarks provided

by the filtering process. We aggregate the percentage of completion

of each sub-goal into an overall percentage of completion for all facts

in a candidate goal. This heuristic, denoted as hprl, is computed by

Equation 1, where ALg is the number of achieved landmarks from

observations of every sub-goal g of the candidate goal G, and Lg

represents the number of necessary landmarks to achieve every sub-

goal g of G. Thus, heuristic hprl(G) estimates the completion of a

goal G by calculating the ratio between the sum of the percentage

of completion for every sub-goal g ∈ G, i.e,
∑

g∈G
|ALg |
|Lg | , and the

number of sub-goals in G.

hprl(G) =

⎛⎝∑
g∈G

|ALg |
|Lg|

| G |

⎞⎠ (1)

4 Landmark-based Plan Recognition

Our plan recognition approach is detailed in Algorithm 1, which

takes as input a plan recognition problem TPR, and works in two

stages. First, this algorithm filters candidate goals using the filtering

process, which returns the candidate goals with the highest percent-

age of achieved landmarks within a given threshold θ. Second, from
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LANDMARK-BASED PLAN RECOGNITION R&G FILTER + R&G

Domain |G| |L| %Obs |O| Time
θ (0 / 10 / 20 / 30)

Accuracy
θ (0 / 10 / 20 / 30) Time Accuracy Time Accuracy

BLOCKS-WORLD

(855) 20 15.6

10
30
50
70
100

1.1
2.9
4.2
6.5
8.5

0.99 / 0.100 / 0.105 / 0.111
0.107 / 0.109 / 0.118 / 0.122
0.113 / 0.113 / 0.120 / 0.127
0.138 / 0.139 / 0.141 / 0.148
0.163 / 0.166 / 0.172 / 0.185

36.1% / 38.8% / 70.0% / 89.4%
54.4% / 61.1% / 86.1% / 97.2%

63.8% / 83.8% / 98.3% / 100.0%
81.6% / 94.4% / 100.0% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%

1.656
1.735
1.836
2.056
2.378

83.8%
90.0%
97.2%
98.8%

100.0%

0.452
0.458
0.462
0.483
0.494

52.7%
77.7%
94.4%
96.1%
100.0%

CAMPUS

(75) 2 8.5

10
30
50
70
100

1
2
3

4.4
5.5

0.038 / 0.039 / 0.042 / 0.044
0.048 / 0.050 / 0.055 / 0.057
0.063 / 0.062 / 0.066 / 0.068
0.060 / 0.060 / 0.063 / 0.065
0.068 / 0.069 / 0.073 / 0.072

93.3% / 100.0% / 100.0% / 100.0%
100.0% / 100.0% / 100.0% / 100.0%
93.3% / 100.0% / 100.0% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%
100.0% / 100.0% / 100.0% / 100.0%

0.083
0.091
0.105
0.112
0.126

100.0%
100.0%
100.0%
100.0%
100.0%

0.090
0.089
0.092
0.095
0.097

100.0%
100.0%
100.0%
100.0%
100.0%

EASY-IPC-GRID

(465) 7.5 11.3

10
30
50
70
100

1.8
4.3
6.9
9.8

13.3

0.585 / 0.588 / 0.609 / 0.623
0.597 / 0.600 / 0.614 / 0.644
0.608 / 0.609 / 0.627 / 0.656
0.629 / 0.628 / 0.661 / 0.715
0.630 / 0.632 / 0.685 / 0.759

82.2% / 85.5% / 97.7% / 100.0%
86.6% / 93.3% / 97.7% / 100.0%
94.4% / 97.7% / 97.7% / 100.0%
95.5% / 98.8% / 98.8% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%

1.206
1.291
1.306
1.715
2.263

97.7%
98.8%
98.8%

100.0%
100.0%

0.770
0.790
0.860
0.932
1.091

97.7%
98.8%
100.0%
100.0%
100.0%

INTRUSION-DETECTION

(465) 15 16

10
30
50
70
100

1.9
4.5
6.7
9.5

13.1

0.197 / 0.200 / 0.211 / 0.233
0.214 / 0.219 / 0.227 / 0.241
0.218 / 0.221 / 0.246 / 0.269
0.219 / 0.223 / 0.258 / 0.274
0.277 / 0.281 / 0.303 / 0.325

76.4% / 96.6% / 100.0% / 100.0%
94.4% / 100.0% / 100.0% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%
100.0% / 100.0% / 100.0% / 100.0%
100.0% / 100.0% / 100.0% / 100.0%

1.130
1.142
1.203
1.482
1.567

98.8%
100.0%
100.0%
100.0%
100.0%

0.506
0.521
0.531
0.568
0.566

98.8%
100.0%
100.0%
100.0%
100.0%

KITCHENo
(75) 3 5

10
30
50
70
100

1.3
3.5
4
5

7.4

0.003 / 0.003 / 0.002 / 0.004
0.003 / 0.004 / 0.005 / 0.005
0.004 / 0.004 / 0.006 / 0.006
0.006 / 0.007 / 0.007 / 0.008
0.007 / 0.008 / 0.008 / 0.009

93.3% / 100.0% / 100.0% / 100.0%
93.3% / 100.0% / 100.0% / 100.0%
93.3% / 100.0% / 100.0% / 100.0%
93.3% / 93.3% / 100.0% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%

0.099
0.111
0.112
0.111
0.118

100.0%
100.0%
100.0%
100.0%
100.0%

0.093
0.107
0.111
0.110
0.112

100.0%
100.0%
100.0%
100.0%
100.0%

LOGISTICS

(465) 10 18.7

10
30
50
70
100

2
5.9
9.5

13.4
18.7

0.441 / 0.449 / 0.455 / 0.458
0.447 / 0.452 / 0.461 / 0.466
0.457 / 0.469 / 0.474 / 0.488
0.474 / 0.481 / 0.490 / 0.497
0.498 / 0.505 / 0.513 / 0.522

73.3% / 96.6% / 100.0% / 100.0%
88.7% / 100.0% / 100.0% / 100.0%
96.6% / 100.0% / 100.0% / 100.0%

100.0% / 100.0% / 100.0% / 100.0%
100.0% / 100.0% / 100.0% / 100.0%

1.125
1.195
1.248
1.507
1.984

100.0%
100.0%
98.8%

100.0%
100.0%

0.615
0.663
0.712
0.786
0.918

98.8%
100.0%
98.8%
100.0%
100.0%

Table 1: Comparison and experimental results of our landmark-based approach against Ramirez and Geffner [8] approach. R&G denotes their

plan recognition approach and Filter + R&G denotes the same approach but using our filtering algorithm.

Algorithm 1 Recognize goals and plans using the filtering process

and the landmark-based heuristic.

Input: Ξ = 〈Σ, A〉 planning domain, I initial state, G set of candi-
date goals, O observations, and θ threshold.

Output: Recognized goal(s).
1: function RECOGNIZE(Ξ, I,G, O, θ)

2: ΛG := 〈〉 � Map goals to % of landmarks achieved.

3: ΛG := FILTERCANDIDATEGOALS(Ξ, I,G, O, θ)

4: return arg max
G∈ΛG

hprl(G)

the filtered candidates, this algorithm then uses hprl to return the rec-

ognized goals by estimating the percentage of completion using the

set of achieved fact landmarks provided by the filtering process.

Table 1 shows the result of our experiments, which uses six do-

mains from datasets provided by Ramı́rez and Geffner [8, 7], com-

prising hundreds of plan recognition problems, i.e, a domain descrip-

tion, an initial state, a set of candidate goals G, a hidden goal G in

G, and an observation sequence O (10%, 30%, 50%, 70%, or 100%

of observability). We use two metrics, the accuracy of recognizing

the correct hidden goal G in G and the speed to recognize a goal,

and compare our approach to two other approaches: the approach

of Ramı́rez and Geffner [8] on its own, and this approach combined

with our filter. More specifically, we use their faster and most accu-

rate approach. For our approach, we show the accuracy under differ-

ent filtering thresholds (0%, 10%, 20% and 30%). If threshold θ = 0,

our approach gives no flexibility for filtering candidate goals, return-

ing only the goals with the highest percentage of achieved landmarks.

Each row of this table shows the observability (% Obs) and averages

of the number of candidate goals |G|, the number of observed actions

|O|, recognition time (seconds), and accuracy. We can see from the

table that our approach is both faster and more accurate than Ramı́rez

and Geffner [8], and, when we combine their algorithm with our fil-

ter, the resulting approach gets a substantial speedup.

5 Conclusion

We have developed an approach for plan recognition that relies on

planning landmarks and a new heuristic based on these landmarks.

Landmarks provide key information about what cannot be avoided to

achieve a goal, and we show that landmarks can be used efficiently

for very accurate plan recognition. We have shown empirically that

our approach yields not only superior accuracy results but also sub-

stantially faster recognition times for all domains used in evaluating

against the state of the art [8] at varying observation levels.

There are multiple avenues for future work, such as: evaluating

heuristics and symmetries in classical planning [9]; other landmark

extraction techniques [5]; adding a probability interpretation to the

observed landmarks and comparing to a recent work [2]; and account

for information gain over multiple competing plan hypotheses.
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Multi-Level Semantics with Vertical Integrity Constraints
Alison R. Panisson1 and Rafael H. Bordini1 and Antônio Carlos da Rocha Costa2

Abstract. Operational semantics is a fundamental approach to the

formalisation of programming languages and almost a standard when

it comes to agent-oriented programming languages. It helps ensure

the correctness of interpreters, facilitates their implementation, and

supports proofs of important properties. Multi-agent oriented sys-

tems are a particular kind of distributed systems and through the

semantics of agent languages, operational semantics ended up play-

ing an important role towards ensuring their desired behaviour, even

though the operational semantics becomes more involved than orig-

inally intended. This work presents a new style for the operational

semantics of systems with multiple levels of abstractions (such as

multi-agent systems), by providing multi-level transitions (i.e., mul-

tiple hierarchical transition systems) with vertical (i.e., inter-level)

integrity constraints to ensure consistency of interrelated transitions.

1 Introduction

In multi-agent systems (MAS) there are multiple different levels of

specification, each one corresponding to a different conceptual level

in the system, and playing important roles in a more general frame-

work for programming MAS (e.g., JaCaMo Framework [1], PopOrg

(Populational-Organisational) Model [2], Electronic Institutions [3],

etc.). In order to ensure the desired behaviour of MAS, it has been

common in the Agents literature to give formal semantics to such

systems as transition systems [8, 5, 4, 6] (using operational seman-

tics [7]), expressing the possible states of the system and the neces-

sary conditions for the system to move from one such state to another.

Given the complexity of multi-agent system abstractions, we pro-

pose a multi-level operational semantics with vertical (i.e., inter-

level) integrity constraints in order to specify those systems. Such

vertical integrity constraints aim to ensure that the transition systems

giving separate semantics to the individual levels of abstraction are

combined in a way that preserves the required interrelations of those

levels. Furthermore, they allow some of the required semantic rules

to be automatically generated from compact representations of such

integrity constraints. In this work, we focus on the functioning of

multi-agent organisations, modelling them as multiple, independent

but interrelated, transition systems. In particular, we express the spec-

ification in terms of count-as relations between levels, i.e., relations

that express certain combinations of actions — i.e., processes — ex-

ecuted at a given abstraction level count as actions being executed at

an upper level.

1 Pontifical Catholic University of Rio Grande do Sul (PUCRS), Porto
Alegre, Brazil — Emails: alison.panisson@acad.pucrs.br,
rafael.bordini@pucrs.br

2 Graduate Program in Computers in Education – UFRGS, Porto Alegre,
Brazil and Graduate Program in Computer Science – FURG, Rio Grande,
Brazil — Email: ac.rocha.costa@gmail.com

2 Vertical Integrity Constraints
In order to exemplify our work, here we focus on processes (a or-

dering of actions/events) which occurs at a level of abstraction and

count-as actions/events on superior levels. In particular, here we con-

sider three levels in the multi-agent system, the agents, the organi-
sations, and the social sub-system, so we introduce two vertical in-

tegrity constraints:

#VIC org
ag ⇑ [ASorg ,Aorg ,ASag , Actag ] = S (1)

being ASorg the history of the organisational actions already exe-

cuted, Aorg the set of organisational actions yet to be executed (i.e.,

that the organisation aims to see executed), ASag the history of ac-

tions executed by the agents in that organisation, Actag the set of

agent actions being executed at that moment, and S the set of organi-

sational actions that can be considered as executed given that history

of agents actions (ASag and Actag ) and the count-as relations.

#VIC ss
org ⇑ [ASss ,Ass ,ASorg , Actorg ] = S (2)

being ASss the history of the social sub-system actions, Ass the

set of social sub-system actions that were not executed, ASorg the

history of actions executed by the organisations in that social sub-

system, Actorg the set of organisational action being executed at

that moment, and S the set of social sub-system actions that can be

considered as executed given that history of organisational actions

(ASorg and Actorg ) and the count-as relations.

3 Abstract Semantic Rule
The definition of multi-level semantics with vertical integrity con-

straints between the levels allows just one abstract semantic rule in-

terpreting all count-as relations in the multi-agent system, where the

corresponding actions can be instantiated to particular cases. The ab-

stract semantic rule is showed below3:

execute(act) act ∈ A
#VICorg

ag ⇑ [ASorg ,Aorg ,ASag , {act}] = Sorg

#VICss
org ⇑ [ASss ,Ass ,ASorg ,Sorg ] = Sss

(a) 〈ssl,O,Ass〉 . . .ASss →ss 〈ssl,O,A′ss〉 . . .AS′ss
(b) 〈orgn,Ag,Aorg〉 . . .ASorg →org 〈orgn,Ag,A′org〉 . . .AS′org
(c) 〈agm,A〉 . . .ASag →ag 〈agm,A′〉 . . .AS′ag

where:
(a) AS′ss = ASss ∪ Sss

A′ss = c(Ass ,ASss ,Sss)
(b) AS′org = ASorg ∪ Sorg

A′org = c(Aorg ,ASorg ,Sorg)

(c) AS′ag = ASag ∪ {act}
A′ = c(A,ASag , {act})

(ABSTRACTSEMANTICRULE)

where the tuple 〈ss id ,O,Ass〉 represents the social sub-system, with

ss id the social sub-system identifier, O a set of organisation identi-

fiers, each one representing the organisation populating the social

3 We use the notation “〈agm,A〉 . . .ASag” as a simplified representation
for “{〈ag1, Aag1 〉, . . . , 〈agn, Aagn 〉},ASag”.
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sub-system, and Ass the set of actions of the social sub-system. The

tuple 〈org id ,Ag ,Aorg〉 represents an organisation, with org id the

organisation identifier, Ag a set of agent identifiers, which are pop-

ulating that organisation, and Aorg the set of organisational actions.

The tuple 〈ag id ,A〉 represents an agent in the multi-agent system,

with ag id the agent identifier, and A the set of actions that the agent

is able to execute. At each level of the system (i.e., agents, organi-
sations and social sub-systems), we maintain a history (i.e., trace) of

actions already executed at that level, ASag , ASorg , and ASss , re-

spectively. When an action is executed by an agent, the VICs check if

the particular action satisfies some process which count-as an action

in the superior level, and update the set of organisational and social

sub-system in accordance. Further, we use a continuation function

c(A,AS, a), in order to specify when the action being executed (i.e.,

a) is removed or not from the set of actions A, and if other actions are

included in the set of actions given the ones that were executed. This

function covers both achievement and maintenance tasks in MAS.

4 Example

Imagine the process of exchanging an employee by two organisa-

tions org1 and org2. On the top of our multi-agent system, we

have the social sub-system ssys regulating such exchange through

a process for a norm-conforming exchange norm-conf exchange,

which is achieved by the sequence of the organisational actions

{dismissorg,appointorg}. The appointorg action is achieved

by the sequential process {interview, admission request,

admission processing, appoint}, and dismissorg is achieved

by the sequential process {give notice, dismissal request,

dismissal processing, dismiss}, where all those are actions ex-

ecuted by agent populating those organisation, and that count-as or-

ganisational action when the process is followed.

In this section, we present three instances from the abstract se-

mantic rule, in accordance with the scenario described. The first,

ExInterviewAction, shows an agent called interviewer execut-

ing the first action of the appointorg process. In this semantic rule,

as the VICs are not satisfied (none process is satisfied) only the agent

level (c) is updated in accordance.

execute(interview) interview ∈ A
#VICorg

ag ⇑ [ASorg ,Aorg ,ASag , {interview}] = { }
#VICss

org ⇑ [ASss ,Ass ,ASorg , { }] = { }
(a) 〈ssys,O,Ass〉 . . .ASss →ss 〈ssys,O,Ass〉 . . .ASss
(b) 〈org2,Ag,Aorg〉 . . .ASorg →org 〈org2,Ag,Aorg〉 . . .ASorg

(c) 〈interviewer,A〉 . . .ASag →ag 〈interviewer,A′〉 . . .AS′ag
where:

(c) AS′ag = ASag ∪ {interview}
A′ = c(A,ASag , {interview})

(EXINTERVIEWACTION)

execute(dismiss) dismiss ∈ A
#VICorg

ag ⇑ [ASorg ,Aorg ,ASag , {dismiss}] = {dismissorg1}
#VICss

org ⇑ [ASss ,Ass ,ASorg , {dismissorg1}] = { }
(a) 〈ssys,O,Ass〉 . . .ASss →ss 〈ssys,O,Ass〉 . . .ASss

(b) 〈org1,Ag,Aorg〉 . . .ASorg →org 〈org1,Ag,A′org〉 . . .AS′org
(c) 〈manager,A〉 . . .ASag →ag 〈manager,A′〉 . . .AS′ag

where:
(b) AS′org = ASorg ∪ {dismissorg1}

A′org = c(Aorg ,ASorg , {dismissorg1})
(c) AS′ag = ASag ∪ {dismiss}

A′ = c(A,ASag , {dismiss})
(EXDISMISSACTION)

In contrast, when an agent (exemplified by the agent named

manager) executes the last action for the process dismissorg, i.e.,

the action dismiss, such organisational action is achieved. This is

exemplified by the semantic rule ExDismissAction, where we as-

sume that all other action for such dismissorg process have been

executed, and therefore the #VIC org
ag ⇑ is satisfied, i.e., the agents’

actions satisfies a process for dismissorg. In this case both, the agent

and organisational levels change in accordance.

The last semantic rule ExAppointAction shows when the

last action of the norm-conf exchange process is achieved, i.e.,

appointorg is achieved by the organisation. Further, the appointorg
organisational action is achieved when the agent named manager ex-

ecutes the last action of such process, i.e., the action appoint. Ob-

serve that both VICs are satisfied and all levels in the systems are

updated.

execute(appoint) appoint ∈ A
#VICorg

ag ⇑ [ASorg ,Aorg ,ASag , {appoint}] = {appointorg2}
#VICss

org ⇑ [ASss ,Ass ,ASorg , {appointorg2}] = {norm-conf exchange}
(a) 〈ssys,O,Ass〉 . . .ASss →ss 〈ssys,O,A′ss〉 . . .AS′ss
(b) 〈org2,Ag,Aorg〉 . . .ASorg →org 〈org2,Ag,A′org〉 . . .AS′org
(c) 〈manager,A〉 . . .ASag →ag 〈manager,A′〉 . . .AS′ag

where:
(a) AS′ss = ASss ∪ {norm-conf exchange}

A′ss = c(Ass ,ASss , {norm-conf exchange})
(b) AS′org = ASorg ∪ {appointorg2}

A′org = c(Aorg ,ASorg , {appointorg2})
(c) AS′ag = ASag ∪ {appoint}

A′ = c(A,ASag , {appoint})
(EXAPPOINTACTION)

5 Conclusion
In this work, we introduced an approach to the formalisation of MAS

based on operational semantics; we call it multi-level semantics with

vertical integrity constraints. The approach allows the representation

of the interactions between components of different system-levels.

Given the complexity and ubiquity of such multiple levels in MAS,

the approach seems to allow for a clearer understanding of such com-

plex semantics. Furthermore, we demonstrate, using count-as rela-

tions applied to processes, how the proposed style for multi-level

operational semantics can be strengthened through the definition of

vertical integrity constraints. Such multi-level semantics with verti-

cal integrity constraints allows the independent specification of the

various levels typical of the MAS, so that each level is formalised

through its own transition system, and the vertical integrity con-

straints between these transition systems help guarantee that the over-

all system operates coherently in all possible executions.
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and Andrea Santi, ‘Multi-agent oriented programming with jacamo’,
Science of Computer Programming, 78(6), 747–761, (2013).
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[8] Renata Vieira, Álvaro Moreira, Michael Wooldridge, and Rafael H.
Bordini, ‘On the formal semantics of speech-act based communication
in an agent-oriented programming language’, J. Artif. Int. Res., 29(1),
221–267, (June 2007).

A.R. Panisson et al. / Multi-Level Semantics with Vertical Integrity Constraints 1709



Supervised Graph-Based Term Weighting Scheme for
Effective Text Classification

Niloofer Shanavas and Hui Wang and Zhiwei Lin and Glenn Hawe1

Abstract. Due to the increase in electronic documents, automatic

text classification has gained a lot of importance as manual classi-

fication of documents is time-consuming. Machine learning is the

main approach for automatic text classification, where texts are rep-

resented, terms are weighted on the basis of the chosen representa-

tion and a classification model is built. Vector space model is the

dominant text representation largely due to its simplicity. Graphs

are becoming an alternative text representation that have the abil-

ity to capture important information in text such as term order, term

co-occurrence and term relationships that are not considered by the

vector space model. Substantially better text classification perfor-

mance has been demonstrated for term weighting schemes which

use a graph representation. In this paper, we introduce a graph-based

term weighting scheme, tw-srw, which is an effective supervised

term weighting method that considers the co-occurrence information

in text for increasing text classification accuracy. Experimental re-

sults show that it outperforms the state-of-the-art unsupervised term

weighting schemes.

1 INTRODUCTION

A challenging task in text classification is the effective representa-

tion of text. The features that represent the document affect the per-

formance of text classification. The documents for classification are

usually represented in the vector space model. It assumes that the

terms are independent and represents a document as an unordered

set of terms and their frequencies. Although it is simple and fast,

this representation does not consider structural information (order of

words, relationship between words) or the semantics of text. An al-

ternative to vector space model for representing documents is graph-

based representation. A document represented as a graph instead of

a vector can retain its inherent structure, thereby increasing the clas-

sification performance.

Graph-based term weighting schemes improve classification accu-

racy compared to traditional frequency-based term weighting meth-

ods [1, 2, 3]. The existing graph-based term weighting schemes are

unsupervised, so the class-separating information is not considered

for text classification where class labels are given. Supervised term

weighting methods utilize the information on the membership of the

training documents in the predefined classes to give higher weights to

terms that are distributed differently in the classes [4]. In this paper, a

supervised graph-based term weighting scheme is presented, which

utilizes the rich information in text and the relationship of the terms

to the predefined classes. It is a class-based function that considers

the co-occurrence information in text. Experimental results show that

1 School of Computing and Mathematics, Ulster University, United
Kingdom, email: shanavas-n@email.ulster.ac.uk, {h.wang, z.lin,
gi.hawe}@ulster.ac.uk

the proposed term weighting scheme can indeed improve classifica-

tion performance.

The rest of the paper is organized as follows. Section 2 explains

the proposed supervised graph-based term weighting scheme. Sec-

tion 3 presents the experimental results of the proposed term weight-

ing scheme for text classification. Finally, Section 4 concludes the

paper and discusses possible future work.

2 PROPOSED TERM WEIGHTING SCHEME
FOR TEXT CLASSIFICATION

We have focused our study on undirected co-occurrence graphs,

an effective structure-based representation of text, to capture the

co-occurrence of words. The text documents are pre-processed by

removing stop words and stemming before converting it to co-

occurrence graphs. The nodes in the co-occurrence graph represent

the unique terms in text and the edges link co-occurring terms within

a sliding window of fixed length. Each document is represented by

a co-occurrence graph. The terms are weighted based on the node’s

importance in the graph. Since degree centrality measures perform

the best on co-occurrence graph [1], we used it to assign weights to

terms. The degree centrality scores of the nodes are used to convert

the co-occurrence graph to vector-based representation.

The research done on supervised term weighting schemes for text

classification emphasizes the fact that term weighting should depend

on the classification task. Text classification performance can be im-

proved by giving more weights to terms that support in the classi-

fication of documents into the right class. This is done by utilizing

the known information on the training documents in the predefined

classes. In [5], a supervised term weighting scheme tf ∗ rf is pro-

posed where tf is the term frequency and rf is the relevance fre-

quency. In [6], the supervised term weighting scheme proposed in [5]

is modified to compute a single relevance frequency value for each

term for a classification task with n classes by taking the maximum

of the n relevance frequency values of each term. The rf factor de-

fined in [5] gives greater weights to terms that are more concentrated

in the positive class than in the negative class. But, this weighting

measure cannot handle imbalanced data. This happens when one or

more classes contain more training documents than the rest of the

classes. In such cases, the rf factor gives low weights to terms in the

classes with few training samples (minor classes). To overcome this

problem, a probability-based approach for term weighting is defined

in [7] to assign better weights to terms in minor classes. However,

this term weighting scheme results in overweighting of commonly

occurring terms.

In order to avoid the problems that reduces the effectiveness of

supervised term weighting schemes such as overweighting of com-

monly occurring terms, higher weights for terms in classes with large

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1710

1710



number of training documents, our approach considers all the below

three elements for computation of the term’s relevance in the classes.

1. The term’s concentration in each class as compared to its concen-

tration in other classes.

2. The number of documents in each class that do not contain the

term.

3. The average density of the term in the classes.
The new supervised term weight factor, which we name as super-

vised relevance weight (srw), takes into account the above three el-

ements for its computation as discussed below.

Table 1. Notations used in the supervised term weighting scheme

Notation Description
a The number of documents in class Ci that contain the

term t.
b The number of documents in class Ci that do not con-

tain the term t.
c The number of documents not in class Ci that contain

the term t.

The notations a, b and c used in the supervised term weighting

scheme are explained in Table 1. In Equation 1, (a/max(1, c)) de-

termines the concentration of the term t in class Ci as compared to

its concentration in other classes and (a/max(1, b)) helps to reduce

the higher weights assigned to terms in classes having more training

documents by considering the number of documents in class Ci that

do not contain the term t.

class rel prob(t, Ci) = log2

(
2+

a

max(1, c)

)
∗ log2

(
2+

a

max(1, b)

)
(1)

class rel prob(t, Ci) defined in Equation 1 is computed for each

class Ci. The maximum of class rel prob(t, Ci) values of the term

t, max(class rel prob(t, Ci)), is calculated to obtain a single value

for the term t. In order to reduce the overweighting of commonly oc-

curring terms, the average density of the term t in the classes is de-

termined by dividing the sum of densities of the term t in the classes

by the number of classes. The computation of average density of the

term t is shown in Equation 2 where Ni is the total number of docu-

ments in class Ci and C is the total number of classes.

avg density(t) =

∑C
i=1

(
a
Ni

)
C

(2)

The supervised relevance weight (srw) of each term t determines

the relevance of the term in the classes. It gives higher weights to

terms that help in distinguishing the documents in different classes.

It is calculated as shown below in Equation 3.

srw = max(class rel prob(t, Ci)) ∗ log10
( 1

avg density(t)

)
(3)

The new improved term weighting measure (tw-srw) for a term t
represented by a node in the co-occurrence graph is defined as the

product of tw and srw i.e. tw ∗ srw where tw is the term weight

determined by the centrality score for the term t in the graph.

3 EXPERIMENTS AND RESULTS
We have experimented with four pre-processed datasets1, WebKB,

R8, R52, 20 Newsgroups, to evaluate the proposed supervised term

weighting scheme for text classification. The documents in the train-

ing and testing set are converted to co-occurrence graphs that capture

1 http://ana.cachopo.org/datasets-for-single-label-text-categorization

terms that co-occur within a sliding window of size 2. The perfor-

mance of the supervised graph-based term weighting measure (tw-

srw), traditional term weighting measure i.e. term frequency - inverse

document frequency (tf-idf) and graph-based term weighting mea-

sures such as tw and tw-idf are evaluated for text classification with

SVM. tw is determined by the degree centrality score and tw-idf is

computed as the product of tw and inverse document frequency (idf).

We used the linear support vector machine implementation in scikit-

learn called the LinearSVC as the classifier and set the penalty pa-

rameter C of the error term to its default value of 1 and the loss func-

tion to hinge. The proposed weighting scheme consistently outper-

forms the unsupervised term weighting schemes for the four datasets

tested as shown in Table 2, Table 3 and Table 4.

Table 2. Precision scores for different term weighting schemes

Dataset tf-idf tw tw-idf tw-srw

WebKB 0.8459 0.8961 0.8757 0.9111
R8 0.9622 0.9689 0.9758 0.9802
R52 0.9200 0.9031 0.9389 0.9549

20 Newsgroups 0.7813 0.7845 0.8353 0.8462

Table 3. Recall scores for different term weighting schemes

Dataset tf-idf tw tw-idf tw-srw

WebKB 0.8467 0.8933 0.8746 0.9112
R8 0.9621 0.9685 0.9758 0.9799
R52 0.9190 0.9186 0.9435 0.9552

20 Newsgroups 0.7763 0.7814 0.8335 0.8441

Table 4. F1 scores for different term weighting schemes

Dataset tf-idf tw tw-idf tw-srw

WebKB 0.8462 0.8902 0.8693 0.9108
R8 0.9618 0.9681 0.9756 0.9799
R52 0.9146 0.9037 0.9370 0.9520

20 Newsgroups 0.7760 0.7740 0.8301 0.8430

4 CONCLUSION
Effective representation that considers the structure information in

text and an appropriate term weighting measure that takes into ac-

count the relationship between terms and the term’s relevance to the

classification task increases the performance of text classification.

An interesting future work is to explore graph-based term weight-

ing measures that consider more complex dependencies in text for

classification task.
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Temporal Planning with Constants in Context
Josef Bajada1 and Maria Fox and Derek Long

1 INTRODUCTION
Required concurrency [3] can cause actions to interfere with running

continuous effects. This interference can modify the rate of change,

including the polarity, of a continuous effect. In this work, we

propose a mechanism to support discrete interference of rates of

change caused by instantaneous actions, the start and end endpoints

of other durative actions, and numeric timed initial fluents [9].

Current temporal planners have very limited support for such

numeric dynamics. COLIN [2] reduces a temporal numeric planning

problem to a linear program (LP), but operates on an implicit

assumption that the rate of change of a durative action’s continuous

effect is constant throughout its execution. In this work we propose

some enhancements to the algorithms used in COLIN [2], in order

to support discrete interference of continuous effects, and a new

planner, DICE, was developed to implement them.

2 CONSTANTS IN CONTEXT
A context refers to the interval between two adjacent discrete

happenings in a temporal plan, where a happening refers to the time-

stamp of a discrete state transition [5]. We only assume that the rate

of change is constant throughout a temporal context. This enables a

single durative action to have piecewise linear continuous effects.

Definition 2.1. A temporal context, C = [ti, ti+1], in a plan’s

happening sequence, T , is an interval enclosed by two adjacent

discrete happenings, ti and ti+1, where 0 ≤ ti < ti+1, and there

is no intermediate happening, t, that is {t|ti < t < ti+1} ∩ T = ∅.

(increase (v) (* #t y))

(increase (v) (* #t z))

t

v

t0 t1 t2 t3

v0 v'0 v1 v'1 v2 v'2 v3 v'3

(at start (increase (y) 0.2)) 

 

 

 

 

 

 
 

Figure 1. Linear Continuous Effects with Constants in Context.

An LP is used to verify the feasibility and validity of a temporal

plan. Its variables consist of the happenings that correspond to the

1 King’s College London, United Kingdom. email: josef.bajada@kcl.ac.uk

discrete steps of the plan, together with the values of the non-

time-dependent [1] numeric fluents before and after each happening.

The constraints of the LP consist of temporal constraints between

the steps of the plan, mainly the ordering constraints and duration

conditions of durative actions, together with numeric pre-conditions

and effects of each action in the plan. The rate of change of each

continuous effect on a variable, v, is computed dynamically within

each temporal context, from the list of durative actions running

concurrently, as illustrated in Figure 1.

The rate of change of v in temporal context i is computed from

the continuous effects running throughout context i, denoted ceffsi,
on v. This is shown in Equation 1, where ceffsi is represented as a

multiset, since the same continuous effect could take place n > 0
times concurrently. Each continuous effect, expr , on v, is evaluated

in the context of the discrete state, si, that initiated context i.

dvi
dt

=
∑
〈v,expr〉→n∈ceffsi

n · expr(si) (1)

Since continuous effects depend on action durations, whether a

sequence of actions achieves a numeric goal or not could depend on

the chosen schedule for those actions. We refer to such numeric goals

as schedule dependent. When during forward search the planner

evaluates a state against such goals, G, a dummy action, aG, with

precondition pre(aG) = G, and effects eff (aG) = 〈∅, ∅, ∅〉, is

appended to the current plan. If the LP for the resultant plan is

solvable the schedule dependent goals are achievable with the plan.

3 A NUMERIC ENHANCED TRPG
The Temporal Relaxed Planning Graph (TRPG) [2] adapts the

Metric-FF delete relaxation heuristic [6], and associates a time-stamp

to each action layer, which represents the earliest time at which

the actions in that layer can be applied [2]. However, the TRPG

does not take into account actions whose effects indirectly enable

numeric goals to be achieved. A numeric enhanced TRPG (TRPGne)

is proposed, which takes into account richer numeric causality. It

propagates effects on variables that are used in effect expressions of

other variables, and identifies implicit intermediate goals by inferring

new numeric preconditions on actions that achieve numeric goals.

These preconditions are then used during relaxed plan extraction.

4 EHC WITH ASCENT BACKTRACKING
Enforced Hill-Climbing (EHC), a popular heuristic search algorithm

used in classical [8], numeric [6], and temporal planners [2], suffers

from an inherent weakness that hill-climbing decisions could lead

to a dead end [7]. This issue becomes more evident in planning

problems with temporal and numeric bounded constraints, where the

heuristic can be too optimistic and leads to a constraint violation.
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Table 1. Experimental results for three domains, performed on an Intel R© CoreTM i7-3770 CPU @ 3.40Ghz, allocated a maximum of 3GB RAM.

Plantery Rover Intelligent Pump Control Demand-Side Electricity Management
DICE UPMurphi (1.0) DICE UPMurphi (20.0) DICE UPMurphi (10.0)

# Time (s) States Time (s) States Time (s) States Time (s) States Time (s) States Time (s) States

1 8.208 622 22.84 805,145 0.348 40 2.04 51,137 0.899 76 78.14 3,740,370
2 8.243 429 153.04 5,264,013 0.605 55 135.68 3,244,517 1.099 97 1,437.38 61,313,989
3 15.695 442 • • 0.683 70 • • 1.782 125 • •
4 17.589 417 • • 1.023 86 • • 1.548 138 • •
5 43.653 431 • • 1.404 103 • • 1.503 204 • •
6 45.455 474 • • 1.197 81 • • 3.582 247 • •
7 72.977 518 • • 1.744 86 • • 6.932 310 • •
8 152.903 666 • • 2.522 97 • • 11.623 292 • •
9 117.159 647 • • 3.7 138 • • 14.805 321 • •
10 160.035 755 • • 5.897 132 • • 12.971 298 • •

When EHC fails, most planners resort to an exhaustive search such

as Weighted A*. However, this means that a wrong hill-climb late in

the search could cause EHC to fail even if it is close to a solution.
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Figure 2. EHC with Ascent Backtracking.

We propose enhancing EHC with an ascent backtracking
mechanism. A Hill-Climb Backtracking Stack of states from which

an enforced hill-climb was performed is stored in memory, as

illustrated in Figure 2. This introduces negligible memory overheads.

When EHC fails, the state at the top of the stack is popped, to

reverse the latest hill-climb. At this point all the helpful actions are

reconsidered, without performing any enforced hill-climbing if one

of them has a better heuristic value than the one encountered so far.

If this also fails, the next state is popped off the stack and the process

is repeated, until a solution is found or the stack is empty.

5 EVALUATION
The algorithms described above were implemented in a new planner,

referred to as DICE (Discrete Interference of Continuous Effects).

It was developed in Scala, which runs on the JavaTM Virtual

Machine. The performance of DICE was compared to that of the

PDDL-based hybrid planner, UPMurphi 3.1 [4], which uses a time

discretization approach to support complex non-linear functions.

Tests were performed on 3 domains that feature constants in context.
The problem instances for each domain increase in complexity

incrementally. The time-step used in UPMurphi is indicated in

parentheses in Table 1, which shows the results from both planners.

Missing timings indicate that the planner ran out of memory.

6 CONCLUSION
In this work we have proposed a mechanism through which planning

with rich numeric characteristics under required concurrency can be

performed. The algorithms used by COLIN [2] were enhanced in

order to support durative actions whose continuous effects change

their gradient at specific time points due to interference from other

discrete actions. These algorithms were implemented in a new

planner called DICE. We also proposed a new heuristic, the TRPGne,

which performs a better analysis of numeric causality. EHC was also

complemented with ascent backtracking, which recovers from dead-

ends by reversing the latest hill-climb decisions, and adds negligible

memory overheads. DICE was evaluated on domains featuring these

rich numeric characteristics and compared with UPMurphi [4], the

only known PDDL-based planner that supports these characteristics.
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Secure Multi-Agent Planning Algorithms
Michal Štolba1 and Jan Tožička1 and Antonı́n Komenda1

Abstract. Multi-agent planning (MAP) is often motivated by the

preservation of private information. Such motivation is not only nat-

ural for multi-agent systems, but is one of the main reasons, why

MAP problems cannot be solved centrally.

In this paper, we analyze privacy leakage of the most common

MAP paradigms. Then, we propose a new class SECMAP of secure

MAP algorithms and show how the existing techniques can be mod-

ified to fall in the proposed class.

1 Introduction
Cooperative multi-agent planning models the problems in which

multiple agents need to find a plan fulfilling a common goal. The

reason the agents cannot simply feed their problem descriptions into

a centralized planner typically lies in that although the agents co-

operate, they want to share only the information necessary for their

cooperation, but not the information about their inner processes.

A number of planners solving Multi-Agent Planning (MAP) has

been proposed in recent years, such as MAFS [4], FMAP [6],

PSM [7] and GPPP [3]. Although all of the mentioned planners claim

to be privacy-preserving, thorough formal treatment of such claims

is rather scarce. The privacy of MAFS is discussed in [4] and ex-

panded upon in [1], proposing Secure-MAFS, a version of MAFS

with stronger privacy guarantees.

We propose a new class of MAP algorithms, SECMAP and show

that it preserves more privacy than the existing algorithms and how

the existing algorithms can be modified to be SECMAP.

1.1 Multi-Agent Planning
In this contribution we use the MA-STRIPS [2] formalism to de-
scribe MAP. Formally, for a set of agents A, a MAP problem M =

{Πi}|A|i=1 is a set of agents’ local STRIPS problems. An agent prob-
lem of agent αi ∈ A is defined as Πi = 〈Fi,Oi, sI , s�〉 , where

F i ⊆ F is a set of facts partitioned into the set Fpub and Fpriv
i of

public (common to all agents) and private (of agent αi) facts. The
state sI ⊆ F is the initial state and s� ⊆ F represents the goal con-
dition. The setOi of actions comprises of three pairwise disjoint sets:

a set Opriv
i of private actions of αi, a set Opub

i of public actions of αi

and a set Oproj of public projections of other agents’ actions. Public
projections, e.g. π�, of actions / (partial) plans / problem which are
shared with other agents are restrictions to public facts and actions.
Local solution is a solution of Πi and global solution is a solution of
the wholeM.

A public plan is αi-extensible, if by adding ak ∈ Opriv to the plan

we can obtain a local solution to Πi. According to [7], a public plan

αi-extensible by all αi ∈ A is a global solution toM.

1 {stolba,tozicka,komenda}@agents.fel.cvut.cz, Department of Com-
puter Science, Faculty of Electrical Engineering, Czech Technical
University in Prague, Czech Republic

2 Analysis of MAP Algorithms

To analyze the worst-cases of different planning paradigms, we alter

the multi-agent planning problem M. Let M∗ be the problem of

finding all solutions of M. This modified problem corresponds to

the worst-case execution of state-space search algorithms (explore

complete search space), partial-order planning algorithms (explore

all possible partial plans) and coordination-space search algorithms

(explore all possible combinations of local plans).

Let T (Πi) denote a structure containing all solutions of Πi and

T ∗(M) denote a structure containing all solutions of M∗. Obvi-

ously, T ∗(M) represents the minimal knowledge that is revealed by

the solution ofM∗ and thus also by the worst case scenario inM. It

is not tractable to achieve T ∗(M) leakage as it is at least as difficult

to solve theM∗ problem.

2.1 Privacy Leakage of MAP Algorithms

There are two dominating MAP paradigms: FS is a forward-chaining

(or analogously backward-chaining) state-space search. In the multi-

agent version, each state expanded by a public action is sent to

all relevant agents. Examples of such planners are MAFS [4],

SECURE-MAFS [1], or forward-chaining Partial Order Planning

(POP). In POP (e.g. FMAP [6]), the public projections of plans are

shared in order to coordinate the exploration. CS is a coordination-

space search, a paradigm specific for multi-agent planning, where

agents attempt to agree on a coordination scheme (public projections

of local solutions) which is then extended by private actions of all

agents. Examples of such are the PSM [7] and GPPP [3] planners.

We analyze the leakage of private information of the described

planning paradigms and particular planners in the worst-case sce-

nario, that is when solving M∗. We will focus on three types of

private knowledge leakages. Superfluous plans are (partial) plans re-

vealed by the algorithm without being the actual solution (or its pre-

fix). Superfluous distinct states are publicly equivalent states s, s′

revealed that s �= s′ and either s or s′ is not part of the solution. The

most common situation where the superfluous distinct state informa-

tion leaks is the use of unique state labels. And finally superfluous
action applicability is an information of applicability of an action a
on two distinct publicly equivalent states s, s′ s.t. a� is applicable in

both s�, s′� known to the adversary that s, s′ are distinct states and

either s or s′ is not part of the solution, in other words, the states s, s′

are superfluous distinct states.

Forward/Backward State-Space Search The most significant

source of leakage in state-space search algorithms is the use of

unique IDs representing the private parts of the states, thus distin-

guishing publicly equivalent states even when it is not necessary.
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Figure 1. Portions of the state space leaked by application of the
CS-RULE, FS-RULE and their combination, where πD is a sequence of
actions leading to a dead-end, πL is a local plan for Π which cannot be

extended to form a global plan for M and π is a global plan for M.

A multi-agent forward search algorithm jointly explores the state-

spaces of all agents, therefore only globally reachable states are ex-

plored. A source of superfluous distinct states is that dead-end states

are also explored, communicated with other actions and subsequently

action applicability is revealed. There are no superfluous plans in FS.

The SECURE-MAFS [1] algorithm reduces privacy leakage by

not communicating a state with equal public and other agents’ pri-

vate parts twice. While this approach reduces the number of revealed

states and actions, it does not prevent the exploration of dead-end

states.

Coordination-Space Search Only states and actions which ap-

pear in some local plan are explored in the coordination-space search,

that is states which are locally reachable and are not local dead-ends.

On the contrary, parts of the state-space which are not globally reach-

able may be explored as well. In CS, only the necessary publicly

equivalent states need to be distinguished, which also results in less

superfluous action applicability revealed.

2.2 Designing a Secure Multi-Agent Planner
Based on the above analysis, we can attempt to improve the existing

algorithms to reduce leaked private information when solving M∗.

Let us state three rules preventing privacy leakage based on the tech-

niques used in the existing algorithms:

CS-RULE: Before communicating a state s, make sure it is part of

a local solution to the agent’s problem Πi.

FS-RULE: Before communicating a state s, make sure it is reach-

able inM.

�-RULE: Do not communicate a state with equivalent public and

other agent’s private parts more than once.

Figure 1 illustrates portions of the state space leaked by application

of the CS-RULE, FS-RULE and their intersection. The �-RULE is

not shown in the figure as it does not directly influence the search

space, but rather make the leaked information less dense. Obviously,

the best algorithm would expand and communicate only states of

T ∗(M), thus resulting in zero leakage, but that would require to

check whether a state is part of a global solution (i.e. solvingM∗).

We propose a class of algorithms called SECMAP, containing al-

gorithms which follow all three proposed rules when communicating

about states, actions and plans.

2.3 SECMAP Algorithms
The rules defining SECMAP are constructive and thus they can help

us modify each of algorithms to fall in the SECMAP class.

MAFS and SECURE-MAFS already satisfy the FS-RULE as all

reached states during the search are globally reachable. To satisfy the

CS-RULE, the agents need to verify that the extracted state s is part of

some local solution, before sending it to other agents. Since MAFS

assures that s is (globally) reachable, it is enough to check that also

the goal is reachable from this state using Oi actions. Such check

requires to solve new local planning task and if it is unsolvable the

state s can to be ignored. The �-RULE can be satisfied by the same

way as in SECURE-MAFS, that is never sending a state s which

differs only in the private part of the sending agent.

PSM builds local plans in parallel by all agents. These plans are

exchanged among all agents, therefore all agents have (in the end)

public projections of all agents’ local solutions. A non-empty inter-

section of these solutions represent global solutions (a public plan

αi-extensible by all αi ∈ A is a global solution [7]).

PSM naturally fulfills the CS-RULE. To satisfy the FS-RULE, the

secure variant SECMAP-PSM must not send the whole local solu-

tions π at once, but each agent has to check prefixes of the generated

plans whether they are all globally reachable. Again, the �-RULE

can be satisfied by never sending a state s which differs only in the

agent’s own private part from some already sent state s′.

Theorem 1. The SECMAP-MAFS and SECMAP-PSM algorithms
do not leak more information than SECMAP.

Proof. The proof can be found in [5].

3 Conclusions and Future Work
We have identified which cases of information leakage are presented

in the most common multi-agent planning paradigms and a new class

SECMAP of privacy preserving algorithms has been proposed. This

class is guaranteed to leak less information than any currently known

algorithm for a certain classes of problems. We proposed how to

change the existing planners to belong to SECMAP for the price

of increased computational complexity as all SECMAP algorithms

require another (albeit local) planning process. It allows to decrease

the need for communicating information which can be used to de-

duce private parts of the problem. Proposing a practically efficient

SECMAP algorithm is left for future work.
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Analysis of Swarm Communication Models
Musad Haque1, Christopher Ren1, Electa Baker1, Douglas Kirkpatrick2, and Julie A. Adams1

Abstract. The biological swarm literature presents communication

models that attempt to capture the nature of interactions among the

swarm’s individuals. The evaluated hypothesis that the choice of a

biologically inspired communication model can affect an artificial

swarm’s performance for a given task was supported.

1 INTRODUCTION
Bio-inspired artificial swarms inherit desirable properties from their

counterparts in nature, such as decentralized control laws, scalabil-

ity, and robustness, yet despite the beneficial properties, a poorly de-

signed communication network for an artificial swarm can lead to

undesirable consequences, such as the swarm fragmenting into mul-

tiple components [4]. Proposed communication models for group be-

havior in animals include the metric [2], the topological [1], and the

visual models [6]. The metric model is directly based on spatial prox-

imity: two individuals interact if they are within a certain distance of

one another [2]. Ballerini et. al.’s [1] topological model requires each

individual to interact with a finite number of nearest group members.

The visual model permits an individual to interact with other agents

in its visual field [6]. The development of communication networks

is described as “one of the main challenges” in swarm robotics [4].

The importance of the reported research is that the task performance

of a swarm can be amplified through the deliberate selection of a

communications model.

2 RELATED WORK
Prior research compared the communication models to identify

which model best explains the propagation of information within bi-

ological species. Stranburg-Peshkin et al. [6] reported that for golden

shiners, Notemigonus crysoleucas, the visual model best predicts in-

formation transfer within the school. The Metric and topological

models were compared for flocks of European starlings, Sturnus
vulgaris [1], and the topological model most accurately described

the starlings’ information network (starlings coordinate, on average,

with the nearest 6 to 7 birds [1]). The experiment also compared the

cohesion of simulated swarms using the topological and metric mod-

els, and the topological model generated more cohesive swarms.

3 COORDINATION ALGORITHMS
If there is a communication link from agent i to agent j, where i �= j,

agent j is a neighbor of agent i. The neighbor set of agent i, denoted

byNi(t) is the collection of all the neighbors of agent i at time t.
The coordination of the swarm agents is designed through a multi-

level coordination algorithm. At the higher level of abstraction,

1 Vanderbilt University, USA, email: musad.a.haque@vanderbilt.edu
2 Michigan State University, USA

an agent’s neighbors are determined by the communication model.

Thus, for agent i, the communication model constructs the setNi(t)
at each time t. All agents within a distance dmet from agent i are

i’s neighbors in the metric model. Ni(t) is the set containing the

ntop nearest agents from agent i in the topological model. A sens-

ing range, a blindspot, and occlusion are used to describe the visual

model [6]. Agent j is a neighbor of agent i, if three conditions are

met: 1) The distance between the agents is less than dvis, 2) Agent

j is not in agent i’s blindspot, and 3) The line-of-sight between the

agents is not occluded by another agent or object in the environment.

At the lower abstraction level, agents only interact with their

neighbors and the nature of this interaction is governed by three rules:

repulsion, orientation, and attraction, based on Reynolds’s rules for

boids (see [5]). Each agent has a zone of repulsion, orientation, and

attraction, parameterized by the distances rrep, rori, and ratt, re-

spectively, where rrep < rori < ratt. The heading of each agent i is

updated as follows: 1) Veer away from all agents in Ni(t) within a

distance rrep, 2) Align velocity with all agents in Ni(t) that are be-

tween a distance of rrep and rori, and 3) Remain close to all agents

j ∈ Ni(t) that are between a distance of rori and ratt [5].

4 THE SEARCH FOR A GOAL EXPERIMENT

The objective of the artificial swarm during the search for a goal is

to locate a single goal location. The world is bounded by a wall that

exerts a repulsive force. An agent can sense the goal if it is within

ratt of the goal area’s location. Once an agent locates the goal, it

can communicate the location to its neighbors. Agents aware of the

goal’s location update their headings by equally weighing the desire

to go to the goal and the desire to follow the interaction rules.

The percent reached (R) determines the number of agents that

reached the goal area, expressed as a percentage of the swarm’s size,

N , at the end of the task. The hypothesis for this task is Hsg: RV >
RT > RM , where the subscripts indicate the metric (M ), the topo-

logical (T ) and the visual (V ) models. The hypothesis is based on the

potentially long-range sensing capabilities associated with the visual

model. Agents favorably oriented and not occluded have a higher

chance of communicating with an agent that has located the goal.

The experimental parameters are presented in Table 1. A trial is

defined as a single simulation run for a given selection of param-

eters, (N,Nobs, rrep, rori, ratt). The simulation for each trial runs

for 1, 000 iterations. Twenty-five trials for each parameter selection

were completed. The total number of trials for the search for a goal

task was 10, 800: 1, 800 trials for each of the metric and visual mod-

els, and 7, 200 trials for the topological model.

The Anderson-Darling test for normality indicated that the per-

cent reached (A=431.01, p<0.001) was distributed normally. An

ANOVA by ntop did not find a significant difference for the topolog-

ical model’s performance. Without loss of generality, the topological

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1716

1716



Table 1. Experimental Design.

Parameter Values

World 500 pixels × 500 pixels
Body length of an agent (BL) 2 pixels

Number of agents, (N) {50, 100, 200}
Number of obstacles, (Nobs) {5%N, 10%N, 20%N}
Radius of repulsion (rrep) {5×BL, 10×BL}
Radius of orientation (rori) {1.50× rrep, 2× rrep}
Radius of attraction (ratt) {1.50× rori, 2× rori}

Number of obstacles (Nobs) {0%N, 10%N, 20%N}
Metric range (dmet) ratt

Topological number (ntop) {5, 6, 7, 8}
Visual range (dvis) Half the diagonal of world

Blindspot (φ) ±π/3 radians

trials with ntop = 7 are used in the reported results.

The topological and visual models had virtually identical mean

percent reached (R), as reported in Table 2. The ANOVA found

that model type had a significant impact on the percent reached

(F (2,5398)=83.91, p<0.001). A Fisher’s LSD test investigated the

pair-wise differences. There was no significant difference between

the visual and topological models, but the metric model had a signif-

icantly lower percent reached compared to the other models.

Hsg was partially supported. The topological and visual models

outperformed the metric model in reaching the goal area, yet there

was no clear difference between the visual and topological models.

5 THE AVOID AN ADVERSARY EXPERIMENT

The swarm is required to avoid a predator-like agent during the avoid
an adversary task, which is modeled through a repulsive force ex-

erted by the adversary on the swarm agents [1]. The swarm is ini-

tially aligned facing the predator, which is the same size as the swarm

agents and can occlude the visual communication between agents.

The predator and swarm travel toward each other, and when the

swarm agents are within ratt of the adversary, the predator’s repul-

sive forces affect the swarm agents’ heading.

A connected component is defined as the largest collection of

agents in which any two agents are either connected directly by a

communication link or indirectly via neighbors [3]. The number of
connected components, CCO, is calculated at the end of a trial, and

is 1 at the start of a trial. The hypothesis for this trial is that Haa:

CCOV <CCOT <CCOM , where the subscripts indicate the com-

munication models. The hypothesis is based on the metric model’s

limited sensing range. Moreover, fewer stragglers may arise with the

visual and topological models, thus decreasing their CCO.

The experimental parameters were identical to the previous exper-

iment, other than Nobs, which was set to 0 for this experiment. The

total number of trials for the avoid adversary task was 3, 600: 600
trials for the metric and the visual models, and 2, 400 trials for the

topological model. Each trial’s simulation was set to 200 iterations.

The number of connected components (A=179.90, p<0.001) was

distributed normally according to the Anderson-Darling test. Similar

to the prior experiment, ntop was set to 7, as the ANOVA found no

significant interactions by the topological number. The visual model

had the lowest CCO, while metric had the highest, (see Table 3).

An ANOVA determined that model type had a significant impact

on CCO (F (2,5398)=1776.23, p<0.001). This metric was signifi-

cantly different between each of the communication models, as indi-

cated by a Fisher’s LSD test. Haa was fully supported.

Table 2. The search for a goal task descriptive statistics by model, with the
best means in bold.

Model Percent Reached
Mean Median Std. Dev.

Metric 27.68 0.00 41.60
Topological 39.08 34.00 31.75

Visual 41.10 22.00 42.56

Table 3. The avoid an adversary descriptive statistics by model.

Model Number of Connected Components
Mean Median Std. Dev.

Metric 4.46 4.00 2.78
Topological 1.75 2.00 0.79

Visual 1.35 1.00 0.58

6 CONCLUSION
The presented research focuses on a general hypothesis that the se-

lection of communications model impacts the swarm’s task perfor-

mance. The general findings demonstrated that there was a signif-

icant impact of model type on task performance. The relevance of

this outcome is that the intelligence of a remotely deployed swarm

is amplified through the deliberate selection of a communication

model. A more comprehensive analysis of the performance of the

communication models requires considering the effects of pair-wise

combinations of communication models with additional independent

variables, such as a the number of agents, the number of obstacles,

and the radii of interactions. Additional analysis of typical artificial

swarm tasks is also necessary to fully support the general hypothe-

sis; however, the presented results provide preliminary evidence that

artificial swarm design needs to consider the communication model

and task pairing in order to optimize the overall swarm performance.
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Fault Manifestability Verification
for Discrete Event Systems

Lina Ye 1 and Philippe Dague 2 and Delphine Longuet 3 and Laura Brandán Briones 4 and Agnes Madalinski5

Abstract. Fault diagnosis is a crucial and challenging task in the

automatic control of complex systems, whose efficiency depends on

the diagnosability property of a system. Diagnosability describes the

system ability to determine whether a given fault has effectively oc-

curred based on the observations. However, this is a very strong prop-

erty that requires generally high number of sensors to be satisfied.

Consequently, it is not rare that developing a diagnosable system is

too expensive. To solve this problem, in this paper, we first define a

new system property called manifestability that represents the weak-

est requirement on faults and observations for having a chance to

identify on line fault occurrences and can be verified at design stage.

Then, we propose an algorithm with PSPACE complexity to auto-

matically verify it.

1 Introduction
The diagnosability problem has received considerable attention in

the literature. Diagnosability describes the system ability to deter-

mine with certainty whether a given fault has effectively occurred

based on the observations. In a given system, the existence of two in-

finite behaviors, with the same observations but exactly one contain-

ing the considered fault, violates diagnosability. The existing works

search for such ambiguous behaviors both in centralized [5, 3] and

distributed [4, 7] ways. The most classical method is to construct a

structure called twin plant that captures all pairs of observable equiv-

alent behaviors to directly check the existence of such ambiguous

pairs. However, in reality, diagnosability is a very strong property

that requires generally high number of sensors. Consequently, it is

often too expensive to develop a diagnosable system.

To achieve a trade-off between the cost, i.e., the reasonable number

of sensors, and the possibility to observe a fault manifestation, we

define in this paper a new property called manifestability. This is a

property describing the capability of a system to manifest (i.e., be

distinguishable from any non faulty behavior) a fault occurrence in

at least one context, i.e., one future behavior. This should be analyzed

at design stage on the system model. Manifestability is the weakest

property to require from the system to have a chance to identify the

fault occurrence.

Our contributions in this paper are described as follows: Firstly, we

define formally the new manifestability property. Then, we provide

a sufficient and necessary condition for manifestability. Finally, we

propose an algorithm based on equivalence checking of Finite State

Machines (FSMs) with PSPACE complexity.

1 LRI, CentraleSupélec, France, email: lina.ye@lri.fr
2 LRI, Univ. Paris-Sud, CNRS, France, email: philippe.dague@lri.fr
3 LRI, Univ. Paris-Sud, CNRS, France, email: Delphine.Longuet@lri.fr
4 Universidad Nacional de Córdoba, Argentina
5 Otto-von-Guericke-University Magdeburg, Germany

2 Manifestability for DESs
We model a Discrete Event System (DES) as a FSM, denoted by

G = (Q,Σ, δ, q0), where Q is the finite set of states, Σ is the finite

set of events, δ ⊆ Q × Σ × Q is the set of transitions (the same

notation will be kept for its natural extension to words of Σ∗), and q0

is the initial state. The set of events Σ is divided into three disjoint

parts: Σo is the set of observable events, Σu the set of unobservable

normal events and Σf the set of unobservable fault events. Similar to

diagnosability, the manifestability algorithm that we will propose has

exponential complexity in the number of fault types. For the sake of

reducing this complexity to linear, as in [4, 6], we consider only one

fault type at a time but multiple occurrences of faults are allowed.

Given a system model G, its prefix-closed language L(G), which

describes both normal and faulty behaviors of the system, is the set

of words produced by G: L(G) = {s ∈ Σ∗|∃q ∈ Q, (q0, s, q) ∈ δ}.
Those words containing (resp. not containing) F will be denoted by

LF (G) (resp. LN (G)). In the following, we call a word from L(G)
a trajectory in the system G and a sequence q0σ0q1σ1... a path in G,

where σ0σ1... is a trajectory in G and we have ∀i, (qi, σi, qi+1) ∈ δ.

Given s ∈ L(G), we denote the post-language of L(G) after s by

L(G)/s, formally defined as: L(G)/s = {t ∈ Σ∗|s.t ∈ L(G)}.

The projection of the trajectory s to observable events of G is de-

noted by P (s). This projection can be extended to a language L(G),
i.e., P (L(G)) = {P (s)|s ∈ L(G)}. Traditionally, we assume that

the system language is always live (any trajectory has a continua-

tion, i.e., is a strict prefix of another trajectory) without unobserv-

able cycle. We will need some infinite objects. So, inspired from

the notation of Büchi automata [1], we denote by Σω the set of

infinite words on Σ and by Σ∞ = Σ∗ ∪ Σω the set of words

on Σ, finite or infinite. We define in an obvious way Lω(G) (infi-

nite words whose all finite prefixes belong to L(G)) and L∞(G)
and thus infinite trajectories and infinite paths. Particularly, we use

Lω
F (G) = Lω(G)∩Σ∗FΣω for the set of infinite faulty trajectories,

and Lω
N (G) = Lω(G) ∩ (Σ \ {F})ω for the set of infinite normal

trajectories, where \ denotes set subtraction. We will use the classi-

cal synchronization of two FSMs for which only synchronized events

should occur simultaneously, denoted by G1‖ΣsG2, where Σs is the

set of synchronized events.

Definition 1 (Delay Closure). Given a FSM G = (Q,Σ, δ, q0), its
delay closure with respect to Σd, where Σd ⊆ Σ, is �Σd(G) =
(Qd,Σd, δd, q

0), where Qd = {q0} ∪ {q ∈ Q | ∃s ∈
Σ∗, ∃σ ∈ Σd, (q

0, sσ, q) ∈ δ} and (q, σ, q′) ∈ δd if ∃s ∈
(Σ\Σd)

∗, (q, sσ, q′) ∈ δ.

Delay closure is to keep all information about events in Σd, delet-

ing those not in Σd, while keeping the same structure. It will be used

to simplify the system model without affecting the result.
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Informally speaking, a fault F is diagnosable in a system G if and

only if (iff) it can be determined without ambiguity when enough

events are observed from G after its occurrence.

Definition 2 (Critical Pair). A pair of trajectories s, s′ is called
a critical pair with respect to F , denoted by s � s′, iff s ∈
Lω

N (G), s′ ∈ Lω
F (G) and P (s) = P (s′).

The existence of a critical pair w.r.t. F violates diagnosability and

thus diagnosability verification consists in checking the nonexistence

of such a pair. To design a diagnosable system, each faulty trajectory

should be distinguished from all normal trajectories, which is most

often expensive in terms of sensors required. To reduce such a cost

and still make possible to show the fault after enough runs of the sys-

tem, we now define another much weaker property, manifestability,

as follows, where sF denotes a trajectory ending with F .

Definition 3 (Manifestability). A fault F is manifestable in G iff

∃sF ∈ L(G), ∃t ∈ L(G)/sF ,
∀p ∈ L(G), P (p) = P (sF t)⇒ F ∈ p.

F is manifestable iff there exists at least one occurrence sF in

G, there exists at least one extension t of sF in G, such that every

trajectory p that is observable equivalent to sF t should contain F .

Theorem 1 A fault F is manifestable in G iff the following condition
? is satisfied: ∃s ∈ Lω

F (G), 
s′ ∈ Lω
N (G), such that s � s′.

3 Manifestability Verification
Given a system, manifestability verification consists in checking

whether the condition ? in Theorem 1 is satisfied. Next we show,

given a system model, how to construct different structures to ob-

tain Lω
F (G), Lω

N (G), and critical pairs set. The condition ? can be

checked by using equivalence techniques based on these structures.

Given a system model, the first step that we propose is to construct

a structure showing fault information for each state, i.e., whether the

fault has effectively occurred up to this state from the initial state.

Definition 4 (Diagnoser). Given a system G, its diagnoser with re-
spect to a considered fault F is the FSM DG = (QD,ΣD, δD, q0D),
where: 1) QD ⊆ Q× {N,F} is the set of states; 2) ΣD = Σ is the
set of events; 3) δD ⊆ QD × ΣD × QD is the set of transitions; 4)
q0D = (q0, N) is the initial state.

The transitions of δD are those ((q, �), e, (q′, �′)), with (q, �)
reachable from the initial state q0D , such that there is a transition
(q, e, q′) ∈ δ, and �′ = F if � = F ∨ e = F , otherwise �′ = N .

Based on a diagnoser, we define the following two structures to

obtain the subparts with only faulty or only normal trajectories.

Definition 5 (Fault (Refined) Diagnoser). Given a diagnoser DG,
its fault diagnoser is the FSM DF

G = (QDF ,ΣDF , δDF , q0DF ),
where: 1) q0DF = q0D; 2) QDF = {qD ∈ QD | ∃q′D = (q, F ) ∈
QD, ∃s, s′ ∈ Σ∗D, (q0D, s, qD) ∈ δ∗D, (qD, s′, q′D) ∈ δ∗D}; 3)
δDF = {(q1D, σ, q2D) ∈ δD | q1D, q2D ∈ QDF }; 4) ΣDF = {σ ∈
ΣD | ∃(q1D, σ, q2D) ∈ δDF }. Now the fault refined diagnoser, de-
noted by DFR

G , is obtained by DFR
G = �Σo(D

F
G).

Definition 6 (Normal (Refined) Diagnoser). Given a diagnoser DG,
its normal diagnoser is the FSM DN

G = (QDN ,ΣDN , δDN , q0DN ),
where: 1) q0DN = q0D; 2) QDN = {(q,N) ∈ QD}; 3) δDN =
{(q1D, σ, q2D) ∈ δD | q1D, q2D ∈ QDN }; 4) ΣDN = {σ ∈ ΣD |
∃(q1D, σ, q2D) ∈ δDN }. Now the normal refined diagnoser, denoted
by DNR

G , is obtained by DNR
G = �Σo(D

N
G ).

Now we propose another structure that can capture the set of criti-

cal pairs, which can then be used for equivalence checking to exam-

ine the manifestability condition ?.

Definition 7 (Pair Verifier). Given a system G, its pair verifier VG

is obtained by synchronizing the corresponding fault refined diag-
noser DFR

G and normal refined diagnoser DNR
G based on the set of

observable events, i.e., VG = DFR
G ‖Σo DNR

G .

To construct a pair verifier, we impose that the synchronized events

are the whole set of observable events. Only in this way, we can guar-

antee that the language of the pair verifier is the intersection of the

languages of the fault refined diagnoser and that of the normal re-

fined diagnoser. In the pair verifier, each state is composed of two di-

agnoser states, indicating whether the fault has effectively occurred

in the first of the two corresponding trajectories.

Once constructed the pair verifier VG, we now give our major re-

sult as follows, whose proof with associated lemmas are omitted here

due to lack of space.

Theorem 2 Given a system G and its pair verifier VG, a fault F is
manifestable iff Lω(VG) �= P (Lω

F (G)).

To check manifestability, the complexity of different diagnosers

constructions is linear. For the pair verifier, we have to synchronize

the fault refined diagnoser and the normal refined diagnoser, which

is obviously polynomial with the number of system states. To finally

check the manifestability, the equivalence checking should be per-

formed, which is already demonstrated to be PSPACE in the litera-

ture [2]. Thus, the total complexity of this algorithm is PSPACE.

4 Conclusion and future work
In this paper we addressed the formal verification of manifestabil-

ity for DESs, inspired from diagnosability checking largely studied

in the literature. To bring an alternative to diagnosability analysis,

whose satisfaction is very demanding in terms of sensors placement,

we defined a new weaker property, manifestability, with a sufficient

and necessary condition. Then, we constructed different structures

from the system model to be able to check this manifestability con-

dition by using equivalence techniques. One future work is to extend

our approach to fault manifestability in at most a fixed number of

transitions after the fault occurrence, such as I-diagnosability in [5].
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Using Petri Net Plans for Modeling UAV-UGV
Cooperative Landing

Andrea Bertolaso and Masoume M. Raeissi and Alessandro Farinelli and Riccardo Muradore 1

Abstract. Use of cooperative multi vehicle team including aerial

and ground vehicles has been growing rapidly over the last years,

ranging from search and rescue to logistics. In this paper, we consider

a cooperative landing task problem, where an unmanned aerial vehi-

cle (UAV) must land on an unmanned ground vehicle (UGV) while

such ground vehicle is moving in the environment to execute its own

mission. To solve this challenging problem we consider the Petri Net

Plans (PNPs) framework, an advanced planning specification frame-

work, to effectively use different controllers in different conditions

and to monitor the evolution of the system during mission execu-

tion so that the best controller is always used even in face of unex-

pected situations. Empirical simulation results show that our system

can properly monitor the joint mission carried out by the UAV/UGV

team, hence confirming that the use of a formal planning language

significantly helps in the design of such complex scenarios.

1 Introduction

There are a wide variety of applications that take advantage of co-

operative multi vehicle team including aerial and ground vehicles.

Search and rescue[3], target detection and tracking[6] and mines

detection and disposal [1] are a few examples of such applications

that benefit from collective behavior of different types of unmanned

robots.

In this work we consider a cooperative control scenario, where

the UAV/UGV team should operate in tight cooperation to perform

a joint task. In particular, here we focus on a cooperative landing

scenario, where an unmanned aerial vehicle (UAV) must land on an

unmanned ground vehicle (UGV) while such ground vehicle is mov-

ing in the environment to execute its own mission. Our goal is for

the UAV to perform a fast and safe landing maneuver, hence we pro-

pose a strategy where the UAV quickly approaches the UGV and then

carefully plans a safe landing trajectory.

A crucial open issue for multi robot systems that perform tight

cooperation is to recover from possible failures due to unexpected

events. For example, consider a situation where the UAV is initiating

the landing maneuver based on the future positions communicated

by the UGV. If the UGV must suddenly change its current trajectory

(e.g., due to a moving obstacle) the UAV should smoothly adapt its

plan to recover from a possible failure.

In this paper we investigate the use of high level languages or team

plans [5, 4, 7, 2] to describe and monitor the activities of vehicles dur-

ing mission execution to achieve the collective behaviors and goals

even in face of such unexpected events. Specifically, our focus is on

1 Computer Science Department, University of Verona, Italy, email:
andrea.bertolaso@studenti.univr.it, masoume.raeissi@univr.it, alessan-
dro.farinelli@univr.it, riccardo.muradore@univr.it

Petri Net Plans (PNPs) framework [7] to specify the collaborative

landing task. There are several benefits related to the use of the PNP

framework: first it provides a rich graphical representation that helps

the designers to create plans with minimal effort, second the gener-

ated plans can be monitored during the execution, third PNPs support

well-defined structures for handling tight coordination and on-line

synchronization in multi robot systems.

Finally We evaluate our approach in V-REP, a realistic simulation

environment, using state of the art tools for robots control. Our ex-

periments show that the proposed approach can effectively monitor

the cooperative behavior of the two vehicles recovering from possi-

ble failures.

2 UAV/UGV Cooperative Landing Scenario
The problem addressed in this paper is a particular kind of collabora-

tion between heterogeneous autonomous vehicles: the landing of an

UAV on an UGV. The collaboration task is composed of three phases:

1. both the UGV and UAV are moving according to their specific and

non-cooperative tasks;

2. the UAV approaches the UGV (flyFar action using the PNP termi-

nology);

3. the UAV lands on the UGV (flyClose action using the PNP termi-

nology).

In Phase 2 the UAV is using its sensing system (e.g. camera) to

locate the UGV and plans the faster trajectory to approach the UGV.

In this phase the UGV in not aware of the intention of the UAV and

so it is continuing its task as in Phase 1. In Phase 3, the UAV is close

to the UGV and information are exchanged between them: the UGV

is getting aware of the intention of the UAV and so it decreases its

velocity and sends to the UAV its planned trajectory to easier the

landing. This means that the UGV is still pursuing its objective (e.g.

patrolling an area) but in a slower way.

We used JARP to create the Petri Net plan, however any of the

available graphical tool that supports pnml (Petri Net Markup Lan-

guage) file format could be used. The simplified version of the plan

is shown in figure 1(b).

Actions name and all external conditions have been defined in the

plan. Actions represent robot behaviors, for example in our case the

flyFar action represents the UAV flying towards the UGV constantly

following its position. In addition to the actions, we use interrupt op-

erator, an important structure of PNP, to model action failures and

activate recovery procedures based on the occurred condition. Con-

ditions are external events and need to be checked at run time. The

possibility to define conditions is a powerful feature that allows to

enrich the plan behavior at run time.

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1720

1720



The plan execution will be started by initializing the UGV and then

the UAV. Both robots will execute the moveFar and flyFar actions,

until UAV gets close to the UGV or decides to landing. The close

and far distances are application-dependent. When the UAV is close

to the UGV, the flyFar action is interrupted and UAV sends the close
event to the UGV. The UGV moveFar action is interrupted as well.

When the vehicles are getting close, UAV’s behavior should be

changed based on UGV’s future position. UAV must be informed of

UGV’s future position to coordinate their actions. Thus UAV will re-

ceive UGV’s future position periodically (T seconds). Every time a

new future position is sent to the UAV, this new position will inter-

rupt the flyClose action so the UAV can recompute flight trajectory

in order to follow the new location of UGV.

After the plan is designed, we have to hand coding actions and

conditions by using ROS 2 actionlib interface and makes them avail-

able to the PNPros which connects the PNP executor with ROS. Then

PNP executor processes the Petri Net (pnml file described above) and

executes the plan within the ROS.

3 Simulation and Evaluation
For running the experiments, we create in V-REP a simulation en-

vironment containing the UAV and the UGV. The initial position of

both vehicles can be chosen arbitrarily in order to obtain different ex-

perimental setups. Figure 1(a) shows an initial positions of UAV and

UGV in V-REP environment. Communication with V-REP is pos-

sible through ROS topics. When the simulation environment and the

system that handles the plan are launched, the initial position of UAV

and UGV is retrieved from V-REP via ROS topics.

The actual positions of the UAV and UGV are communicated to

V-REP during the execution of the plan. The simulation environment

will be updated according to the new changes. The whole system

keeps on running until a final state in the Petri Net plan is reached.

Figure 1(b) shows a snapshot of the simulation when the UAV is

flying toward the UGV (flyFar action during Phase 2).

A video showing the complete execution of the plan can be seen

at the link in the footnote3. The video illustrates that the coordina-

tion between the two vehicles is not a one-step synchronization ac-

tion but it is a continuous behavior. The vehicles start far away from

each other; then the UAV flies toward the UGV with maximum speed

(Phase 2) until the close condition comes true (Phase 3). At this mo-

ment, UAV sends an external event to the UGV and the UGV starts

sending its next position to the UAV. UGV decreases its speed to

make the landing easier. The future position of the UGV is impor-

tant for the UAV because unexpected events may happens (e.g. ob-

stacles) that prevent the UAV to land on the UGV and so they may

get far away again (from Phase 3 to Phase 2). The video also shows

the evolution of the simplified version of the Petri Net plan during

the simulation in order to better illustrate the behavior of the system.

The mission is accomplished when the UAV lands on the UGV: this

corresponds to the final state (place) of the plan.
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(a) Initializing UAV and UGV in the environment

(b) The Petri Net plan demonstrates the situation when UAV flies toward
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Figure 1. V-REP environment setup for simulating the cooperative landing
task.
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Applications of Argumentation: The SoDA Methodology
Nikolaos I. Spanoudakis1 and Antonis C. Kakas2 and Pavlos Moraitis3

1 Introduction
The area of argumentation is now at a stage that it can benefit from

the study of systematic methodologies for building applications of

argumentation. Herein, we present such a systematic argumentation

software methodology, called SoDA (Software Development for Ar-
gumentation), that facilitates the principled modeling of real life

problems, and the Gorgias-B tool that supports it. Gorgias-B builds

on the system Gorgias that implements the theoretical framework

proposed in [1]. SoDA and Gorgias-B built on the successful use of

Gorgias during the last ten years by different users for developing

real life applications (see http://gorgiasb.tuc.gr/Apps.html).

2 Background
In [1] the authors proposed a preference-based argumentation frame-

work where theories may be composed at different levels. The frame-

work allows to represent arguments as rules whose heads are either

alternative options (e.g. actions, decisions) or priorities over rules.

An argument attacks (or is a counter argument to) another when they

derive a contrary conclusion. These are conflicting arguments. A con-

flicting argument is admissible if it counter-attacks all the arguments

that attack it. Arguments of the first level (i.e. concerning options)

have to take along priority (or higher level) arguments and make

themselves at least as strong as their counter-arguments.

In applications, we have options and beliefs. Beliefs refer to prop-

erties of the application problem environment. They can be decom-

posed, although not necessarily, into Defeasible and Non-Defeasible
beliefs and some of the defeasible beliefs can be designated as ab-
ducible beliefs. Finally, we can have a complementary or conflict
relation between the different options of the application.

In a medical access application, possible (simplified) examples of

rules at the different levels are (here we are assuming that the param-

eter variables in the rules take values in their respective types, P is

for Patient, D is for Doctor, F is for File, H is for Hospital):

r1(D,P, F ) : denyAccess(D,P, F )← true
r2(D,P, F ) : allowAccess(D,P, F )← medical(P, F ) ∧

worksFor(D,H) ∧ isIn(P,H)
p1(D,P, F ) : h p(r1(D,P, F ), r2(D,P, F ))← true
p2(D,P, F ) : h p(r2(D,P, F ), r1(D,P, F ))← treating(D,P )
pp1(D,P, F ) : h p(p2(D,P, F ), p1(D,P, F ))← true

The first two rules are object-level rules. The next pair of rules are

priority rules at the first level. The last rule is a second level priority

rule.

If the argumentation theory can provide support both for an option

literal and a complement one, then they are both credulously sup-

1 Technical University of Crete, Greece, email: nikos@science.tuc.gr
2 University of Cyprus, Cyprus, email: antonis@cs.ucy.ac.cy
3 LIPADE, Paris Descartes University, France, email: pav-

los@mi.parisdescartes.fr

Figure 1. The SoDA process depicted using SPEM (Software Process
Engineering Metamodel) 2.0 (http://www.omg.org/spec/SPEM/2.0/)

ported. In the case that only one option can be supported then we

have a sceptical conclusion.

3 SoDA: Software Development for Argumentation
The SoDA methodology defines a high level process (presented

graphically in Figure 1) requiring from the developer to consider

questions about the requirements of the problem at various scenar-

ios without the need to consider the underlying software code that

will be generated. The Software Engineering Process is defined as a

series of tasks (or activities) that produce Work Products (WPs). The

different SoDA tasks (T) and their input and output WPs are:

T1: This task defines the different options of the application prob-

lem, including the conflict relation between them (written in

WP1)

T2: The second task identifies the knowledge needed in order to de-

scribe the application environment (written in WP2)

T3: This task aims to separate the information in WP2 into two

types: information that always exists for all instances of the

problem and information that is circumstantial, which may be

present in all instances of the problem. Circumstantial predi-

cates are removed from WP2 and inserted in WP3. The next

two tasks can be executed in parallel (T4 and T5)

T4: This task aims to sort the circumstantial information from the

more general to the more specific application contexts in lev-

els, starting from level one (more general contexts). Indepen-

dent contexts (i.e. when the one is not a refinement of the other)

can appear at the same level

T5: This task begins the process of capturing the application require-

ments. It aims to define for each option, Oi, the different prob-

lem environments, i.e. the sets of preconditions, Ci, in terms
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Figure 2. A screenshot of the Gorgias-B tool with the options view (a), the arguments view (b) and the argue view (c)

of non-circumstantial predicates appearing in WP2, where the

option is possible. Its output, WP4, contains all such sets of

preconditions

T6: This final task iteratively defines sequences of increasingly more

specific partial models or scenarios of the world (stored in

WP5) and considers how options might win over others. This

starts with information from WP4 to precondition the world and

iterates getting each time contextual information from the next

level in WP3. At each level of iteration it defines which option is

stronger over another under the more specific contextual infor-

mation. In the final iteration, the winning options (if they exist)

for each partial model are defined without extra information

4 Tool Support for SoDA Methodology
We have developed a new tool, Gorgias-B 4, to support the devel-

opment of applications of argumentation under Gorgias, following

the SoDA methodology, in a way that allows users with little or no

knowledge of argumentation to model their application domains. Us-

ing Gorgias-B the user can automatically generate source code in the

form of an application argumentation theory in the Gorgias frame-

work. Moreover, this theory can be executed under Gorgias-B by

specifying scenarios of interest and asking which options are credu-

lous or sceptical solutions. The tool returns these together with the

admissible arguments that support them. Gorgias-B also allows to

4 http://www.amcl.tuc.gr/gorgiasb

specify some predicates as abducible, and the tool can find scenario

conditions under which an option will be a solution.

In the Options View (Figure 2(a)), the user defines the different op-

tions. Then, the user can edit preconditions (WP4) for options in the

Argument View (Figure 2(b)). Here the user is building the (object-

level) arguments for the various options. The Argue View (Figure

2(c)) appears as soon as the user clicks the “Resolve conflicts” but-

ton. Here the user selects among scenarios with conflicting options

more specialized cases (if they exist) where one of the other option

can win. When this happens the contextual information of both previ-

ous level scenarios is combined to a new more specific scenario and

the user can then repeat to select contexts in the new current level,

which is always visible at the top of the dialog window.
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Decoupling a Resource Constraint Through Fictitious Play
in Multi-Agent Sequential Decision Making

Frits de Nijs1 and Matthijs T. J. Spaan1 and Mathijs M. de Weerdt1

Abstract. When multiple independent agents use a limited shared

resource, they need to coordinate and thereby their planning prob-

lems become coupled. We present a resource assignment strategy

that decouples agents using marginal utility cost, allowing them to

plan individually. We show that agents converge to an expected cost

curve by keeping a history of plans, inspired by fictitious play. This

performs slightly better than a state-of-the-art best-response approach

and is significantly more scalable than a preallocation Mixed-Integer

Linear Programming formulation, providing a good trade-off between

performance and quality.

1 INTRODUCTION
When multiple agents must coordinate under a shared resource

constraint, individually tractable problems become tightly coupled

through the dependency on the resource consumption of all other

agents. In problems where agents have the ability to compute and

execute their own plans, these agents may be used to decouple the

problem into efficiently solvable sub-problems [4].

Resource-constrained agents can be decoupled by preallocating

resources a priori. Wu and Durfee [5] present a Mixed-Integer Linear

Programming (MILP) formulation to optimally preallocate resources.

Unfortunately, preallocating resources still has an exponential com-

plexity, which prevents application to real-world scale problems. To

overcome these restrictions, we proposed an on-line conflict resolu-

tion approach by planning a best-response policy to the likelihood

of successfully executing constrained actions [3]. While this results

in efficiently computable policies, the assignment of such a state-

independent success probability may be overly pessimistic.

In this paper we propose to look at the marginal utility gained

as a consequence of being assigned a resource. By comparing this

utility to that of other agents, they can make an informed decision on

the distribution of resources. We use this idea to decouple agents by

computing a marginal utility cost for the resource. The key insight is

that a cost allows agents to compute an expected resource assignment

also based on their state. Convergence of the cost function is obtained

by keeping a history of expected states, similar to fictitious play.

2 PROBLEM DESCRIPTION
We define Resource Constrained Multi-agent Markov Decision Pro-

cesses (RC-MMDPs) as an extension of finite horizon MMDPs [2].

Each individual agent i is modeled as a Markov Decision Process

specified by tuple Mi =
〈
Si,Ai,Pi,Ri

〉
. The current state of an agent

is an element si, j of set Si containing a finite number of possible

states. In any state the agent can choose one of the finite number of

1 Delft University of Technology, email: f.denijs@tudelft.nl

actions ai, j contained in set Ai. The transition function Pi(si,l | si, j,ai,k)
defines the probability that agent i ends up in state si,l from state si, j
by choosing action ai,k. Agents are rewarded for their choice through

reward function Ri(si, j,ai,k) which returns a real-valued utility.

The independent agent problems are coupled through a resource

constraint, turning it into an RC-MMDP problem. RC-MMDP prob-

lems are specified by tuple
〈
M,c,L,h

〉
. Set M contains the n in-

dividual agent problems, M = 〈M1,M2, . . . ,Mn〉. The binary cost

function c(ai, j) is set to 1 if action ai, j uses the resource. We require

that all agents have an action with c(a /0) = 0 to ensure feasibility of

the model. The non-negative resource consumption limit Lt specifies

the maximum consumption at any time t in finite horizon h.

Because the agents are cooperative, the goal of the agents is to

maximize the sum of individual agent utilities over the entire horizon.

A policy π(s, t) specifies for joint state s = 〈s1,s2, . . . ,sn〉 at time t
which (feasible) joint action a = 〈a1,a2, . . . ,an〉 the agents should

take. Action a is feasible at time t if c(a)≤ Lt , c(a) = ∑n
i=1 c(ai).

The goal of RC-MMDP planning is to compute an optimal pol-

icy π∗, which returns the feasible joint action with the highest ex-

pected value for every possible joint state and time. We define the

expected value of state s by following policy π as Vπ [s, t], with

Vπ [s,h] = 0. Given this, we define the expected value of taking ac-

tion a in state s as

Qπ [s,a, t] =R(s,a)+∑
s′∈S

(
P(s′ | s,a) ·Vπ [s′, t +1]

)
. (1)

3 MARGINAL UTILITY COST PLANNING
To improve on the preallocation algorithm, we propose to have the

agents agree on the marginal utility cost u of the resource. The agents

include this cost in their action selection. When for two actions it

holds that (for decoupled policy πi of agent i)

Qπi [s,a1, t]> Qπi [s,a2, t], and

Qπi [s,a1, t]− c(a1) ·u < Qπi [s,a2, t]− c(a2) ·u,
(2)

the agent will choose action a2, even though it prefers a1 in the

unconstrained case. In general we are looking for the marginal utility

cost us,t which makes the sum of resource consumption induced over

the preferred actions for joint state s at time t fit in the resource limit:

max
us,t

n

∑
i=1

Qπi [si,ai, j, t]

s.t.
n

∑
i=1

c

(
argmax
ai, j ∈Ai

(
Qπi [si,ai, j, t]− c(ai, j) ·us,t

))
≤ Lt

us,t ≥ 0.

(3)
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Because we know there exists an action c(a /0) = 0, we are guaranteed

that a feasible cost exists. The cost us,t can be computed by sorting the

expected future marginal utility values of the agents, and assigning

the preferred action to each agent until the constraint is reached. The

marginal utility of the agent that consumes the last remaining resource

is equal to the cost us,t that prevents overconsumption in state s.

Of course, changing the executed actions of some agents can make

their state trajectories deviate substantially from their plans. There-

fore, our key idea is that agents coordinate on the expected resource

cost E[ut ] at plan time. Because the expected cost depends on the

expected joint states that the agents visit, which in turn depends on

their policy, we first let agents plan for the unconstrained case where

E[ut ] = 0, ∀t. The resulting policies are then evaluated to obtain an

informed prior over the reachable states. Let a prior over the starting

states pi,1 be given for each agent. Since the number of reachable

states is (typically) exponential in the number of agents, we propose

to perform Monte Carlo sampling to obtain an approximation of the

probability distribution pt(s). Given this prior, the expected resource

cost subject to the joint policy π = 〈π1,π2, . . . ,πn〉 is

Eπ [ut ] = ∑
s

pt(s) ·us,t , (4)

where us,t is determined by solving Equation 3. The agents can then re-

plan their policies taking into account this resource cost by applying

the modified Bellman equation

Vπi [si, t] = max
ai, j∈Ai

(
Qπi [si,ai, j, t]− c(ai, j) ·Eπ [ut ]

)
. (5)

The joint policy is derived by planning all agents individually

using Value Iteration with this modified Bellman equation. Since

each iteration modifies the expected value at time t, the expected cost

Eπ [ut ] also needs to be updated to reflect future values. Therefore,

cost Eπ [ut ] is computed on the basis of the newest Vπ [s, t +1], before

the Bellman equation is applied for time t.
This process changes where resource constraints restrict agents’

actions. Thus, these steps should be repeated until convergence of the

expected cost function. It is easy to imagine that the cost function

may oscillate between extremes if we only consider the previous prior.

Therefore, to ensure convergence, we keep the history of all past

samples, inspired by fictitious play [1]. Each prior can be seen as the

adversary ‘nature’ performing her actions as a consequence of our

choices. By remembering all past plays, eventually the full strategy

of nature is obtained. Thus, let pk be the probability distribution

over states in iteration (or play) k, then we maintain the set P =〈
p1, p2, . . . , pk〉, and compute the expected cost as

Eπ [ut ] =
k

∑
j=1

∑
s∈p j

t

p j
t (s)
k
·us,t . (6)

4 EMPIRICAL EVALUATION
To evaluate the performance of this algorithm we compare it against

an optimal preallocation MILP [5] and our Best-response planner [3]

on an energy-consumption planning problem. In this setting a pop-

ulation of electric heaters must be controlled to keep the aggregate

consumption below a power constraint, while satisfying consumers’

heat demands. The power constraint may arise due to fluctuating sup-

ply of renewable sources like wind or solar. In the experiments we

measure the time to compute a policy for 4 agents, and its quality.

The Fictitious Play and Best-response algorithms are set to perform

at most 10 iterations, computing 1000 priors each iteration.

Algorithm Thermostat Best−response Fictitious Play MILP
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Figure 1. Algorithm performance for increasing horizon: policy quality
normalized to the thermostat policy (left), and wall-clock computation time

(right). Both plots on a log scale, lower values are better.

Figure 1 presents the mean and standard error of both runtime and

policy quality. The policy quality metric penalizes the total amount of

deviation of the current temperature from the set-point temperature.

The quality is normalized to the myopic strategy of using thermostat

controllers with an on-line prioritized load-shedding system to keep

the resource demand below the limit.

Based on the MILP formulation, we expect that a linear increase

in the length of the horizon results in an exponential growth of the

runtime. We observe this exponential scaling in the right plot; several

instances of h = 22 could not be solved within 30 minutes. The other

algorithms have polynomial complexity, and are able to solve each

instance within at most 10 seconds. Nevertheless, the policies found

by Fictitious Play are almost as good as the MILP policies, and

significantly better than Best-response for short horizon instances.

5 CONCLUSIONS AND FUTURE WORK
This paper introduces a decoupling algorithm for multi-agent planning

problems under hard resource constraints based on fictitious play. The

algorithm computes a time-dependent cost for resources which is used

to decouple individual policies so that they can be computed in poly-

nomial time. We compared against two state-of-the-art approaches,

and found that the fictitious play algorithm produces policies which

are not significantly worse than an optimal preallocation decoupling

while requiring exponentially less runtime.

For future work we intend to adapt the fictitious play algorithm to

handle stochastic resource levels and multiple resources.
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GPU-Accelerated Value Iteration for the Computation of
Reachability Probabilities in MDPs

Zhimin Wu1 and Ernst Moritz Hahn2 and Akın Günay1 and Lijun Zhang2 and Yang Liu1

1 INTRODUCTION

Computation of reachability probabilities is an important subroutine

for determining approximately optimal policies of MDPs [3]. Value

iteration (VI) [2] is a well-known method to compute these values.

However, sequential implementation of VI is computationally ex-

pensive both in terms of time and memory. Hence, we propose a

highly parallel version of VI to solve general MDPs utilizing the

GPU, which is widely used in the recent years to accelerate exe-

cution performance of various computational methods in many ar-

eas [1, 7, 6]. Our approach explores algebraic features (e.g., matrix

structure) of MDPs, and uses action-based matrices to achieve mas-

sive parallelism for efficiency. We empirically evaluate our approach

on several case studies. Our results show that we can achieve up to

10X∼ speedup compared to sequential VI, and outperform topolog-

ical value iteration (TVI) [4] in most of the cases. Particularly, for

MDPs which do not contain strongly connected components (SCCs)

with more than one state, or which contain a small number of large

SCCs, our approach achieves up to 17X speedup compared to TVI.

Our main contributions are: (1) We take advantage of the algebraic

structure of MDPs to define action-based matrices and correspond-

ing data structures for efficient parallel computation of reachability

probabilities on GPUs. (2) We develop an efficient parallel VI algo-

rithm for computing reachability probabilities that utilizes features

of modern GPUs, e.g., dynamic parallelism and memory hierarchy.

2 BACKGROUND AND RELATED WORK

An MDP is a tuple M = (S, sinit ,Act , P,R), where S is a fi-

nite set of states, sinit ∈ S is the initial state, and Act is a

finite set of actions. The (partial) transition probability function
P : S × Act 1→ Dist(S), where Dist(S) is the set of discrete

probability distributions over the set S, assigns probability distri-

butions to combinations of states and actions. The reward function
R : S × Act 1→ Dist(R) assigns a numeric reward to each state/ac-

tion pair. By Act(s) = Dom(P (s, ·)) we denote the actions that are

activated in state s. We require |Act(s)| ≥ 1 for every s ∈ S.

Given an MDP M , we are interested in computing the minimal

(maximal) probability to reach a set of target states T ⊆ S in an in-

finite horizon, formally: Pmin(s, T ) = infα∈Adv Prob
α(s, T ). Adv

is the set of all schedulers, which choose the action to be performed

in a state depending on the sequence of states and actions seen so

far. Probα(s, T ) is the probability of reaching T when starting from

state s and following the scheduler α. The computation process is

defined by the following equation:

1 Nanyang Technological University, Singapore
2 Institute of Software, Chinese Academy of Sciences, China

xn
s = min

α∈Act(s)

∑
s′∈S

P (s′ | s, a) · x(n−1)

s′ for s /∈ T, n > 0 (1)

Value iteration [2] is a general dynamic programming method to

solve MDPs. It is an iterative computation process to update the value

function of every state, which follows Equation 1 and terminates

when it satisfies a convergence criterion.

There are some existing approaches which optimize VI using

graphical features of MDPs. From these approaches, TVI [4] is the

most relevant one to our approach. TVI utilizes the SCC structure of

an MDP to construct an acyclic MDP for performing VI backups in

the best order, and to only perform them when necessary. While TVI

is based on the structure of SCCs in MDPs, our approach utilizes

the algebraic features of MDPs that are related to the representation

matrix of MDPs and the matrix-vector multiplication during the Bell-

man backup process. In addition, our approach is independent from

the structure of SCCs, which may affect TVI’s efficiency.

GPUs have several advantages over CPUs such as high memory

bandwidth, computation capability, and massive parallelism. To the

best of our knowledge, our approach is novel both in terms of fully

utilizing the algebraic features of MDPs and parallel computing tech-

niques in GPU to improve efficiency of VI for the computation of

reachability probabilities.

3 GPU ACCELERATED VALUE ITERATION
We build a GPU accelerated parallel VI that can significantly im-

prove the efficiency compared to the sequential VI by taking advan-

tage of the algebraic structure (matrix) of MDPs and the matrix op-

eration involved in the Bellman backup process.

In sequential VI, the complete state space should be backed up in

each iteration, which requires the exploration of all states sequen-

tially. More specifically, the term
∑

s′∈S P (s′ | s, a) · x(n−1)

s′ in

Equation 1 requires the sequential VI to compute the reachability

probabilities for each state by exploring each enabled action and

reachable states. This exploration process creates a bottleneck for se-

quential VI, since the time required for the exploration process grows

exponentially with respect to the state space of an MDP. Hence, if we

can accelerate the exploration process, we can significantly improve

VI’s efficiency.

As we show in Figure 1, an MDP can be represented using a matrix

structureM. Each row involves a set of sub-vectors, where each sub-

vector represents the immediate reacability probabilities of the states

with respect to actions. In VI, the calculation of Equation 1 updates

xi by selecting the action a that maximize/minimize the vector to

vector multiplication Succai ×X . This computation is independent

in each state. Furthermore, we collect the vector to vector multiplica-

tion of the complete state space together, and then divide by the ac-
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Figure 1. Parallelization

tions. We can find in global perspective that computation is indeed a

substantial amount of synchronized sub-matrices to vector multipli-

cations. The sub-matrices are the matrices representation of MDPs

by actions. Thus, we define the Action-based Matrices for MDP.

Definition 1 Action-based Matrices Given a MDP M =
(S, sinit ,Act , P,R) and the representation matrix M, for each
action a ∈ Act , an action-based matrix is a tuple (Ma =
{Sa, S

′
a, P (S′ | S, a)), where Sa is the set of states in which ac-

tion a is activated, S′a is the set of states reached via action a from
states in Sa, and P (S′ | S, a)→ (0, 1] is the probability array.

Each Ma is a ma by ma matrix, where ma = |Sa|. Intuitively,

an Ma represents the transition relationship of the states in Sa with

respect to action a. Using the action-based matrices, the value it-

eration process can be transformed into several interleaving action-

based matrix to vector multiplications and subsequent minimisation,

where each action-based matrix to vector multiplication is an inde-

pendent computation. Hence, the action-based matrices and the de-

scribed partitioning of matrix operations allow us to develop an effi-

cient parallel VI that works well on GPUs. We also design compact

data structures and parallel convergence detection for our approach.

4 IMPLEMENTATION AND EXPERIMENTS

We evaluate the performance of our approach by comparing it with

VI and TVI implementations of Dai et al. [4]. We implemented our

approach in CUDA C. We conducted our experiments on a computer

with two Intel(R) Xeon(R) CPU E5-2670, 2.60GHz, 16GB RAM and

a Geforce Titan Black GPU. We set the parallelism to 512 threads

in one block, which can reach 100% occupancy per multiprocessor

according to the CUDA Occupancy Calculator [5].

The results are shown in Figure 2. Our approach achieves around

10X∼ speed up comparing to VI in MDPs with different structure.

It can be observed from Figure 2 that TVI performs slightly worse

with MDPs that have large number of small SCCs, since under this

condition, TVI cannot reduce the backup times significantly, and

the SCC detection brings additional cost. This situation is also ad-

dressed by Dai et al. [4]. We can see our approach can achieve up

to 17X speedup compared to TVI under this condition. For the lay-

ered MDPs, we consider two strong layered MDPs. Layered1 only

has one transition between any two SCCs. The initial state is a state

in the first layer and the goal state is an end state in the last layer.

Layered2 has the same size with Layered1. But the number of layers

is considerably less than Layered1. The experiment results show that

for Layered1, TVI outperforms our GPU accelerated VI slightly due

to the large number of layers. But with Layered2, our approach out-

performs TVI with around 1.5X speedup since the number of layers

csma3 coin6 rabin4 layer1 layer2
GPU-VI 0.58 3.45 0.1 20.1 9.79
VI 3.9 52.29 1.29 143.8 83.8
TVI 4.5 59.6 1.79 8.8 13.4
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Figure 2. Performance Evaluation

decreases considerably. Both our approach and TVI outperforms the

VI for these two MDPs. In conclusion, our approach’s performance

is substantially better compared to VI for MDPs with all types of

structures. We also achieves considerable speedup compared to TVI

in MDPs which has small number of large SCCs or only SCCs with

just one state. Although our approach performs slightly worse than

TVI in MDPs with a deep layer, we can still conclude from the results

that our approach can be more general to a wide range of MDPs.

5 CONCLUSION
We presented a novel GPU accelerated parallel value iteration ap-

proach for the efficient computation of reachability probabilities of

MDPs. The main idea of our approach is to utilize the algebraic

features of MDPs to divide the computation process of reachability

probabilities into partitions, which can be computed in a massively

parallel manner with an efficient parallelization granularity on GPUs.

Our evaluation shows that we achieve 10X∼ speedup compared to

sequential, and up to 17X speedup compared to TVI.
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Sets of Contrasting Rules to Identify Trigger Factors
Marharyta Aleksandrova 12 and Armelle Brun 1 and Oleg Chertov 2 and Anne Boyer 1

Abstract. In this paper we introduce a new pattern, referred to as

“set of contrasting rules”. The main originality of this pattern is that

it allows to easily identify trigger factors: factors that can bring some

event state changes. In real applications this pattern can thus be used

to influence the values of some attributes, what was shown through

the experiments conducted on a real dataset of census data.

1 INTRODUCTION
As trigger factors we understand those factors that explain or that can

bring some events or system state changes. Researches from differ-

ent domains like medicine [9, 7], sustainable entrepreneurship [4],

finance [3], etc. are interested in the identification of trigger factors,

mainly through data analysis. There exists a wide variety of data

analysis methods. Data mining techniques are of particular interest,

as they were designed to discover interesting and unpredictable pat-

terns and interconnections [5], contrary to statistical methods, that

are mainly used to check the validity of predefined hypotheses [6].

One of the very popular data mining techniques is association rules

mining, where an association rule is a pattern of the form “if X then

Y ”. In this paper we introduce a new type of pattern, referred to as

“set of contrasting rules”. This pattern is made up of a set of associ-

ation rules, which highlight the differences between different groups

of the dataset. “Set of contrasting rules” patterns have several ad-

vantages: 1) by identifying and grouping highly informative rules

they allow to structure the huge set of association rules; 2) as these

patterns highlight the differences between data groups through the

introduction of the notions of varying and invariant attributes, these

differences can be interpreted as trigger factors. To the best of our

knowledge, no approach in the literature allows to identify such trig-

ger factors directly from the patterns or from rules.

2 A NEW PATTERN ”SET OF CONTRASTING
RULES”

Let D be a dataset defined on a set of n attributes
{
A1, A2, . . . , An

}
.

For each attribute Aj there is a set of possible values. We will call

each pair {attribute, value} an item. A set X of items is called an

itemset. By suppD (X) we denote the support of the itemset X in

the dataset D. The support value is calculated using the following

formula suppD (X) = countD(X)
|D| , where countD (X) is the num-

ber of elements in D containing X and |D| is the total number of

elements in D.

An association rule is an induction rule of the form X → Y ,

where X and Y are itemsets and X ∩ Y = ∅ [1]. X is referred to

1 Université de Lorraine - LORIA, Campus Scien-
tifique, 54506 Vandoeuvre les Nancy, France, email:
{marharyta.aleksandrova,armelle.brun,anne.boyer}@loria.fr

2 National Technical University of Ukraine Kyiv Polytechnic Institute, 37,
Prospect Peremohy, 03056, Kyiv, Ukraine, email: chertov@i.ua

as antecedent and Y as consequent. The support of the rule X → Y
in D is calculated as suppD (X → Y ) = suppD (X ∪ Y ) and its

confidence as confD (X → Y ) = suppD(X∪Y )
suppD(X)

.

Assume that all elements in the dataset D are organized into k
mutually exclusive groups G1, G2, . . . , Gk with G1 ∪ G2 ∪ . . . ∪
Gk = D and Gi ∩ Gj = ∅, ∀i �= j. Let the group of an element

(its class) be specified by the value of the target attribute AG with

possible values g1, g2, . . . , gk.

The definition of a “set of contrasting rules” pattern relies on the

introduction of two new types of attributes: varying attributes and in-

variant attributes. An attribute is considered to be varying if its value

can be changed externally to the system within the specified appli-

cation task, and invariant otherwise. For example, when analysing

census data the attribute income level can be considered as varying

if, for instance, the government can provide with financial assistance

to the citizens. At the opposite the value of the parameter ancestry
can not be changed, that is it belongs to the set of invariant attributes.

Thereby we divide the set of all attributes (except AG) into two sub-

sets: the set of varying attributes and the set of invariant attributes.

Definition 1. For a specified parameter α (α > 0.5), a set of rules

R1, R2, . . . , Rk is called a set of α-contrasting rules if:

1. conf(R1) ≥ α & conf(R2) ≥ α & . . .& conf(Rk) ≥ α;

2. in each rule, the itemsets of the consequents are formed of only

one attribute: the target attribute AG, with different values of AG

in the set;

3. the antecedents of the rules are made up of the same attributes,

within which there is at least one varying and one invariant at-

tribute;

4. the values of all invariant attributes are the same for all rules;

5. at least one varying attribute has different values in the set of rules.

The varying attributes with different values in the pair of contrast-

ing rules define the trigger factors: they can influence the move of

the elements from one group to another. The invariant attributes and

those varying attributes having the same values in the pair of con-

trasting rules specify the application subset that is the subset of ele-

ments, that can be influenced by these trigger factors. In real appli-

cations, the “set of contrasting rules” pattern can be used to solve

a wide range of tasks depending on the underlying meaning of the

attributes. An example of this pattern usage will be presented in the

next section.

3 EXPERIMENTAL RESULTS
The goal of the experiments conducted here is to show to what ex-

tent “set of contrasting rules” patterns allow to automatically dis-

cover trigger factors. The experiments are conducted on the Califor-

nia 2000 census dataset [8], which contains records of 610,369 fam-

ily households on more than 100 attributes. For mining association
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Table 1. Some chosen “sets of contrasting rules” patterns, p =10,000$

#
Antecedent Cons.

Conf
Subgroup Trigger Factors Child=

1 HAge=]24,27] & WAge=]22,25] & WEdu=school & HIncome=]1p,2p]
Vehicle=1 YES 0.71

Vehicle=0 NO 0.70

2 HAge=]24,27] & WAge=]22,25] &WEdu=noCollege & HouseOwn=no
HIncome=]2p,4p] & HouseType=Det YES 0.73

HIncome=]0,1p] & HouseType=Apart NO 0.70

3 HAge=]30,31] & WAge=]28,30] & HAnc=OtherAmerican HIncome=]2p,4p] YES 0.72

HIncome=]1p,2p] NO 0.86

4 HAge=]30,31] & WAge=]28,30] &WAnc=Latino HouseOwn=yes & HouseType=Det YES 0.71

HouseOwn=no & HouseType=Apart NO 0.75

rules we used Apriori algorithm [2]. The grouping of the rules and the

formation of the “set of contrasting rules” patters is done automati-

cally through the analysis of the rules obtained with the algorithm

Apriori (post-processing).

The target attribute, which we focus on, is the one related to the

children in the family. Our goal here is to identify which factors can
influence the human desire to give birth to a baby. In order to find

an answer to the question that formulates our experimental goal, we

divide the dataset into two contrasting groups G1 and G2. G1 is made

up of families (elements) with one or two children aged from 0 to 2

years. G2 contains families without any children. Such a definition

of contrasting groups lets us track the change of the family state from

childless to a family with small children.

Some ”sets of contrasting rules“ derived from the dataset are pre-

sented in the Table 1. The antecedents of the rules in the patterns are

given in the second and third columns of the table. As stated in the

previous section, the antecedents of contrasting rules have a common

part that specifies the subgroup of the elements; it is presented in the

second column with the invariant attributes given in bold. The an-

tecedents have also another part that differs in the values of varying

attributes (this part represents the trigger factors); it is presented in

the third column of the table. The fourth column indicates the value

of the consequent (the attribute Child) of each rule in our patterns,

and the fifth column reveals the confidence value of the correspond-

ing rules.

When analyzing the sets of contrasting rules given in Table 1, we

can note that it can correspond to very precise recommendations for

specific subgroups of elements in the dataset. For example, let us

look on the first pattern. It indicates that if we provide young fami-

lies (husband age HAge =]24, 27] and wife age WAge =]22, 25])
in which the wife’s education level is WEdu = school and hus-

band’s income is in the range ]10000, 20000] with a vehicle, then

with a high probability (71%) they will decide to have a baby.

However, analyzing the second pattern formed for the families of

the same age group where the wife has started the college but did

not finish education there (WEdu = noCollege) and that do not

have their own house (HouseOwn = no), it is not the number

of vehicles that can trigger a child birth, but rather the combina-

tion of the type of the house (it should be changed from ’apartment’

HouseType = Apart to ’detached house’ HouseType = Det)
and the increase of the income level. Moving to another age group

(HAge =]30, 31] and WAge =]28, 30]) we can see that here the

subgroups are formed basing on the ancestry of parents. If husband

ancestry (HAnc) is ’OtherAmerican’ then the increase of income

level can trigger a birth of a baby (see pattern 3). But if wife ances-

try (WAnc) is ’Latino’, then the family should be provided with an

own detached house (pattern 4). We can see that the presented ”sets

of contrasting rules“ form the subgroups and trigger factors that are

meaningfully different. This proves the ability of the proposed pat-

tern to extract valuable knowledge from the dataset.

4 CONCLUSION
In this paper we introduced a new pattern “set of contrasting rules”.

This pattern has the characteristic of being made up of several rules.

It is formed with the aim to directly identify specific knowledge: trig-

ger factors, through the introduction of the notions of invariant and

varying attributes. A trigger factor is a factor that can bring some

event state changes (in our case it moves elements from one group

of the dataset to another). On the application level, this pattern can

be interpreted as a way to search the levers of influence, which can

force or trigger this move. This characteristic is the key point of the

proposed pattern, and according to our knowledge, there are no other

patterns in the literature, dedicated to this goal.

We showed on a real dataset of census data that trigger factors are

actually identified, and that they can be easily interpreted and used to

reach the desired objective. In our experiments the objective was to

find factors that can influence the birth rate of families. The analysis

of the factors identified through the conducted experiments showed

that they are meaningful and can actually have such an influence.
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Link Prediction by Incidence Matrix Factorization
Sho Yokoi1 and Hiroshi Kajino2 and Hisashi Kashima3

Abstract. Link prediction suffers from the data sparsity problem.

This paper presents and validates our hypothesis that, for sparse net-

works, incidence matrix factorization (IMF) could perform better than

adjacency matrix factorization (AMF), which has been used in many

previous studies. A key observation supporting the hypothesis is that

IMF models a partially-observed graph more accurately than AMF.

A technical challenge for validating our hypothesis is that, unlike

AMF approach, there does not exist an obvious method to make pre-

dictions using a factorized incidence matrix. To this end, we newly

develop an optimization-based link prediction method adopting IMF.

We have conducted thorough experiments using synthetic and real-

world datasets to investigate the relationship between the sparsity of

a network and the performance of the aforementioned two methods.

The experimental results show that IMF performs better than AMF as

networks become sparser, which strongly validates our hypothesis.

1 Introduction
Link prediction attempts to predict missing links based on other ob-

served links and attributes of nodes [6, 2, 10, 13]. We focus on link

prediction based on a graph structure, which is formulated as follows:

given a partially-observed graph G=(V,EP) with the set of nodes V
and the set of positive links (observed links) EP⊂V×V , its goal is

to learn a scoring function s :V×V→R to predict a new link on an

unlabeled pair of nodes in a set EU :=(V×V)\EP.

As pointed out by many researchers, one of the central issues in

link prediction is the sparsity of positive links [5, 12, 9]. Our idea to

counter the problem is to employ incidence matrix factorization (IMF)

as a building block of a link prediction method, instead of adjacency

matrix factorization (AMF), which has been used in various previous

studies [8, 1, 7, 11, 4]. A key observation supporting the idea is that

IMF can model a partially-observed graph more accurately than AMF.

First of all, We briefly introduce the previous AMF-based ap-

proach (Fig. 1 [TOP]). Given a partially-observed graph G=
(V,EP), AMF learns latent feature vectors {xk}vk∈V of nodes us-

ing both positive links and unlabeled node pairs such that 〈xi,xj〉≈
1 if (vi,vj)∈EP,0 otherwise holds in its simplest instantiation. This

modeling has a little flaw. Let us consider a pair of nodes (vi,vj) that

is not linked in a partially-observed graph but is actually positive in its

fully-observed graph. In the ideal case, latent vectors xi and xj ob-

tained from the fully-observed graph satisfy 〈xi,xj〉≈1, while those

obtained from the partially-observed graph satisfy 〈xi,xj〉≈0. As

the observed part of a graph becomes sparser, the number of such node

pairs will increase, and therefore, this inconsistency issue can lead to

the poor performance. On contrary, IMF can avoid the inconsistency

issue because it learns a model by utilizing only positive links. IMF

1 Tohoku University, Japan, email: yokoi@ecei.tohoku.ac.jp
2 IBM Research - Tokyo, Japan, email: KAJINO@jp.ibm.com
3 Kyoto University, Japan, email: kashima@i.kyoto-u.ac.jp
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Figure 1. [TOP] Link prediction using AMF. [BOTTOM] It is not trivial

to predict a link using IMF. We learn a latent vector y(i,j) for any observed

link e(i,j)∈EP in addition to a latent vector xk for any node. Predicting a

link between v1 and v3 requires a latent vector of the unlabeled pair of nodes

(v1,v3) �∈EP, which we cannot obtain through IMF.

learns latent feature vectors of nodes {xk}vk∈V and those of positive

links {yl}el∈EP such that 〈xi,yj〉≈1 if vi∈ej ,0 otherwhise holds

in its simplest instantiation. Since this modeling does not utilize unla-

beled node pairs, the model obtained from a partially-observed graph

is consistent with that obtained from its fully-observed one; therefore,

the performance of IMF is expected to be robust to the sparsity of a

graph. In this light, we arrive at the hypothesis that IMF can counter

the sparsity problem better than AMF.

While the IMF approach is promising, it is not trivial to predict

a new link using a factorized incidence matrix (Fig. 1 [BOTTOM]).

The main purpose of this paper is (i) to develop a new link prediction

method based on IMF and (ii) to confirm the hypothesis by thorough

experiments with synthetic and real-world datasets.

2 IMF-based Link Prediction

In this section, we newly propose an optimization-based efficient link

prediction method adopting the IMF approach.

Algorithm. Figure 2 illustrates the overview of our method. Given

an incidence matrix B∈R|V|×|EP| of the graph G=(V,EP), IMF

first factorizes B into two matrices X and Y using truncated SVD:

B≈UkΣkVk
 =XY  , (1)

where X :=UkΣk and Y :=Vk. It provides us latent vectors of nodes

X and those of positive links Y . Here, for any positive link (vi,vj),
b(i,j)≈Xy(i,j) holds, where b(i,j) :=(0,...,0,1

i
,0,...,0,1

j
,0,...,0) 

is a column vector of B. Our idea is to predict a link on an unlabeled

node pair (v′i,v
′
j) by how well we can recover its latent vector y(i′,j′)

that is consistent with the factorization, i.e., b(i′,j′)≈Xy(i′,j′). This
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idea boils down to the following scoring function, and this optimiza-

tion problem can be solved in a closed form:

sIMF(vi,vj) :=− min
y∈Rk

∥∥b(i,j)−Xy
∥∥2

2
=−‖wi+wj‖22 , (2)

(w1,...,w|V|) :=X(X X)
−1

X −I|V|∈R|V|×|V|. (3)

Computational Efficiency. At first sight, the computational cost

of the IMF-based method seems more expensive than the AMF-based

method because the size of an incidence matrix is larger than that of an

adjacency matrix generally. However, with a simple contrivance, the

cost of the matrix factorization of our method can be as small as that of

the AMF-based method. Observing that we only need the matrices Uk

and Σk in the matrix factorization (Eq. (1)), it is sufficient to factorize

the positive semi-definite symmetric matrix BB into QkΛkQk
 by

truncated SVD to obtain Uk=Qk and Σk=Λ
1/2
k . Since the size of

BB is the same as the adjacency matrix A, the computation time of

matrix factorization of our method is the same as that of AMF.

Moreover, the construction of the matrix BB requires almost the

same computation time as that of the adjacency matrix A because

BB =A+D holds, where D denotes diag(d1,...,d|V|), and each

di corresponds to the degree of a node vi.

3 Experiments
To demonstrate that IMF actually counters the sparsity problem better

than AMF, we conducted comparative experiments with synthetic and

real-world datasets.

Datasets. In the first experiment, we generated 10 synthetic

graphs (|V| = 104,|EP| � 104,...,106) by the Barabási–Albert

model [3], which possess scale-free and small-world properties. In the

second experiment, we extracted all the unweighted and undirected

real-world graphs from KONECT4 and chose the 24 smallest graphs

in terms of the size |V| (|V|�101,...,104,|EP|�101,...,106).

Performance Measure. We used ROC–AUC to evaluate the per-

formance of the scoring function, which is known to be a proper

performance measure in link prediction [9].

Experimental Procedure. We conducted five-fold cross valida-

tion to measure the performance of IMF and AMF by repeating the

following process, and then reported the mean of AUC. First, given

G=(V,EP), we randomly divide EP into E(train)
P , E(dev)

P , and E(test)
P

by a ratio of 3 :1 :1. Second, with E(train)
P , we learn a scoring func-

tion sk for each k∈
{
20,21,...,min

{
214,2�log2(rankM)�}}, where k

is the rank of truncated SVD, and M is the incidence or adjacency

matrix. Then we select the best hyperparameter k in terms of AUC of

sk. Third, with E(test)
P , we calculate AUC of sbestk as results.

4 http://konect.uni-koblenz.de/
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Figure 3. Scatter plot illustrating the relation between the sparsity (x-axis,

|EP|/|V|2) and the performance improvement of IMF over AMF (y-axis,

AUCIMF−AUCAMF). Each point corresponds to each graph. [LEFT] Synthetic

datasets. [RIGHT] Real-world datasets.

Experimental Results. Figure 3 [LEFT] shows the experimen-

tal results on the synthetic datasets. The Spearman’s ρ between the

sparsity measure and the AUC improvement of IMF over AMF is

−1.0<0 (p=0.0<0.01); i.e., the performance gain of IMF over

AMF increases as the original graph becomes sparser, and the hypoth-

esis is strongly supported. Furthermore, the AUCs of IMF on all the

synthetic graphs are nearly constant (0.70), while that of AMF be-

comes worse as the graph becomes sparser (0.72,...,0.50). It implies

that the IMF approach is potentially capable of capturing scale-free

or small-world properties of networks.

Figure 3 [RIGHT] shows the experimental results on the real-world

datasets. Similar to the former experiments, Spearman’s ρ=−0.55<
0 (p=0.0054<0.01), which also supports our hypothesis.
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Dialogues as Social Practices for Serious Games

Agnese Augello1 and Manuel Gentile2 and Lucas Weideveld and Frank Dignum3

Abstract. The paper describes an architecture for a social conversa-

tional agent. The aim is to use the agent in a serious game to improve

the social and communicative skills of the players, showing the social

effects of conversational choices on the emotions and behavioural

changes of the interlocutors.

1 Introduction

A growing body of research considers the possession of adequate

interpersonal, social and communicative competences as necessary

for ensuring social, psychological and occupational well-being [1].

Through ”role playing” it is possible to practice the desired be-

haviours in a controlled setting [1]. However, this approach can be

difficult and expensive; often actors are used to train students, who

can only practice a limited number of times.

Serious games can be exploited as an innovative and valid ap-

proach by means of simulation of interactions with virtual charac-

ters. Virtual agents can be used to bring social elements of interac-

tions into simulations [2] [3][4]. The players can interact with the

agents to experience the social effects of a conversation [5]. In order

to bound the amount of social and dialogue information that has to be

encoded and to bundle social interactions into standard packages we

propose the use of social practices [7]. A social practice refers to a

routinized type of behaviour typically and habitually performed in a

society. Social practices are used by people as well to direct and limit

the interactions and set expectations. In [8], the theory is analyzed

considering an individual perspective in order to formalize it into an

agent architecture. In this paper we will show how social practices

can be used to implement a serious game to support the learning of

social and communicative skills by medical students.

2 A social practice model

The social practice model proposed in [8] allows for the implementa-

tion of cognitive agents able to use the social practice as a first-class

construct in their deliberation processes. According to this model a

social practice is characterized by a Physical Context that describes

physical objects and individuals with a meaningful role in the prac-

tice, a Social Context that describes the social interpretation of the

environment, the Activities that an agent could perform, the Plan Pat-
terns that the agent can use to construct a plan to reach a specific

goal, a Meaning of the agent’s activities and plans within the social

practice, and finally the Competences that an agent should have to

perform the activities of the social practice. Table 1 summarizes the

components of a specific social practice.

1 ICAR-CNR, Italy, email: augello@pa.icar.cnr.it
2 ITD-CNR, Italy, email : manuel.gentile@itd.cnr.it
3 Utrecht University, The Netherlands, email: F.P.M.Dignum@uu.nl

Table 1. An example of social practice formalization: Consultation with a
doctor

Abstract Social
Practice

Doctor Patient Dialogue

Physical Context
Resources current time,medical instruments

Places hospital,office
Actors user, agent

Social Context
Social interpretation consulting room, consulting time

Roles doctor, patient
Norms patient is cooperative (gives truth-

ful and complete answers), doctor is
polite

Activities welcome, presentation, data gath-
ering, symptom description, speech
acts

Plan patterns Welcome, Presentation, Data Gath-
ering, Symptom Description, Ther-
apy

Meaning support the patient, create trust,
eliciting patient’s problems and
concerns,empathic response

Competences listening effectively, being em-
pathic, use effective explanatory
skills, adapt conversation

3 A Social Agent Architecture for serious games

The proposed architecture (fig. 1), is composed of three main mod-

ules; a complete description of the Social Practice Selection module

module can be found in [9], while in this work we focus on the for-

malization of the agent’s Identity and its Deliberation Engine.

3.1 Identity

The identity of the agent formalizes his beliefs, the information re-

lated to the possible social practices, the state of the dialogue the

rules for the generation of plans, the analysis of norm violations and

state variables updating. A formalization based on the concept of so-

cial practice allows the agent to interpret the context from a social

point of view and to perform the more suitable plan pattern contex-

tualizing the dialogue. The identity of the agents includes also the

linguistic knowledge required to manage the conversation: a set of

question-answers modules (called categories) described according to

S-AIML. It is an extension of the AIML language, that allows to bind

the categories to specific practices and their activities. Specific tags

have been introduced to contextualize the dialogue inside a social

practice (social practice tag), according to a specific activity (activ-
ity tag), when specific preconditions are satisfied (precondition tag)

and to have more freedom in the effect management. The enhance-

ment of the AIML language was required because the AIML dia-
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Figure 1. Social Chatbot Architecture

logue designer cannot use only the variables/parameters to control

the evolution of the dialogue.

3.2 Deliberation Engine
This module allows the agent to deliberate according to the recog-

nized social practice. It is composed of two main components. The

first is a reasoner that exploits facts and rules to understand the proper

action to execute(i.e. the updating of a fact, the execution of a plan or

a specific activity). The other is the S-AIML processor that processes

the S-AIML KB. These modules allow for a dynamic activation of a

set of S-AIML categories related to the current social context with a

consequent reduction of the number of categories that can match the

user sentences and a simplification of the agent deliberation. Without

a social practice oriented approach at every step of the dialogue all

dialogue variables values and all the rules should be checked. Let us

suppose that the player tells to the agent ”You should make a com-

puterized axial tomography”. Several conditions must be considered,

as highlighted in the following category (for shortness only few con-

ditions have been considered).

<category>
<pattern>You should make a computerized axial tomography
</pattern>
<template>
<condition name=”interlocutor” >
<li value=”familiar”>Who gave you the medical degree?
<think><set name=”emotion”>annoyed</set></think>
</li>
<li value=”doctor”>
<condition name=”doctor type” >
<li value=”faimily doctor”>Tel me doctor, could i have

something of serious?
<think> <set name=”emotion”>fear </set> </think>
</li>

</condition>
</condition>

</li>
</template>

</category>

Is the other speaker a doctor or is he a family member or another

patient? And if he is a doctor and the agent does not know him, was

the appointment scheduled or is it unexpected? The same recommen-

dation to make a CAT examination, triggers different behaviours. In-

stead, using a social practice approach, when the social practice is

correctly identified the dialogue is managed according to the rules

bound to the practice that are satisfied, as highlighted in the follow-

ing category.

<social practice name=”unknown doctor consultation”>
<category>
<precondition> <el>trust>low</el> </precondition>
<pattern>You must make a computerized axial tomography</pattern

>
<template>

Why should i make this examination?
<think>
<el>emotion=fear</el>
<el>trusting=trusting−3</el>

</think>
</template>

</category>
</social practice>

The activation of a social practice determines meaningful changes

also on the entire dialogue path. From time to time, new informa-

tion is acquired and the agent can re-plan according to the new situa-

tion. Moreover, it continuously monitors possible violations of social

practice norms. In case of a violation the agent will act in a proper

manner, stopping the execution of that practice if necessary.

4 Conclusion
The proposed architecture puts social practice at the heart of the de-

liberative process of a conversational agent. We presented a few ex-

amples based on the case study of medical consultations. We dis-

cussed some preliminary steps in the formalization of the agent’s

knowledge and the introduction of the new S-AIML language. Fu-

ture work will regard a more developed implementation and the val-

idation of the assumption by means of an experimental evaluation

following a proper learning design approach.
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Abstract. The capability to store data about Business Process ex-

ecutions in so-called Event Logs has brought to the identification of

a range of key reasoning services (consistency, compliance, runtime

monitoring, prediction) for the analysis of process executions and pro-

cess models. Tools for the provision of these services typically focus

on one form of reasoning alone. Moreover, they are often very rigid

in dealing with forms of incomplete information about the process

execution. While this enables the development of ad hoc solutions, it

also poses an obstacle for the adoption of reasoning-based solutions.

In this paper we exploit the power of abduction to provide a flexible,

and yet computationally effective framework able to reinterpret key

reasoning services in terms of incompleteness and observability in a

uniform and effective way.

1 Introduction
The proliferation of IT systems able to store process executions in so-

called event logs has originated, in the Business Process (BP) commu-

nity, a quest towards tools for discovering, checking the conformance

and enhancing process models based on actual behaviours. Focusing

on conformance, that is, to assess how a prescriptive (or “de jure”)
process model relates to the execution traces, this general notion can

be declined in specific “use cases”, such as model consistency, trace
compliance, runtime monitoring and prediction/recommendation.
A number of different tools offer ad hoc solutions that cover only

few of the “use cases” and do not easily adapt to different workflow

languages. This poses a problem, given the current trend of enriching

BP languages with new constructs complementing the control flow

knowledge. A second rigidity is in dealing with incomplete informa-
tion about the process execution: the presence of not monitorable

activities or errors in the logging procedure makes handling incom-
plete event data one of the main challenges of the BP community
In this work we exploit the paradigm of Abductive Constrained

Logic Programming (ACLP, [4]), and the SCIFF abductive frame-

work [1] to provide a general purpose environment able to support

conformance in its different “use cases” in the presence of incom-
plete event data. Indeed, abduction fits in a natural manner: facts are
observed in the execution traces, and need to be explained/diagnosed

with respect to what is envisaged by the process model.

2 Process Models, Reasoning, and Incompleteness
We focus on structured process models in the spirit of [5], enriched

with temporal constraints. We illustrate our investigation with an

example of temporal workflow taken from [6], and reproduced in

the left hand side of Figure 1. This workflow contains: 14 activities

(A1, . . .A14), 2 pairs of exclusive gateways (〈X1,X4〉, 〈X2,X3〉),
and 1 pair of parallel gateways (〈P1,P2〉). In addition, activities are
labelled with expressions of the form [dmin, dmax] (duration range
of the activity), while dashed arrows between activities expresses

inter-task constraints involving the start or end of the activities. A
sample trace that logs the execution of the aforementioned process is:

{(A1, [2, 7]),(A2, [10, 15]), (A3, [16, 46]), (A4, [50, 200]),
(A13, [300, 317]), (A14, [320, 330])} (1)

To incorporate incompleteness into the picture, the process models

we consider are also equipped with observability information. Ac-
tivities can be: (i) observable, if they are always explicitly logged,
even if some information (e.g., the activity name or the starting time)

may be missing; (ii) non-observable, if they are never logged, even if
executed; (iii) partially observable, if they may or may not have been
logged. We introduce the notion of structured process with observ-
ability and time (SPOT) as the tuple 〈A, obs, P, dur , tcon〉, where
A is a finite set of activity (names); obs : A → {o, n, p} provides ob-
servability about each activity; P is the top process block, inductively
defined as either a a ∈ A, or a combination of {seq, xor, and, or}
blocks; dur and tcon captures the activity duration and the inter-task
constraints.

A trace is a set of triples 〈a, s, e〉 denoting the happened event a,
and the start/end timestamps s, e. Missing information units will be
denoted with the special symbol “_”. A trace is partially specified
if some of its event triples contain the symbol _, fully specified oth-
erwise. Moreover, we distinguish between total and partial traces,
where in the latter additional event triples may be implicitly present

even if not explicitly listed in the trace.

The notion of Strong Compliance applies to total traces, and

requires a trace to be compliant to the blocks structure, and also

the duration and inter-task temporal constraints. It reflects the usual

notion of compliance for business processes, where it is assumed that

the trace represents a complete end-to-end execution, such as in (1).

Other resoning services supported in our framework are theModel
Consistency, that checks if a SPOT enables acceptable executions

from start to end.; and, more related to incompleteness, the Con-
ditional Compliance, that handles the case where the trace under
analaysis is indeed partial and/or partially specified: if such incom-

pleteness hinders the possibility of replaying it on the process model,

strong compliance might be regained by assuming that the trace in-

cluded additional information on the missing or partially specified

A
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Figure 1. A process for femoral fracture treatment, reasoning services and incomplete execution traces.

events. The trace:

{(A1, [2, 7]), (A2, _)(A4, [50, 200]), (A13, [300, 317]), (A14, [320, 330])} (2)

is conditionally compliant, i.e. it might be considered strong compli-

ant under the hypotheses that A2 was executed (satisfying the tempo-
ral constraints) and A3 (missing in the trace) was executed as well.
Note that the set of assumptions needed to reconstruct strong com-

pliance is not necessarily unique. This because alternative strongly

compliant real process executions might have led to the recorded

partial trace.

Finally, when dealingwith ongoing executions,Runtime Monitor-
ing aims to detect early violations of compliance / ensure the existence
of a positive outcome, while Prediction/Recommendation provides
(if possible) a completion that satisfies the model.

3 Abduction and Incomplete Processes
Abductive Logic Program (ALP) [4] is a non-monotonic reasoning

process where hypotheses are made to explain observed facts. Given

a set Γ of logical assertions known to hold, and a formula φ (cor-

responding to observed facts), abduction looks for a further set Δ
of hypothesis, taken from a given set of abducibleA, which comple-
ments Γ in such a way that φ can be inferred (in symbols Γ∪Δ |= φ).
The setΔ is called abductive explanation (of φ).
In this paper we leverage on ACLP and on the SCIFF abductive

logic programming framework [1], efficiently implemented using the

CHR framework [2]. Beside the general notion of abducible, the

SCIFF framework has been enriched with the notions of happened
event, expectation, and compliance of an observed execution with a
set of expectations. In our context, happened events account for events

that have been logged in the trace, while abducibles are used to make

hypothesis on events that are not recorded in the examined trace.

Our solution consists on translating a SPOT model into an ACLP

program encoded using the SCIFF notation: observable activities are

always expected to be observed, while partially obsefvable activities

can be abduced (hypothesized) if not presente in the trace. Then, the

SCIFF proof procedure is queried for possible abductive answersΔi

that explain the observations (the given trace), under the conditions

imposed by the process model. Temporal constraints are mapped by

means of CLP predicates, that are fully supported within the SCIFF

framework, thus allowing also the required temporal reasoning.

The different reasoning services are all supported within the SCIFF

framework:Model consistency is directly supported by assuming that
all the activities are partially observable, and the trace to be veri-

fied is empty. Runtime monitoring is alike, with the difference that

the trace captures the events already happened. Strong compliance
corresponds to the original reasoning task of the SCIFF, and it is

still supported in our context: indeed, it corresponds to looking for

at least an empty abductive answer Δi. Conditional compliance is
supported as well, by looking at non-empty abductive answers. Sim-

ilarly, prediction/recommendation is supported by simply applying

out approach at run-time, and by interpreting the Δi as suggestions.

A prototype implementation of the framework is currently available

for download at http://ai.unibo.it/AlpBPM.

4 Conclusions
We have presented an abductive framework to support business pro-

cess compliance, in its different forms, by attacking the different forms

of incompleteness that may be present in an execution trace. Empir-

ical evaluation using the model in Figure 1 shows that the different

reasoning services can be computated with times spanning from few

millisec. (when looking for a solution) up to several minutes (when

looking for all the solutions). Such difference is directly related to the

degree of incompleteness in the model and in the trace.

Concerning future development, the SCIFF framework is based on

first-order logic, thus paving the way towards the incorporation of

data [3] and the management of more sophisticated forms of incom-

pleteness. A further reasoning service on temporal workflows is the

one of controllability. Moreover, an extension of our work to deal

with dynamic controllability, by integrating constraint propagation

and filtering, would be an interesting and feasible future work.
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Optimal Simple Strategies for Persuasion

Elizabeth Black and Amanda Coles and Christopher Hampson1

1 Introduction
Argument dialogues provide a principled way of structuring rational

interactions between participants (be they human or machine), each

arguing over the validity of certain claims, with each agent aiming

for an outcome that achieves their dialogue goal (e.g., to persuade

the other participant to accept their point of view [8], or to reach

agreement on an action to perform [2]). Achievement of an agent’s

dialogue goal typically depends on both the arguments that the agent

chooses to make during the dialogue, determined by its strategy, and

the arguments asserted by its interlocutor. The strategising agent—

the proponent—thus has the difficult problem of having to consider

not only which arguments to assert but also the possible responses of

its opponent. This problem is compounded since the opponent may

exploit knowledge inferred from those arguments asserted by the pro-

ponent to construct new arguments. Hence, the proponent must take

care not to divulge information that is advantageous to its opponent.

The important challenge of how to generate strategies for such

a proponent has not been widely explored [10]. Notable exceptions

are the work of Hadoux et al. [7], which employs mixed observabil-

ity Markov decision processes to generate optimal policies for the

proponent to follow; the work of Rienstra et al. [9], which applies a

variant of the minimax algorithm to determine an effective proponent

strategy; and the work of Black et al. [3], which employs heuristic

planning techniques to determine an optimal proponent strategy for

a simple asymmetric persuasion setting.

We highlight two types of uncertainty in the strategic argumen-

tation problem: uncertainty over the arguments initially know to the

opponent, captured by the opponent model, and uncertainty over how

the opponent chooses to argue, given their initial knowledge base.

Both [9] and [3] deal with uncertain models of the opponents initial

knowledge base, where the opponent’s strategy is known (i.e., opti-

mal [9] or deterministic [3]); while [7] considers the case in which

we are certain of the arguments known to the opponent but have only

a stochastic model of how they will behave.

The key novelties in our approach are that we deal with both of

these types of uncertainty simultaneously the former through use of

an uncertain opponent model and the latter by generating conformant
strategies, that is strategies that are effective regardless of the oppo-

nent strategy. Further, our work is the first to generate strategies in a

setting where the opponent may exploit information obtained during

the dialogue to construct arguments unknown to it at the start of the

dialogue, necessitating more cautious strategies.

2 Strategic Argumentation Problem
We consider a strategic argumentation setting in which both agents

exchange arguments, with the proponent aiming to convince its oppo-

1 King’s College London, Strand, London, UK, WC2R 2LS,
email: firstname.lastname@kcl.ac.uk
This work was partially supported by the EPSRC, grant ref. EP/M01892X/1

nent of some topic argument. Our problem comprises the following:

• An argumentation framework (A,→), comprising a set of argu-

ments A and a binary attack relation→⊆ (A×A),
• The function Acc : 2A → 2A describes the set of acceptable ar-

guments Acc(B), for each subset B ⊆ A, subject to some agreed

semantics (see [5], for details).

• A proponent modelKP ⊆ A, comprising a set of arguments avail-

able to the proponent.

• An uncertain opponent model (E ,KO, p), comprising a finite set

of labels E = {O1, . . . ,Om}, a function KO : E → 2A as-

sociating each label Oi ∈ E with a possible opponent model

Ki
O ⊆ A, and a probability distribution p : E → Q, assigning to

eachOi ∈ E the likelihood that the opponent initially knows Ki
O .

• A closure operator μ : 2A → 2A provides a description of how

each agent may derive new arguments from knowledge acquired

during the dialogue. i.e.. μ(B) ⊆ A is the set of all arguments that

can be derived by B ⊆ A.

A dialogue is a sequence of moves D = [M0,M1 . . . ,Mn] in

which each move Mk ⊆ A is a finite set of arguments. A dialogue

terminates when Mk−1 ∪Mk = ∅, and is successful for the propo-

nent w.r.t. a given topic t ∈ A, if t ∈ Acc(M0 ∪ · · · ∪Mn).
A (general) strategy for Ag ∈ {P,O} is a function σAg : 2A →

2A such that σ(B) ⊆ μ(KAg ∪ B), for all B ⊆ A, that determines

which move Ag should make, given the arguments asserted thus far.

A simple strategy is a special case of strategy specified by a sequence

of moves S = [S0, . . . , Sn], with Sk ⊆ KP , representing sets of

arguments to be asserted in turn by the proponent, unless the oppo-

nent accepts the topic, or the sequence is exhausted, in which case

we assert ∅. A pair of strategies (σP , σO) generates the dialogue

D(σP ,σO) = [M0, . . . ,Mn] given by Mk = σAg(M0∪· · ·∪Mk−1),
where Ag = P whenever k is even and Ag = O whenever k is odd.

A strategy σP is effective against Oi ∈ E if D(σP ,σO) is success-

ful, for every possible opponent strategy σO for Oi.

3 Persuasion Dialogues as Planning Problems
We provide a translation of a strategic argumentation problem into a

propositional planning problem with (bounded) numerical variables,

such that a solution to the planning problem yields an effective strat-

egy for our proponent. Encoding the problem in the standard plan-

ning domain language PDDL2.1 [6] allows us to use an implementa-

tion of the planner POPF [4] to generate appropriate simple strategies.

A key challenge in using a propositional planner to solve these prob-

lems is capturing the uncertainty about the opponent’s initial beliefs.

We use techniques inspired by the current state-of-the-art approach

for solving conformant planning problems by compilation to classi-

cal planning [1]. The planning problem P is described as follows:

Variables We require the following numerical variables: (stage),
(probSuccess) and (prob(i)), for eachOi ∈ E . The variable (stage)
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Action: proponent(a) for all a ∈ KP
pre

(i) canAssertP(a)
(ii) (stage = 0) ∨ (stage = 1)

eff

(a) ¬canAssertP(a)
(b) (stage← 2)
(c) if dialogueP(DP), addP(a,DP , D′P)

then dialogueP(D′P), ¬dialogueP(DP)
(d) if dialogueO(i,DO)

then temp(i,DO), ¬dialogueO(i,DO)
(e) effective(i)

Figure 1: Actions in our Planning Model

regulates the order in which actions may be added to the plan, while

the variables (probSuccess) and (prob(i)) are responsible for cal-

culating the probability that a given strategy will be successful. In

addition to these, we have the following propositional variables:

canAssertP(a) and canAssertO(M, i,D) govern the arguments that

P and O can assert, respectively, for a ∈ KP , Oi ∈ E and

D ⊆ KP ; dialogueP(D) and dialogueO(i,D) describe the set of

arguments that have been asserted by P and Oi ∈ E , respectively;

temp(i,D) a temporary ‘storage’ variable for dialogueO(i,D);
successful(DP , DO) if (DP ∪ DO) is an acceptable set of argu-

ments, where DAg are the arguments asserted by Ag ∈ {P,O};

effective(i) says that the strategy is effective against Oi ∈ E ;

addP(a,D,D′) says that D′ = D ∪ {a}, and addO(M,D,D′)
says that D′ = D ∪M .

Initial Conditions Our set of initial conditions comprises the fol-

lowing numerical conditions: (stage = 0), (probSuccess = 0), and

(prob(i) = p(Oi)), for all Oi ∈ E . We also require the follow-

ing propositional initial conditions: canAssertP(a), for all a ∈ KP ,

dialogueP(∅), and dialogueO(i, ∅), for allOi ∈ E , together with the

following conditions that, once set, remain unaltered by the effects of

any of the actions: canAssertO(M, i,DP) iff M ⊆ μ(Ki
O ∪ DP);

successful(DP , DO) iff t ∈ Acc(DP ∪DO); addP(a,DP , D
′
P) iff

D′P = DP ∪ {a}; addO(M,DO, D
′
O) iff D′O = DO ∪M .

Goal Condition Our goal is a single condition (probSuccess > λ),
where λ ∈ [0, 1] is the required probability of success.

Actions Our set of actions comprises three types of action whose

preconditions and effects are described in Figures 1–2, where all free

parameters are universally quantified. For each argument a ∈ KP
known to the proponent, there is a (proponent(a)) action, which em-

ulates the act of the proponent asserting a. A single move is built up

by iterated application of these actions (simulating the assertion of

a set of arguments by the proponent). The opponent’s move is cap-

tured by a single (opponent) action. This action simulates all pos-

sible responses for each possible opponent model Oi ∈ E , adding

them to a ‘pool’ of possible dialogue states associated with that op-

ponent model. Finally the action (probCount) must be applied after

each (opponent) action and sums the total probability of guaranteed
success, against each of the possible opponent models Oi ∈ E .

A solution to the planning problem P , generated by a planner, is

a sequence of actions that transforms the initial state into a state that

satisfies the goal. Such a solution corresponds to a simple strategy

that will be successful with probability > λ ∈ [0, 1]. To find an

optimal simple strategy maximising λ, we first find a solution where

λ > 0 and then iteratively seek solutions with strictly larger λ values.

4 Results
Owing to the lack of existing approaches for proponent strategy gen-

eration that do not depend on knowledge of the opponent’s strat-

egy, we instead benchmarked our approach against a naı̈ve depth-first

Action: opponent
pre (i) (stage = 1)

eff

(a) (stage← 2)
(b) if dialogueP(DP), temp(i,DO),

canAssertO(M, i,DP), addO(M,DO, D
′
O),

¬successful(DP , D′O)
then dialogueO(i,D′O), ¬effective(i)

(c) ¬temp(i,DO)

Action: probCount
pre (i) (stage = 2)

eff

(a) (stage← 0)
(b) if effective(i)

then (probSuccess← probSuccess+ prob(i)),
(prob(i)← 0)

Figure 2: Actions in our Planning Model

search, that exhaustively searches all simple strategies and evaluates

their effectiveness with respect to the given opponent model. Our

analysis showed that that for smaller examples the performance two

approaches in comparable; however, for larger examples, compris-

ing more than nine arguments, the planning approach outperforms

the naı̈ve search by several orders of magnitude.

We performed further experiments to compare to the most closely

related approach by Hadoux et al. [7] on the problems described in

their paper. The two approaches are not directly comparable: we do

not rely on knowledge of the opponents strategy, whilst they do; they

generate policies, dependent on the opponent’s response, whereas we

generate simple strategies. We did however make two observations:

first our approach finds solutions an order of magnitude faster than

theirs; and second in all of the problems they propose a simple strat-

egy is sufficient to guarantee 100% success rate, without the need for

a policy, meaning that our approach is equally strong in these partic-

ular settings. Our problems, the planner we used, and the implemen-

tation of our translation and of our naı̈ve algorithm are all available

from: http://tinyurl.com/jfxotsg.
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Non-Utilitarian Coalition Structure Generation
Oskar Skibski1 and Henryk Michalewski2 and Andrzej Nagórko3 and Tomasz P. Michalak4 ,5

and Andrew Dowell6 and Talal Rahwan7 and Michael Wooldridge8

Abstract. The coalition structure generation problem is one of the

key challenges in multi-agent coalition formation. It involves parti-

tioning a set of agents into coalitions so that system performance is

optimized. To date, the multi-agent systems literature has focused

exclusively on the utilitarian version of this problem which seeks to

maximize the sum of the values of the coalitions involved. However,

there are many examples of situations in which other performance

metrics are of interest. In particular, in games with non-transferable

utility, we may be more interested in an egalitarian optimal coalition

structure, or in minimizing the difference between the utilities of the

most affluent and poorest agents. In this paper, we present a number

of exact algorithms to solve such non-utilitarian formulations of the

coalition structure generation problem.

1 INTRODUCTION

The coalition structure generation problem involves partitioning the

set of agents into coalitions so that the performance of the system

is optimized. It has been advocated for a variety of potential appli-

cations, including improving the surveillance of common areas by

autonomous sensors [10]; reducing the uncertainty of the expected

energy output of virtual power plants [3]; and increasing the through-

put of cognitive radio networks [13].

To date, the multi-agent systems literature has entirely focused on

the utilitarian version of the coalition structure generation problem in

which the objective function to be maximized is the sum of the values

of the coalitions involved.9 Here, the underlying model is typically a

game in which every coalition is assigned a single numerical value

that represents its utility. Such games are called transferable utility
(TU) games as an implicit assumption is that a coalition’s utility is

transferable among agents in the coalition.

While the ability to transfer payoff occurs naturally in many set-

tings, it is not universal. For instance, in goal-oriented systems,

agents may derive utility from accomplishing specific goals (e.g. sav-

ing lives in disaster response [11]) and one agent may not profit from

another agent’s goal. Similarly, in resource allocation problems, indi-

visible and non-transferable resources can be assigned to agents, not

to coalitions [7, 6]. Also, non-transferable payoffs occur in various

environmental and economic problems [15]. All such domains can

1 University of Warsaw, Poland
2 University of Warsaw, Poland
3 University of Warsaw, Poland
4 University of Warsaw, Poland
5 University of Oxford, UK
6 Independent Researcher, UK
7 Masdar Institute of Science and Technology, UAE
8 University of Oxford, UK
9 A detailed overview of the literature on the coalition structure generation

problem can be found in the work by [16].

be modelled with non-transferable utility (NTU) games, in which

the utility of a coalition is expressed as a vector of real numbers with

each entry representing the non-transferable utility of the particular

agent within this coalition.

The utilitarian formulation of the coalition structure generation

problem can be applied not only to the TU games, but also to NTU

ones. In particular, it is enough to sum up the utility vectors for all

the coalitions (see the next section for details). However, such an

approach is based on an assumption that all agents are completely

benevolent and, in the worst case, they agree to sacrifice all their

individual utilities. This is because, under utilitarianism, the max-

imisation of the system welfare is achieved without any regard to

the situation of individual agents. For instance, in the NTU with

the following non-zero values of coalitions: V ({a1}) = 9; and

v({a1, a2, a3}) = [3 − ε, 3 − ε, 3 − ε]; two coalition structures

are considered optimal: {{a1}, {a2}, {a3}} and {{a1}, {a2, a3}}.

In both, the entire value is generated by {a1}, while all other coali-

tions have value zero. On the other hand, if the coalition structure

{{a1, a2, a3}} was chosen then the value of the entire system would

be only marginally lower, i.e., 9 − 3ε, but it would be equally dis-

tributed.

Against this background, in our research, we studied two non-

utilitarian coalition structure generation problems: Egalitarian and

Balanced. In the former one, the objective function to be maximized
is the value of the smallest agent utility in the coalition structure (i.e.,

the poorest agent). In the latter one, the objective function to be min-
imized is the difference between the smallest and the largest agent

utilities in the coalition structure (i.e., the difference between the

richest and the poorest agents). While the notion of the egalitarian

welfare is very well known in social sciences and has been already

extensively discussed in the multi-agent systems literature, albeit in

different contexts [8, 7, 9, 5], the concept of the balanced welfare

is inspired by the economic concept of the Richest/Poorest average

income ratio [2], i.e., the relative income difference between the (typ-

ically 10%) cohorts of the poorest and the richest members of human

societies.10 We first analysed exact dynamic programming for both

problems. Next, we investigated how to solve them under two con-

cise representations of coalitional games, namely MC-nets [12] and

Decision Diagrams [17, 1], using linear programming techniques.

10 We note that the problem of balanced welfare optimization was also anal-
ysed in the OR literature [14] but under the assumption that the input may
be incomplete, i.e. that not all coalitions are feasible. This is fundamentally
different from the standard models of coalitional games, where all coali-
tions are feasible. We thank one of the anonymous reviewers for highlight-
ing the work by Martell et al.
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2 Preliminaries
Let N = {a1, a2, . . . , an} be a set of agents. A characteristic func-

tion game with transferable utility (TU) is a pair, (N, v), where

v : 2N → R is the utility function that assigns a real value to ev-

ery coalition C ⊆ N . As the utility is transferable, it is shared by all

members of any coalition.

Conversely, a characteristic function game with non-transferable
utility (NTU) is a pair, (N,V ), where V : 2N → RN is the util-

ity function that for every coalition C ⊆ N assigns a n-bit vector

(x1, x2, . . . , xn) ∈ RN . Here, xi denotes the individual utility of

agent ai ∈ C. We will refer to xi in V (C) as Vi(C) and assume

that agents outside a coalition have a zero utility, i.e., Vi(C) = 0 for

every ai �∈ C,C ⊆ N .

A coalition structure over N is a partition of the agents to coali-

tions, CS = {C1, C2, . . . , Ck} such that
⋃

i∈{1,...,k} Ci = N , and

Ci ∩ Cj = ∅ for any i, j ∈ {1, . . . , k} where i �= j. The set of all

coalition structures over N is denoted ΠN .

The (standard) utilitarian coalition structure generation (CSG)

problem is defined as follows:

Definition 1 UTILITARIAN CSG: Given a game (N,V ), find a
coalition structure CS∗ that maximizes the sum of values of all
agents. Formally:

CS∗ ∈ argmax
CS∈ΠN

⎛⎝ ∑
Cj∈CS

∑
i∈Cj

Vi(Cj)

⎞⎠ .

While the characteristic functions can encode any game, their ex-

ponential size means that they can be used to model only relatively

small systems. Given this, a number of concise representations of

coalitional games have been proposed in the literature.11 In Section

5, we consider two such concise formalism: MC-nets [12] and Deci-

sion Diagrams [17] on which we focused in our research.

3 PROBLEM DEFINITIONS
In this paper, we consider two non-utilitarian CSG problems for the

NTU games: EGALITARIAN CSG and BALANCED CSG. The for-

mer one assesses the performance of a coalition structure with re-

spect to the value of smallest agent utility within it.

Definition 2 EGALITARIAN CSG: Given a game with non-
transferable utility, (N,V ), find a coalition structure CS∗ with the
maximal value of the smallest agent utility. Formally:

CS∗ ∈ argmax
CS∈ΠN

(
min

i∈Cj∈CS
Vi(Cj)

)
.

Conversely, the BALANCED CSG problem assesses the perfor-

mance of a coalition structure with respect to the difference between

the value of an agent with biggest utility and value of an agent with

the smallest utility.

Definition 3 BALANCED CSG: Given a game with non-
transferable utility, (N,V ), find a coalition structure CS∗

that minimizes the difference between values of the smallest and the
largest agents utilities. Formally:

CS∗ ∈ argmin
CS∈ΠN

(
max

i∈Cj∈CS
Vi(Cj)− min

i∈Cj∈CS
Vi(Cj)

)
.

11 For more on concise representations of coalitional games see the book by
[4].
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PA*: Optimal Path Planning for Perception Tasks
Tiago Pereira1 2 and Manuela Veloso1 and António Moreira2 3

Abstract. In this paper we introduce the problem of planning for

perception of a target position. Given a sensing target, the robot has to

move to a goal position from where the target can be perceived. Our

algorithm minimizes the overall path cost as a function of both mo-

tion and perception costs, given an initial robot position and a sensing

target. We contribute a heuristic search method, PA*, that efficiently

searches for an optimal path. We prove the proposed heuristic is ad-

missible, and introduce a new goal state stopping condition.

1 INTRODUCTION
The problem of motion planning has been widely studied before, but

usually perception is not considered when determining the cost of a

path. In this work we plan for motion and sensing, finding a path for

the robot that minimizes both the distance traveled and the distance

to a sensing target. As we show in Figure 1, a sensing target can be

perceived from multiple locations. We show two possible paths that

perceive the target from different goal positions, resulting in different

motion and perception costs. Our proposed approach solves the prob-

lem of finding a path to a position g in a 2D gridmap that minimizes

the total cost, costm + λcostp, where λ is a weight parameter.

target

goal position
gA

p0

costAm
costAp

(a) Path 1

target

goal
position
gB

p0

costBm

costBp

(b) Path 2

Figure 1. The cost of a path is the sum of the motion cost (costm) and the
perception cost (costp), proportional to path size and perception distance.

Many robotic applications consider perception separately from

planning, with both being computed interleaved. It has been used

for tasks as varied as robot localization [1] or object recognition [2],

where perception is controlled in order to achieve a goal. However,

recently perception got a more active role in planning. An exam-

ple is object detection, where the next moves of the robot should

be planned to maximize the likelihood of correct object classifica-

tion [5]. Another example is the inspection problem. In order to

determine a path that can sense multiple targets, a neural network

approach was used to solve the NP-hard Watchman Routing Prob-

lem [4]. In the same topic, it has also been shown that perception

1 Carnegie Mellon University, USA, tpereira@cmu.edu, mmv@cs.cmu.edu
2 INESC-TEC, INESC Technology and Science, Porto, Portugal
3 Faculty of Engineering of University of Porto, Portugal, amoreira@fe.up.pt

planning and path planning can be solved together [3], selecting the

most relevant perception tasks depending on the current goal.

Our contribution for solving the perception planning problem is

the PA* algorithm, a heuristic search based on A* for gridmaps, and

extended to deal with perception tasks. In the next section we explain

the PA* algorithm in more detail.

2 PA*: OPTIMAL PERCEPTION PLANNING
We have to find a path ρ that not only minimizes distance traveled,

but also minimizes the perception cost. The path is a sequence of

positions in a grid, {s0, s1, ..., sn}, such as the sensing target T is

perceived from some position in ρ. The total cost of path ρ is

cost(ρ) = costm(ρ) + λcostp(ρ, T ) (1)

where λ is a weight parameter that trades-off motion and perception.

The motion cost is proportional to the path size, and the perception

cost increases with the minimum distance between ρ and T .

Theorem 1. For the optimal ρ∗, the position that minimizes the dis-
tance from the path to sensing target T is the final position sn.

Proof. If there were another position si in the middle of the path that

had the smallest distance to the target, then there would be a different

path ending in si with minimal cost, contradicting the hypotheses

that the path ρ∗ from s0 to sn is the one that minimizes cost.

In PA* the total cost is given by the sum of g(s0, n), the path dis-

tance from the starting position s0 to the current node n, and h(n, T ),
a heuristic of both the motion and perception costs from n to T .

f(n) = g(s0, n) + h(n, T ) (2)

If the heuristic used is admissible, i.e., always less or equal than

the true value, then the path returned is guaranteed to be optimal.

Therefore, the choice for the heuristic is based on the euclidean dis-

tance between the current node and the target, without considering

any obstacles, as shown in Figure 2. We assume that from position n
the robot can still move to q, from where it senses the target.

h(n, T ) = min
q

(
||n− q||+ λcp(||q − T ||)

)
(3)

The sensor accuracy is modeled by cp, with cost increasing with

sensing distance. The variable α represents the percentage of the dis-

tance to the target that is traveled, and 1 − α the percentage of the

distance d that is sensed, where d = ||n − T ||. In order to have the

optimal solution, we need to find α that makes cost minimal.

α∗ = argmin
α

αd+ λcp
(
(1− α)d

)
(4)
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T
n •

q

||n− q|| = αd ||T − q|| = (1− α)d

Figure 2. From robot position n and perception target T , without
obstacles, the optimal goal lies in the straight line between those points. The

image shows a solution with motion αd and sensing distance (1− α)d.

Theorem 2. If using the straight line solution in PA*, the heuristic
is admissible, i.e. it is always less than the true cost.

Proof. The direct distance between robot position n and target T is

d. The motion distance plus the sensing distance equals d′. Because

it might be a non-straight path to the target, d′ = d+ ε, with ε ≥ 0.

The robot moves a percentage of this path αd′, and senses the rest

(1− α)d′. The overall cost is

αd′ + λcp((1− α)d′) = α(d+ ε) + λcp((1− α)(d+ ε))

≥ αd+ λcp(d− αd) ≥ α∗d+ λcp((1− α∗)d) (5)

proving the straight line solution yields minimum cost.

For any specific perception function, it is possible to find the op-

timal sensing position as a function of the distance ||n − T ||. With

α∗ known before-hand, the heuristic is easy to use during search. In

our model we assume circular omnidirectional sensing, with a lim-

ited range rp, so the optimal sensing distance d∗s is (1 − α∗)d if

(1− α∗)d ≤ rp, or rp if (1− α∗)d > rp. The heuristic becomes:

h(n, T ) = (||n− T || − d∗s) + λcp(d
∗
s) (6)

It is possible to adapt the cost functions to the problem in hand

(e.g., sensor and target properties), and then determine the heuristic

for that specific problem just by solving for α∗ offline.

2.1 Stopping Condition
In perception planning, it is possible to have paths with minimum

cost that have a non zero heuristic at the goal state. We introduce a

function that represents the cost of sensing from the current node:

fs(n) = g(s0, n) + λcp(||n− T ||) (7)

This function accounts for the cost of moving to the current node

n, and sensing the target from that position. It takes no obstacles into

consideration. Because the heuristic is admissible, fs(n) ≥ f(n).
When fs(n) and f(n) are the same, sensing from the current po-

sition is equal to the optimal. At goal positions, besides testing for

line-of-sight with ray casting, the following condition has to hold:

fs(n)− f(n) = 0⇔ λcp(||n− T ||) = h(n, T ) (8)

2.2 Addition of Expanded Nodes to Priority Queue
In the solution presented until now, nodes are expanded using a

heuristic that estimates how much the robot should move in order

to have an optimal path. However, as search continues, the estimated

optimal path might not be feasible. We propose a solution that turns

PA* into an optimal search algorithm. When a node n is added to the

priority queue, its priority is given by f(n). However, as node n is

expanded for the first time, not only its neighbors will be added to

the priority queue, but the node n itself will be added again, now

using as priority the cost fs(n). This approaches makes it possi-

ble to “backtrack” to previous nodes. The stopping criteria becomes

priority(n) = fs(n), with priority(n) being f(n) for the first time

a node is added in the priority queue, and fs(n) for the second time.

3 RESULTS
In order to test the performance of our algorithm, we tested it against

a breadth-first search (BFS), comparing node expansion. Our results

are based on 1470 feasible search instances. As expected theoreti-

cally and shown in Figure 3, PA* has always a better performance

than BFS. For large λ, sensing cost has a big weight, so the robot

will move as close as possible to the target. In the limit, all the state

space is searched for large λ, trying to find a better solution. We can

see that the best performance of PA* is for lower λ, which makes

robot sense from further away.

λ

Figure 3. Number of nodes expanded by PA* and Breadth-First Search
(BFS) as a function of λ, for linear and quadratic perception functions.

4 CONCLUSIONS
In this work we introduced the problem of motion planning for per-

ception tasks, considering both motion and perception costs. We pro-

posed PA*, an extension of A* for perception problems, and con-

tributed heuristics to solve the planning problem, proving their ad-

missibility. In the future we want to extend our approach with more

complex perception cost functions.
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Cross-Domain Error Correction in Personality Prediction

Işıl Doğa Yakut Kılıç 1 and Shimei Pan 2

Abstract. In this paper, we analyze domain bias in automated text-

based personality prediction, and proposes a novel method to cor-

rect domain bias. The proposed approach is very general since it re-

quires neither retraining a personality prediction system using exam-

ples from a new domain, nor any knowledge of the original training

data used to develop the system. We conduct several experiments to

evaluate the effectiveness of the method, and the findings indicate a

significant improvement of prediction accuracy.

1 Introduction
Recently, an array of automated text-based personality analysis tools

and services has emerged as the amount of user generated data, such

as social media posts, have increased significantly [3]. Such tools an-

alyze textual data authored by an individual (e.g., one’s social media

posts), and generate a personality profile based on the results (i.e.

IBM’s personality insights [2]). These results can be used to infer

consumer behavior patterns or brand preferences [4] which can be

used by marketing and public relations teams in their decision mak-

ing processes [1]. Varying to contradictory results due to domain

difference (e.g., social media posts versus emails) however render

the tool ineffective and untrustworthy. Typically, personality traits

are measured by standard psychometric surveys (e.g., IPIP survey)

which are questionnaire-based, independent of domain, situation and

text. Since personality traits obtained from psychometric survey are

frequently used as the ground truth to train and evaluate an automated

personal trait prediction system, the discrepancy in the predicted re-

sults is mainly due to domain overfitting in machine learning (ML)

rather than situation-dependent personality change [5]. Thus, if an

automated systems could predict personality accurately, in principle

they will output the same personality values as those obtained from

psychometric surveys, regardless of the situation. In reality, most per-

sonality tools are developed and trained using text samples from one

particular domain (e.g., IBM’s Personality Insights was trained us-

ing tweets [5]). Since most machine learning algorithms work under

the assumption that the test data will be drawn from the same pop-

ulation as the training data, when an application domain is very dif-

ferent from the training domain —as is often the case in real-world

applications— accuracy suffers.

This short paper introduces a novel approach that identifies and

reduces domain bias in text-based personality prediction systems.

Since users of a personality prediction tool (e.g., a retailer) often do

not have access to the training data (e.g., the dataset used to train

IBM’s Personality Insights), the proposed method employs a black-

box approach that assumes access to neither the training data used to

develop the tool nor training data from the new target domain (e.g.,

the application domain).

1 University of Maryland, Baltimore County, USA, email: yakut1@umbc.edu
2 University of Maryland, Baltimore County, USA, email: shimei@umbc.edu

2 Assessing Domain Bias in Personality Predictions

Domain difference in personality predictions can be evaluated at two

levels: individual level and population level. At the individual level,

for each person, we compute his trait scores based on his writing

samples (e.g., social media posts). We compare the differences be-

tween the inferred trait scores and the ground truth personality of the

same person. The larger the differences, the more severe the domain

bias. We use Mean Square Error (MSE) as individual-level evalu-

ation measure. Aside from observations at the individual level, the

discrepancy at the population level can be shown between the distri-

bution of predicted traits and the ground truth of a population. We

use Kolmogorov-Smirnov test of equality between two distributions

as the population-level evaluation metrics. Figure 1 shows the dis-

tributions of the Big Five Personality traits of the users from three

datasets: Facebook, Quora, and Twitter. As can be seen, all three dis-

tributions are very different. The discrepancy of the predicted traits

between Twitter and Quora (Figures 1b and 1c) is even more dis-

turbing since the same set of individuals were used in collecting both

datasets.

Figure 1: The Distributions of the Derived Conscientiousness Scores

from three datasets: Facebook, Quora and Twitter.

(a) Facebook (b) Quora (c) Twitter

3 Domain Bias Correction

Our method consists of two key operations: distribution parameter

estimation and domain weight estimation based on domain similar-

ity. Using these two processes, the method creates a linear transfor-

mation model based on the similarity between the application and the

reference ground truth distributions.

The reference personality ground truth dataset is created to provide

a domain-independent personality ground truth data from which we

draw statistics to support domain bias correction. For this purpose,

we use a personality ground truth dataset obtained from psychomet-

ric surveys (e.g., IPIP survey). The dataset is relatively big and con-

tains 20,000+ people in total. Figure 2 shows the reference ground

truth distributions of the Big Five personality traits. As one would

expect, all of the personality traits have approximately normal distri-

butions based on D’Augustino and Pearson’s Normality test.
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Figure 2: Reference ground truth distributions by aggregating the ground truth personality scores containing more than 20,000 data points. The

data is aggregated from three separate sources: Personality Questionnaire results of individuals who are Facebook users, Mechanical Turkers

and general public.

(a) Openness (b) Consciencious (c) Extraversion (d) Agreeableness (e) Emotional Range

Distribution Parameter Estimation In order to correct the pre-

dicted trait scores so that the inferred distributions fit the reference

ground truth distributions, we first need to parametrize the distribu-

tions. Parameters of distributions can be used to scale and shift one

distribution to fit another.Distribution parameters are calculated by

first using Box-Cox Transformation and then applying Maximum

Likelihood Estimation. Box-Cox transformation is a process that

creates a normal distribution for given data using power functions.

Given any distribution, the Box-Cox transformation will find an ap-

propriate exponent λ and transform it into a normal distribution using

the following formula:

y =
(xλ − 1)

λ
(for λ > 0) (1)

log(x) (for λ = 0) (2)

where λ is the value that maximizes the log-likelihood function. Us-

ing the resulting stabilized data, we apply Maximum Likelihood Es-

timation to get the parameters.

The Maximum Likelihood Estimation (MLE) estimation of the

distribution parameters μ (expectation) and σ2 (variance) are calcu-

lated using mean m and standard deviation s of the data samples.

Domain Weight Estimation In cases where trait analysis results

from multiple domains are available, we propose to weight the dis-

tribution parameters. The motivation for weighting application do-

mains comes from the intuition that as the difference between pre-

dictions from an application domain and the reference ground truth

increases, the prediction power of a system on that particular ap-

plication domain decreases. To measure domain similarity between

an application domain and the reference ground truth, we used the

Kolmogorov-Smirnov statistic (KS statistic). The KS-statistic be-

tween two samples is given by

Dn,n′ = sup
x
|F1,n(x)− F2,n′(x)| (3)

where F1 and F2 are the empirical distribution functions of the two

samples of size n and n′, with μ and σ as their mean and standard

deviation, and sup is the supremum function (or the Least Upper

Bound).

Linear Transformation With distribution parameters and associ-

ated weight for each domain acquired in previous steps, we can create

a linear transformation function to map a source value to a corrected

value. The linear transformation function is unique to the application

datasets at hand. The goal of this transformation is to make the distri-

butions of the corrected values more similar to the reference ground

truth distribution.

Specifically, using the estimated reference population parameters

and domain weights, we can now design the following linear function

to derive the corrected trait values V∗t

V∗t =
n∑

i=1

[((Si
∗t − μSi)/σSi ∗ σG + μG) ∗DSi,SG ] (4)

where Si is one of the n application datasets. The μ and σ val-

ues are calculated mean and standard deviation of an application

dataset, and μG and σG are the ground truth parameters. The DSi,SG

is the domain weight calculated using Equation 3 and normalizing

them among the application datasets. The formula calculates the cor-

rected values by transforming application datasets and calculating

the weighted means.

4 Results
We conducted various evaluations to demonstrate the effective of our

method. At the individual level, the relative MSE reduction ranging

from 23% to 30% on different datasets. At the population level, our

results indicate that the corrected trait distributions are much more

similar to the ground truth distributions than those before bias reduc-

tion for all the traits on all the test domains.

5 Conclusion
This short paper presented an analysis of domain difference on per-

sonality prediction results, and proposed a method to correct the bias

that require no knowledge about the training data. The algorithm uses

parameter estimations, domain weighting, and linear transformations

to correct the domain bias. The effectiveness of the method has been

demonstrated based on both individual-level and population-level

evaluation metrics. The proposed method is very general and can be

used to correct other domain-bias problems.
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Classical Planning with Communicative Actions
Tânia Marques and Michael Rovatsos1

Abstract. Explicit communication planning is an increasing neces-

sity for agent systems. Furthermore, there has also been a renewed in-

terest in using classical planning to perform this planning in addition

to physical actions in a goal-directed way. Existing approaches, how-

ever, are not applicable to a broad spectrum of domains. We present

several generic pre-processing strategies and adaptations of the Fast-

Forward (FF) planner that we compare in two different domains in

terms of time complexity.

1 Introduction
Recently, there has been an increasing interest in planning communi-

cation explicitly, contrasting with traditional approaches where com-

munication is disregarded [3] or implicit [7, 12]. In fields where

agents communicate with humans, the relevance of explicit planning

communication over the task is obvious, but even in more artificial

settings, this has been shown to be increasingly important, especially

for tasks where information exchange is not naturally implicit [2] or

tasks where the agents have different sets of beliefs [11].

Symbolic approaches to explicitly plan communication make it

easy to incorporate the semantics of speech acts commonly used

in agent communication languages [4], and allow for expressing

the mechanics of communication in a domain-independent way that

avoids enumerating all possible messages at design time. As a con-

sequence, there has been renewed interest in symbolic approaches

for dialogue planning (e.g. [9, 13]), and epistemic planning that

can be employed in communicative situations to model uncertainty

over other agents’ mental states, which determine their expected be-

haviour towards the planning agent [5, 11].

In this paper, we investigate how a symbolic planner can be used to

incorporate explicit communicative actions, while keeping the com-

mon assumptions of classical planning and its great strength of being

generic and applicable to a broad range of domains. To focus on the

fundamental problem of modeling communicative actions in such a

way that they can be seamlessly combined with domain actions, we

assume a deterministic setting where the other agent will always ac-

cept any request coming from the planning agent. While ignoring

the uncertainty inherent to communication, this allows us to expose

the complexity problems that arise even in this simple case with-

out being biased by additional layers of complexity raised by contin-

gency and probabilities. We focus on two broad classes of methods

that extend classical planning to support communicative actions: pre-

processing methods that can be easily implemented without chang-

ing the planner itself; and an integration of communication inside a

classical planners that helps us exploit the machinery it provides. We

present different variations of these methods and show how using the

planner machinery is important to reduce the complexity of search,

independently of the domain.

1 The University of Edinburgh, email: {tmarques,mrovatso}@inf.ed.ac.uk

2 Integrating Communication
Our planning approach resembles speech act theory [1, 4], where

utterances are actions whose effects are transfers of beliefs. If we

assume two agents a, b ∈ Agents and a set of actions A, divided

into physical ground actions Acts and communicative ground ac-

tions Coms. Then, a communicative action is a planning action de-

fined by its name and a set of predicates as preconditions and ef-

fects taken from a set of communicative fluents such as intends
(agent a has intention of performing act act) and knows wants
(agent b knows that agent a wants act to be performed) which al-

lows us to build “mediating actions” following Cohen and Perrault’s

[4] concept, stating that a “mental” action will cause an intention in

the hearer, and consequently to the actual performance of the action

intended by the speaker. As arguments the communicative actions

will take agents requester, receiver ∈ Agents and any grounded

physical action request ∈ Acts. We assume that only grounded

physical actions can be taken as arguments. This makes our commu-

nicative actions second-order actions, but with a depth limit of one.

Assuming this construction, actions request and accept would look

as follows in PDDL [10]:

(:action request
:parameters (?requester - agent ?receiver - agent ?request - act)
:precondition (and (not (= ?requester ?receiver)) (me ?requester))
:effect (knows_wants ?receiver ?requester ?request))

(:action accept
:parameters (?receiver - agent ?requester - agent ?request - act)
:precondition (and (not (= ?receiver ?requester)) (not (me ?recceiver))
(knows_wants ?receiver ?requester ?request))
:effect (intends ?receiver ?request))

The integration of communicative actions can be done in a pre-

processing phase or can be achieved by incorporating them inside the

planning algorithm. The latter is more complex, because it assumes

knowledge of the planner, but it allows the use of the machinery al-

ready provided by the planner.

2.1 Pre-Processing Methods
We present three possible pre-processing methods to add communi-

cation to classical planning.

• Specific Communicative Actions: This method automatically

creates request and accept communicative actions that are tailored

specifically to each physical actions contained in the domain file.

• Grounded Physical Actions: Here, the physical actions and the

objects are used to generate all the possible objects of the type act
that can be used in the communicative actions. An action is also

generated which is an interface between the static object created

and the possibility of using it in planning as a physical action.

• Conditional Actions: Similar to the previous one, but instead of

using an action for every static object of the type act, we use an

encoding in a single action that has when in its effects. Basically

it works as a switch to decide which effects as an action are asso-

ciated to a specific act object.
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2.2 Adapting the planning algorithm
Two adaptations of the FF planner [8] were implemented, each based

on a specific way of using the original planner:

• Action Templates: FF has already machinery in place to verify

which objects can fill the schematas or not based on several fac-

tors. This method integrates communication into the FF code to

allow the use of this machinery to define the communicative. ac-

tions to be created.

• Relevant facts: FF has also a reachability analysis to choose the

relevant facts (facts that are reached with the actions provided). If

an action does not reach any relevant fact, then we disregard it in

this method by not creating the respective communicative action.

3 Experimental Results
3.1 Domains
We explored two domains: the Colored Trails [6] and the Deliver

Letters domain. In the Colored Trails domain, agents play a game on

a grid-like board with coloured squares. Each player needs to move

to a goal location, but can only move to an adjacent square if it owns

a chip of the same colour as that square, and the agent “spends” that

chip. In ou scenario, we consider single row grid, where the requester

is in the leftmost location and its goal is located at the opposite end.

The requester has no chips, which are all with the receiver, so the

agent will have to request the exchange of a number of chips equal

to the length of the row. In the Deliver Letters domain, two agents

are in a initial storage place and receive letters to deliver to the post

offices. Every agent can only deliver letters to a certain post office,

but may receive letters directed to any of them. For simplicity, we

assume the requester only receives letters it cannot deliver, so it has

to request their delivery from the other agent. All instances have two

agents, three locations and the number of letters is a power of 2. Both

the domains seem similar, but they are conceptually different. While

the importance of a physical action in Colored Trails is defined by

their potential use during planning, in Deliver Letters, the relevance

of an action is completely defined by the object (the letter ID). There

are eight instances for each domain that vary in terms of the size of

the world (squares and letters) by powers of 2 from 4 to 512. These

instances were run on a Intel Core i7-4770 CPU @ 3.40GHz.
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Figure 1. Time performance in Colored Trails, when the number of com-

municative actions equals the number of chips. Left: runtime; Right: number

of additional templates created compared to using no communication.

The plots in figure 1 and 2 present the time taken for each approach

and the number of additional grounded actions (templates) created

when compared with having no communication (no com).

The results are consistent across all scenarios. The grounded phys-

ical actions and conditional cations approaches always produce the
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Figure 2. Plot with the time performance and additional templates obtained

in the Delivering Letters domain.

worst performance (and higher number of templates), while the spe-
cific communicative actions and relevant facts approach had the best

performance. Time was mainly spent on the search, and adding com-

municative actions had the greatest effect on time when the actions

can only be identified as relevant in the search as in Colored Trails.

4 Conclusions
We have shown that using specific actions or generating well-

informed templates are the best approaches for integrating communi-

cation in classical planning. This is due to the link between commu-

nicative and physical actions which makes the search process critical

in reducing the number of communicative actions to be considered.

In the future, it will be interesting to find solutions to fully integrate

communication in the plan search, and to test different methods in

more complicated plan settings such as contingent planning.
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Mixed Strategy Extraction from UCT Tree in Security
Games

Jan Karwowski1 and Jacek Mańdziuk1 2

Abstract. In this paper a simulation-based approach to finding op-

timal defender strategy in multi-act Security Games (SG) played on

a graph is proposed. The method employs the Upper Confidence

Bounds applied to Trees (UCT) algorithm which relies on massive

simulations of possible game scenarios. Three different variants of

the algorithm are presented and compared with each other as well

as against the Mixed Integer Linear Program (MILP) exact solution

in terms of computational efficiency and memory requirements. Ex-

perimental evaluation shows that the method has a few times lower

memory demands and is faster than MILP approach in majority of

test cases while preserving quality of the resulting mixed strategies.

1 INTRODUCTION
This paper describes simulation based approach to SG which can

be used to find reasonably good strategies in SG with many rounds.

Contrary to currently used methods which require a game to be rep-

resented in normal form or extensive form used in game theory, our

method uses games represented by a set of game rules defining states,

moves and results. This way we avoid memory demanding explicit

payoff representations (typically used in SG) which assign a partic-

ular payoff for each possible move sequence and quickly become

intractable as the number of possible move sequences grows expo-

nentially with the number of rounds.

1.1 Security Games
SG is a field of science which applies mathematical models to pa-

trolling schemes and other security operations in order to find opti-

mal strategies for security forces against adversaries [3, 10, 7]. Pos-

sible applications include homeland security, fighting crime, or se-

curing industrial objects. Usually SG are played by two sides: the

defender (representing security forces) and the attacker (representing

terrorists, criminals, etc.). The game is of imperfect information and

players make their moves simultaneously. Instead of searching for

the best move in a single game, the goal is to find a strategy (proba-

bility distribution of moves to play) for the defender that will maxi-

mize the expected reward. Almost all SG use Stackelberg Game [6]

to model the game and are often referred as Stackelberg Security

Games (SSG). Players in Stackelberg Game are asymmetric. One of

them is called a Leader (the defender in SG) and the other one is a

Follower (the attacker in SG). Asymmetry is introduced by the fact

that the Follower knows the Leader’s strategy before committing to

1 Faculty of Mathematics and Information Science, Warsaw Uni-
versity of Technology, Warsaw, Poland, email {jan.karwowski,
j.mandziuk}@mini.pw.edu.pl

2 School of Computer Science and Engineering, Nanyang Technological Uni-
versity, Singapore

their strategy. Such asymmetry models real-life cases in which the at-

tacking side can observe the defending side sufficiently long to learn

their strategy (probability distribution of actions).

Strong Stackelberg Equilibrium [6], which is the optimal solution

for a defender can be expressed as a solution to bi-level optimization

problem. The state-of-the-art solutions for SG transform this problem

to a form suitable for popular Mathematical Programming solvers

and use them to compute the strategy.

1.2 Upper Confidence Bounds applied to Trees
UCT method [5] is a variant of Monte Carlo Tree Search (MCTS)

method used for searching for a single best move in perfect-

information game tree [9, 8]. UCT uses large number of game simu-

lations to estimate reward value for each move. Internally UCT keeps

a tree consisting of game states (nodes) and actions or moves (edges).

Each edge is labeled with two values: Q(s, a) – current estimate of

action a played in state s, and N(s, a) – number of times the ac-

tion was hitherto simulated. During simulations the method chooses

actions based on the following formula:

a∗ = argmax
a∈A

{
Q(s, a) + C

√
(lnN(s))/N(s, a)

}
, (1)

where N(s) =
∑

a N(s, a) and C is the method’s parameter. For-

mula (1), often called UCB1 [2], maintains a balance between ex-

ploitation of currently good estimated moves and exploration of

rarely visited ones. After the simulation phase a move with the best

Q estimation is chosen to be played.

2 Mixed-UCT METHOD
While UCT can be used for finding the best single move in perfect

information game, the Mixed-UCT method, proposed in this paper,

Initialize attacker

and empty UCT tree

Perform I2-

UCT training

Stop conditions?

Return best strategy across

all iterations

Gather information

from current UCT tree

Build de-

fender strategy

Provide new UCT tree

(1)

(2)

(3)

Update at-

tacker strategy

Yes No

Figure 1. Outline of proposed Mixed-UCT method. Dotted line
encompasses a generic procedure for the defender’s strategy definition,

which is the heart of the method.
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is a UCT-based approach to finding the best mixed strategy for the

defender in SSG. It relies on a UCT modification, referred to as I2-

UCT, applicable to the task of finding the best move in imperfect-

information games [4]. Basically I2-UCT extends vanilla UCT by

adding a method of sampling (estimating) the current node (position)

in imperfect information games before the actual UCT simulations

take place (see [4] for details).

The proposed Mixed-UCT method iteratively applies I2-UCT pro-

cedure in order to find the best mixed strategy in SSG. The outline

of the method is presented in Figure 1. For the sake of space limits

we will solely concentrate on the most interesting part of the method,

i.e. transformation of the data gathered by I2-UCT (intended to find

a single best move) into coherent mixed strategy. Three variants of

such a transformation are proposed. Each of them consists of three

procedures denoted by (1), (2) and (3) in the figure.

Single tree variant uses UCT statistics gathered in a single (com-

mon) tree during training against many attacker strategies. (1) simply

stores the UCT tree obtained from the recently completed training.

(2) works as follows: in the stored UCT tree each path from the ini-

tial state (tree root node) to a terminal state (a leaf node) is assigned a

weight being a product of visit counters of all edges (moves) on this

path. Each such path represents a sequence of moves in the game –

i.e. a pure strategy. The resulting mixed strategy is a probability dis-

tribution of these pure strategies, where probability of each sequence

(pure strategy) is proportional to its weight – the weights are normal-

ized to sum up to 1. (3) provides the tree stored by (1).

Best path variant collects best move sequences, one per each at-

tacker it played against. (1) finds the best path from the root to a leaf

in the trained tree according to Q estimates and stores a move se-

quence (pure strategy) extracted from this path. (2) returns probabil-

ity distribution of these collected move sequences with probabilities

proportional to number of their occurrences in these stored paths. (3)
provides an empty tree for each I2-UCT training.

In Tree slice variant (1) prunes a tree by removing all paths from

a given node that have Q estimate lower than 50% of the best Q
value assigned to this node. Such pruned tree is stored and called a

tree slice. (2) is a two-step procedure. First all stored tree slices are

joined into one tree by summing visit counters in respective vertices,

then a procedure from Single tree variant is applied to this joint tree.

(3) provides an empty tree for each subsequent training.

Single tree Tree slice Best seq. Uniform Optimal
game t [s] sc t [s] sc t [s] sc R R t [s]
1 2382 1 1559 0.96 1344 0.99 -10.46 0.54 28327
2 2614 1 2117 0.99 1587 1 -7.21 0.08 110
3 3188 1 7643 0.99 2486 0.97 -13.97 -4.27 17394
4 2115 1 3191 1 1379 1 -13.97 -4.5 18734
5 2325 1 3359 1 2484 1 -0.87 2.58 283
6 2058 1 3183 1 2151 1 -9.29 -1.06 18579
7 2241 1 4062 1 2897 1 -4.61 0.9 4695
8 1973 1 2364 1 1579 1 -13.91 -4.87 5823
9 2058 1 2007 1 1261 1 -13.84 -6 5915
10 1393 1 1448 0.99 1585 0.99 -0.81 0.79 5519
11 2579 1 2416 1 2093 1 -9.23 -2.85 5928
12 1713 1 2686 1 1775 1 -4.55 0.17 5149

Table 1. Defender’s scores and computation times (t) of presented variants
of Mixed-UCT in 12 test games (each averaged over 10 trials) compared

with optimal solver-based strategy and the result of uniformly playing
defender. Score (sc) represents the relative payoff assessment, which is

placed on a scale from 0 (Uniform player) to 1 (Optimal player).

3 EXPERIMENTAL RESULTS
Each of the three variants of the method was tested against a bench-

mark set of 12 patrolling games defined on a graph. In each round

both players were moving their units to adjacent vertices or let them

remain in the current node. The goal of the attacker was to reach par-

ticular target node, while the defender’s task was to catch the attacker

(on the way or in the target) by being in the same vertex as them.

Each game was played on a different graph with various reward and

penalty distributions in the vertices.

Table 1 presents the average results of 10 game repetitions in each

of the 12 test games, compared to the state-of-the-art method (MILP

solutions calculated with SCIP [1]) and to a simple attacker that uses

uniform strategy. Memory usage was comparable across all test cases

and equal to about 5GB in MILP and about 1.2 in Mixed-UCT.

The results show that quality of Mixed-UCT solutions is close

to optimal in all variants. Computational times of Mixed-UCT are

shorter than those of the solver and vary between variants. Tree slice
tends to be the slowest and Best path the fastest, in most of the cases.

4 CONCLUSIONS
This work introduces Mixed-UCT method and presents its initial ex-

perimental evaluation in SG domain. The results indicate general

suitability of UCT-based methods to finding optimal strategies in SG.

The proposed method, due to more compact (rule-based) game rep-

resentation requires significantly less memory than MILP, which is

currently the state-of-the-art approach. The proposed method is also

faster than MILP solver. The results show that Tree slice version is

inferior to the two other variants both in time and results quality,

but at the same time, are inconclusive about superiority among the

two other variants. Promising initial results lay foundations for fur-

ther development of the method, in particular its evaluation on larger

game graphs and games with multiple units on each playing side.
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tants for randomized patrol planning for the lax airport police and the
federal air marshal service’, Interfaces, 40(4), 267–290, (2010).
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Boolean Negotiation Games
Nils Bulling1 and Koen V. Hindriks1

Abstract. We propose a new strategic model of negotiation, called

Boolean negotiation games. Our model is inspired by Boolean games

and the alternating offers model of bargaining. It offers a computa-

tionally grounded model for studying properties of negotiation pro-

tocols in a qualitative setting. Boolean negotiation games can yield

agreements that are more beneficial than stable solutions (Nash equi-

libria) of the underlying Boolean game.

1 Introduction

There are at least two prominent methodologies to analyse negoti-

ations between agents: off-line, e.g. [8], using game theoretic tech-

niques, and online, e.g. [2], using heuristic and evolutionary models.

Most work in the game theoretic approach is based on Rubinstein’s

bargaining model of alternating offers [9], often making the assump-

tions of perfect rationality and perfect information.

We propose a new, compact model that allows us to investigate

strategic aspects of negotiation protocols. The model we propose is

inspired by Boolean games [4] (BG) which have become a popular

model in the multi-agent domain. The many variants and extensions

of BGs related to, e.g., knowledge [1], control and manipulation [6,

7], secret goals [5], dependencies [3], and pre-play negotiations about

payoffs [10], just to name a few, make them an ideal starting point

for our purposes. Boolean games, for example, allow us to also study

aspects of control and power in a negotiation.

The main contributions of the work we present here consist of a

model of negotiation called Boolean negotiation game (BNG) and

a formal analysis of a protocol that does not allow repeating offers

using this model. In the context of BGs the non-repetition of offers

naturally yields finite games, which arise in many practical contexts.

We introduce negotiation equilibria and are able to show that they

always exist and that they can yield agreements which are more ben-

eficial than the Nash equilibria of the underlying BG. In this context,

the negotiation protocol plays a crucial role. A negotiation protocol

gives rise to a specific unfolding of a BG with similarities to exten-

sive games, but this unfolding is more general as it may not result in

a complete agreement on all outcomes resulting in a smaller BG be-

ing played after the negotiation phase. As such, different properties

of negotiation protocols greatly affect the game being played.

2 Boolean Negotiation Games

Boolean negotiation games (BNGs) allow players to interact in BGs

by exchanging proposals sequentially. A negotiation protocol is im-

posed on a given BG affecting the possible actions of agents. Such

a protocol adds a new layer of strategic interaction as not just the

plain selection of a specific proposal is important but also the timing

1 TU Delft, The Netherlands, email: {n.bulling, k.v.hindriks}@tudelft.nl.

is of crucial significance, for example, in the setting where proposals

cannot be offered more than once.

In order to introduce our model we first define the notion of a gen-
eralized extensive Boolean game (GBG). These games generalise the

standard game theoretic notion of an extensive (Boolean) game [9]:

(i) agents’ actions are not limited to setting a single variable at a time

but may propose settings for multiple variables, in principle includ-

ing those which they do not control, (ii) at terminal histories, not all

variables must be assigned a truth assignment. We assume a vector

Act consisting of sets of actions. The idea is that agent i draws its

actions from the set Acti, where the agent’s valuations of proposi-

tions are typically also taken to be actions. We say that an action

act1 is said to conflict with action act2 performed earlier during the

game if the actions assign different truth values to a proposition. As

in extensive form games, a protocol determines which agent’s turn it

is as well as the enabled actions at the current situation. A (possibly

empty) sequence of actions is called a history. A protocol P maps a

history h to a tuple (i, V ) indicating that it is agent i’s turn in h and

that actions V ⊆ Acti are enabled.

A GBG is a BG together with a protocol P . Given a protocol P , a

P -strategy for agent i for that game is a (partial) function πi the do-

main of which consists of all non-terminal P -histories h — histories

consistent with P — at which it is player i’s turn and which assigns a

P -enabled action to such histories. A profile of P -strategies π yields

a unique P -run ρπ , i.e. a sequence of actions consistent with the

strategy.

The unique P -run ρπ yielded by strategy profile π may not set the

truth of all variables. In addition to that, some of the performed ac-

tions might be conflicting, e.g. a player may set a variable true and the

same variable false later during the game. To determine an outcome

of a GBG, we need to resolve these conflicts. The general rule that

we use to determine the outcome is that any action that conflicts with

an action performed later during the game is reverted and ignored

in the computation of the outcome. Moreover, if the resulting out-

come ξ is not a (full) valuation for all variables in Π, then the agents

need to settle on the remaining variables in some other way. To settle

on variables for which the agents did not settle on a valuation, the

agents establish values by means of the ξ-reduced BG of the GBG,

which is the BG in which each variable the truth value of which is

defined by ξ is replaced by that truth value. Thus, a strategy of an

agent in a GBG also needs to define which variables the agent sets

in the resulting reduced BG. A formal treatment is out of the scope

of this abstract, however, once this is defined formally it allows to

introduce the notion of a generalized equilibrium taking into account

that a strategy consists of two parts: a P -strategy and a strategy for

the reduced BGs. We observe that a generalised equilibrium does not

have to exist as some reduced BGs may not have a stable outcome.

To see this, consider the trivial case in which the GBG consists of a

single root node after which normal form games not having any Nash
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equilibria are played: then, there is no generalised equilibrium either.

A Boolean negotiation game (BNG) is a special GBG in which the

underlying protocol satisfies specific properties tailored towards ne-

gotiation settings. It is well accepted that there are at least two min-

imal requirements most negotiations should satisfy: (i) agents can

make proposals and are able to respond to them; (ii) agents need to

approve a possible agreement before it is concluded [9]. The latter

point also implies that taking part in a negotiation should be individ-

ually rational for each agent. Based on these two properties we now

introduce negotiation protocols and BNGs. In the negotiation setting,

actions should be thought of as proposals made to the other play-

ers. As a consequence, a proposal conflicting with a proposal made

earlier implicitly rejects the earlier proposal and serves the purpose

of a counter-proposal. To implement point (ii) above, we identify a

sub-class of protocols that requires all agents except for the agent

who made the last proposal to explicitly approve the agreement that

is on the table. Therefore, players which are happy with the current

proposals can accept. Players have to be cautious, though, because

if a proposal is made all other players could accept it which con-

cludes the negotiation. To this end, the empty valuation ξ∅ is now

interpreted as an accept action and is identified with the special ac-

tion accept. In order to allow agents to accept, the protocol needs

to support this. In that case we say that a protocol supports agree-
ing. Similarly a protocol supports quitting if a quit action allowing

the agent to leave the negotiation is enabled after each non-terminal

history. Then, a run is closing iff its final action is quit and it does

not contain any further quit actions. There are different approaches

how to deal with a quitting agent. We assume that in that case no

deal is reached and the whole negotiation ends. Finally, a negotia-
tion protocol (NP) is a protocol P which is turn-taking (i.e. players

act in turns), supports agreeing as well as quitting and in which each

P -run ρ is either agreeing containing no quit action, or is closing.

Consequently, a BNG is a GBG including a negotiation protocol.

The definition of NPs is very general. It often makes sense to put

some restrictions on the proposals that can be made. For example, it

is usually not helpful to make the same proposal again and again. If

a proposal has not resulted in an agreement it will, under reasonable

assumptions, also not do so if it is made over again, only if the pro-

poser counts on wearing out his/her opposite. The assumption is also

reasonable in terms of real negotiations where it is often difficult to

get back to a previously rejected proposal. Therefore, we focus on

non-repeating protocols. A NP P is non-repeating if no proposal can

be made twice with the exception of ξ∅ playing the role of the accept
action. Furthermore, in order to investigate agents’ interactions we

focus on two types of protocols: one in which agents make proposals

concerning their own variables only; and one where agents propose

full valuations only. In the following letN be a BNG.

We are especially interested in the question whether agents have

an N -strategy profile σ which yields an agreement which is accept-

able for all agents, given the possible outcomes of the underlying

BG of N . As usual in negotiation settings agents have a reserva-

tion value which corresponds to the payoff below which a player

would refuse any proposal. A rather strict notion of reservation value

would be a player’s maxmin-strategy defining an outcome which the

player can guarantee on its own. We call the corresponding reserva-

tion value the maxmin reservation value. In the strategic setting we

consider here, it makes good sense to relate the reservation value to

outcomes of Nash equilibria, as they give a payoff at least as good as

the maxmin reservation value. In general, there can be more than one

Nash equilibrium, therefore, we define a weak and a strong notion.

The greedy reservation value (resp. modest reservation value) is the

player’s maximal (resp. minimal) payoff received by any Nash equi-

librium. If a game does not have any Nash equilibria both reservation

values are defined as the player’s maxmin reservation value. We refer

to greedy (resp. modest) agents as such which use as baseline their

greedy (resp. modest) reservation values. Whereas the existence of a

subgame perfect equilibrium in finite extensive form games is guar-

anteed by Kuhn’s theorem (cf. [9]) this is not obvious in our setting.

Indeed, it does not hold for the notion of generalised equilibrium put

forward in the context of GBGs. The reason is that agents can quit

the negotiation which results in a Boolean game over the not yet fixed

variables. This BG may not have any Nash equilibria which also ex-

plains why a generalised equilibrium may not exist. In general the

solution concept of generalised equilibrium is too strong as players

base their decision on reservation values. Therefore, we introduce the

weaker solution concept of a negotiation equilibrium. This solution

concept makes no further assumption about the players’ behavior if

a (complete) agreement is not reached apart from assuming that each

player can be ensured to receive a payoff at least as good as its reser-

vation value in the resulting reduced BG. We can show that such an

equilibrium always exists.

3 Future Work
We have proposed a formal framework for studying strategic aspects

of negotiations in the compact framework of Boolean games. We

used this to study negotiation protocols that do not allow repeating

offers. There are many other interesting constraints on protocols that

we could study within our framework. There are also many questions

that we would like to study in more detail. For example, which pro-

tocols guarantee Pareto optimal outcomes? We are also particularly

interested in studying negotiation with partial knowledge. Although

a lot of research on negotiation with incomplete information has al-

ready been done, analysing this setting theoretically remains a chal-

lenge. Our model provides a starting point for creating a theoretical

model of negotiation with incomplete information in future work.
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Toward Addressing Collusion Among Human Adversaries
in Security Games

Shahrzad Gholami and Bryan Wilder and Matthew Brown and
Dana Thomas and Nicole Sintov and Milind Tambe1

Abstract. Security agencies including the US Coast Guard, the

Federal Air Marshal Service and the Los Angeles Airport police are

several major domains that have been deploying Stackelberg security

games and related algorithms to protect against a single adversary or

multiple, independent adversaries strategically. However, there are a

variety of real-world security domains where adversaries may ben-

efit from colluding in their actions against the defender. Given the

potential negative effect of these collusive actions, the defender has

an incentive to break up collusion by playing off the self-interest of

individual adversaries. This paper deals with problem of collusive

security games for rational and bounded rational adversaries. The

theoretical results verified with human subject experiments showed

that behavior model which optimizes against bounded rational adver-

saries provides demonstrably better performing defender strategies

against human subjects.

1 Introduction

Models and algorithms based on Stackelberg security games have

been deployed by many security agencies including the US Coast

Guard, the Federal Air Marshal Service, and Los Angeles Inter-

national Airport [12] in order to protect against attacks by strate-

gic adversaries in counter-terrorism settings. More recently, security

games research has explored new domain such as wildlife protection,

where planning of effective strategies is needed to tackle sustainabil-

ity problems such as illegal poaching and illegal fishing [3]. Most of

these previous works on security games assumes that different adver-

saries can be modeled independently [8]. However, there are many

real-world security domains in which adversaries may collude in or-

der to more effectively evade the defender. Three example domains

are:

i) Wildlife Protection Domain: International trade of illicit wildlife

products is growing rapidly and the most common types of il-

licitly traded wildlife products include elephant ivory, rhino horn,

tiger parts, and caviar. Biodiversity loss, species extinction, invasive

species introduction, and disease transmission resulting from illicit

wildlife trade can all have disastrous impacts on the environment.

Additionally, connections have been observed between illicit wildlife

trade and organized crime as well as terrorist organizations, and thus

activities such as poaching can serve to indirectly threaten national

security [16]. Different forms of collusion have been observed among

different groups of poachers. For example, these groups may coordi-

nate to reduce the cost for storage, handling, and transportation of

goods as well as to gain access to trade markets. This coordination

1 University of Southern California, Los Angeles, CA 90089

can result in overall higher levels of poaching and damage to the en-

vironment [15].

ii) Illegal Drug Trade: Due to an ever growing demand for drugs,

international organized crime syndicates have increased cooperation

in order to facilitate drug trafficking, expand to distant markets, and

evade local law enforcement [1]. In some cases, drug traders must

cooperate with terrorist organizations to send drugs through particu-

lar areas. More broadly, expansion of global transportation networks

and free trade has motivated cooperation between criminal organiza-

tions across different countries [11].

iii) Finance - ”rent-a-tribe” model: Authorities in the US attempt

to regulate payday lenders. These are lenders which offer extremely

high interest rates to low-income borrowers, who cannot obtain loans

from traditional banks. Recently, payday lenders have begun to oper-

ate in partnership with Native American tribes, which are exempt

from state regulations. In this domain, the defender (a regulator)

seeks a policy which prevents collusion between the adversaries

(payday lenders and Native American tribes) [6].

Despite mounting evidence of the destructive influence of collu-

sive behavior, strategies for preventing collusion have not been ex-

plored in the security games literature.

2 Background and Related Work

To better understand how humans make decisions regarding collu-

sion, the following frameworks and theories are helpful in analysing

the problem of collusive security game for rational and bounded ra-

tional adversaries.

Stackelberg Security Game model: The Stackelberg Security

Game model, introduced almost a decade ago, has led to a large

number of applications and has been discussed widely in the liter-

ature [12]. All of these works consider adversaries as independent

entities and the goal is for a defender (leader) to protect a set of tar-

gets with a limited set of resources from a set of adversaries (follow-

ers)2. The defender commits to a strategy and the adversaries observe

this strategy and each select a target to attack. The solution concept

for security games involves computing a strong Stackelberg equi-

librium which assumes that the adversaries maximize their own ex-

pected utility and break ties in favor of the defender. Security game

models where an adversary is capable of attacking multiple targets

simultaneously have been explored in [17]. To address cooperation

between adversaries, [5] introduced a communication network based

approach for adversaries to share their skills and form coalitions in

2 We use the convention in the security game literature where the defender is
referred as “she” and an adversary is referred to as “he”.
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order to execute more attacks. However, no previous work on se-

curity games has conducted behavioral analysis or considered the

bounded rationality of human adversaries in deciding whether to col-

lude in the first place.

We now introduce key behavioral models and concepts that are

useful for modeling and analyzing adversary behaviors in collusive

security games.

Quantal Response and Subjective Utility Quantal Response:
In real-world settings, human adversaries do not strictly maximize

their expected utility, rather, they choose strategies stochastically [9].

Quantal Response (QR) model is a solution concept based on the

assumption of bounded rationality. SUQR [10] has been proposed as

an extension to QR and is the model used in this paper to predict

the probability of attack at each target. In SUQR, subjective utility

replaces expected utility and is defined as a linear combination of

key domain features including the defender’s coverage probability

and the adversary’s reward and penalty at each target. These features

are assumed to be the most salient factors in the adversary’s decision-

making process.

Prospect Theory and Probability Weighting Functions: An-

other aspect of bounded rationality is the misperception by the adver-

sary of key factors that influence decision making. Prospect Theory

provides a descriptive model of how humans make decisions among

alternative choices in the presence of probabilistic risk [7, 14]. Ac-

cording to this model, individuals overestimate low probability and

underestimate high probability. Following this idea, literature in this

domain proposes parametric models which capture different non-

uniform weighting schemes including both inverse S-shaped as well

as S-shaped probability curves. Based on these curves, the adver-

saries perceive a modified coverage probability and this fact can be

exploited to the benefit of the defender. Human subject experiments

have been conducted for security games to test both bounded ratio-

nality and probability perception [8], but such work never considered

the type of collusive actions of concern in this paper.

Inequity Aversion Theory: Decisions regarding the interaction

between humans in strategic settings can be influenced by the rela-

tive advantage of participants. According to Inequity Aversion theory

humans are sensitive to inequity of outcome regardless of whether

they are in the advantaged or disadvantaged situation and they make

decisions in a way that minimizes inequity [4]. Inequity aversion has

been widely studied in economics and psychology and is consistent

with observations of human behavior in standard economic exper-

iments such as the dictator game and ultimatum game in which the

most common choice of people is to split the reward 50-50 [2]. Along

these lines and contrary to the theoretical predictions, the IA theory

also supports our experiments and analyses in security game domain.

Individualism Collectivism Analysis: Similarly, the personal at-

titudes and attributes of participants can also influence their interac-

tions in strategic settings. A key characteristic is the well-established

individualism-collectivism paradigm, which describes cultural dif-

ferences in the likelihood of people to prioritize themselves versus

their in-group. Specifically, those who identify as part of collectivis-

tic cultures, compared to people in individualistic cultures, tend to

identify as part of their in-groups, prioritize group-level goals, de-

fine most relationships with in-group members as communal, and are

more self-effacing. Individualism-collectivism can be reliably mea-

sured using psychometrically-validated survey instruments [13].

3 Conclusion
We introduced a type of security games involving potential collusion

among adversaries. Also we discussed the underlying frameworks

and theories that are helpful in understanding how human makes de-

cision regarding collusion in security games. Theoretical results ver-

ified by real human subject experiments showed that human adver-

saries are far from rational when deciding whether or not to collude

and human behavioral model that incorporates bounded rationality

of adversaries outperforms models assuming rational human adver-

saries.
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Detecting Communities Using Coordination Games : A
Short Paper

Radhika Arava 1 and Pradeep Varakantham2

Abstract. Communities typically capture homophily as people of

the same community share many common features. This paper is mo-

tivated by the problem of community detection in social networks,

as it can help improve our understanding of the network topology.

Given the selfish nature of humans to align with like-minded people,

we employ game theoretic models and algorithms to detect commu-

nities in this paper. Specifically, we employ coordination games to

represent interactions between individuals in a social network. We

provide a novel and scalable two phased algorithm NashOverlap to

compute an accurate overlapping community structure in the given

network. We evaluate our algorithm against the best existing meth-

ods for community detection and show that our algorithm improves

significantly on benchmark networks with respect to standard nor-
malised mutual information measure.

1 Introduction

In social networks like Facebook, Google+, there can be overlap in

user’s high-school friends’ circle and his university friends’ circle.

It is important to identify the overlapping community structure of a

social network, as it helps in understanding the network topology, the

spread of information, rumor in that network.

In this paper, we provide a novel, scalable two-phase algorithm

NashOverlap to compute the overlapping community structure of a

network. We evaluate our algorithm against the current state of the

art and we find that it works significantly better than the best existing

methods on the standard LFR benchmark networks [2]. To the best

of our knowledge, this is the first game theory based scalable over-

lapping community detection algorithm that can detect an accurate

community structure for a given social network.

2 Community Detection Problem

In a social network G = (V,E,w), V is the set of vertices and E is

the set of undirected edges that represents relationships between ver-

tices in the network and w : E 1→ R is the weight function on edges.

A community in a social network is a non-empty connected subset of

vertices with denser connections within themselves than with the rest

of the network. Formally, if Cj ⊆ V denotes a community j, then our

goal is to identify the community structure Γ = {C1, C2, . . . , Cr},

where
⋃

j Cj = V .

1 Nanyang Technological University,Singapore,email:radhika.arava@gmail.com
2 Singapore Management University,Singapore,email:pradeepv@smu.edu.sg

3 Algorithm NashOverlap
We design a novel two-phased algorithm NashOverlap to detect over-

lapping communities in a social network as illustrated in Figure (1).

Coordination Game 1

Coordination Game 2

Coordination Game k

.

.

.

Phase 1

G(V, E, w)

Phase 2

Intermediate 
Partitions

p(i,j)

Determine 
Community 
Closeness, p(i, C)

Enhance 
intermediate 
partitions 

Game with action 
space as Adjacent 
Communities

Community 
Structure

Figure 1. Algorithm: NashOverlap

3.1 First Phase
In this phase, we compute edge-closeness value p(i, j) for each edge

(i, j) and compute an intermediate partition of the network by solv-

ing k graph coordination games independently using local search.

Given a weighted network G(V,E,w), we formulate each game,

ζ1 = (V, (Si)i∈V , (ui)i∈V ), where V is the set of players, Si consti-

tutes the set of r (r ≥ 2) strategies for each player i and ui is the util-

ity function for each player i. Let si ∈ {1, . . . , r} denote the strategy

that player i chooses; then (si)i∈V defines a strategy profile of the

game. Let s−i denote the strategies of all the other players other than

i. Utility of a player i at a given strategy profile s = (si, s−i) is

given by

ui(si, s−i) =
∑

j:(i,j)∈E
si=sj

t(i, j) (1)

where tie-strength t(i, j) of an edge (i, j) is defined as:

t(i, j) = w(i, j) +
∑

k:(i,k)∈E
(k,j)∈E

(w(i, k) + w(j, k)) . (2)

We solve the above graph coordination game ζ1 using local search

in the following way. Initially, assign to each vertex i ∈ V , a strategy
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picked uniformly from Si. Pick a uniform random vertex-ordering

and each vertex i during its turn picks the strategy si ∈ Si, whichever

gives him the maximum utility.

This is repeated with the same vertex-ordering until game ζ1 con-

verges to a Nash equilibrium. We define edge-closeness value p(i, j)
of an edge as the proportion of k games in which its vertices choose

the same strategy at Nash equilibrium.

We now show that ζ1 is a potential game with the potential func-

tion Φ1 : {1, 2, . . . , r}|V | 1→ R that is defined as:

Φ1 =
∑

(i,j)∈E\Ec

t(i, j),

where Ec is the set of cut-edges.

Theorem 1 Φ1 is a weighted potential function.

We construct an intermediate partition which is the set of con-

nected components containing only edges with p(i, j) ≥ 0.95.

3.2 Second Phase
This phase takes care of the mistakenly identified edges in the in-

termediate partition of first phase using p(i, j) values and outputs a

stable overlapping community structure.

Definition 1 Given a vertex i and a community C, define the
community-closeness, p(i, C) as the sum of edge-closeness values
between i and C. That is,

p(i, C) =
∑

j:(i,j)∈E
j∈C

p(i, j).

Intuitively, a vertex is said to be adjacent to a community, if it

has any of its adjacent vertices in that community. If a vertex is not

adjacent to a community, its community-closeness to that community

is 0.

Consider a game ζ2 = (V, (Si)i∈V , (ui)i∈V ) where Si for each

vertex i is the set of all communities, ui is the sum of vertex i′s
community-closeness values to all its adjacent communities.

We solve this graph coordination game using local search. Pick

a random vertex-ordering and each vertex in its turn, computes its

community-closeness to each of its adjacent communities. The ver-

tex chooses to be a part of only those communities to which its

community-closeness is at least α times its maximum community-

closeness value, given that its utility increases with that decision. The

vertex-ordering is repeated, until the game converges to a Nash equi-

librium.

For a given overlapping community structure Γ, we shall duplicate

every vertex in each of its overlapping communities. Let Ci be the

set of communities of player i in a given overlapping community

structure Γ. So, we put a copy of vertex i in each of its communities

C ∈ Ci. Observe that if the community structure is not overlapping,

then Ci is of size 1 for each player i.
Let ζ2 be a potential game with potential function Φ2 :

{C1, C2, . . . , C|V |} 1→ R that is given by

Φ2 =
1

2
·
∑
i∈V
C∈Ci

p(i, C) (3)

Theorem 2 Φ2 is a weighted potential function.

α is a overlap parameter and lies in [0, 1]. If α = 1, the resulting

community structure has no overlap.

3.3 Discussion
We show that the games ζ1 and ζ2 always converges to a local opti-

mum. Though, the problem of computing the local optimum for all

these games is PLS-Complete, we can allow for minor changes in the

game parameters and show that we can compute a stable overlapping

community structure in linear time (linear in the number of edges).

For every network, given its community structure, mixing param-

eter μ is defined as the fraction of a vertex’s links that connect to

vertices sharing no communities. For fuzzier networks(μ > 0.5),

our algorithm is likely to converge to global optimum. However for

networks with μ < 0.5, our algorithm detects an accurate overlap-

ping community structure. We choose k = 100 and vary α in [0, 1]
for our experiments.

We compared the performance of our algorithm against current

best algorithms: CFinder [5], OSLOM [4], COPRA [1], SLPA [6]

with respect to a standard measure Normalized Mutual Informa-
tion [3] on networks with varying network sizes, community sizes,

overlapping membership and mixing parameter. NashOverlap out-

performed all the other algorithms, with respect to NMI measure in

all experimental settings. We provide results for a setting that is rep-

resentative of the comparison results observed over all the parameter

settings in Table 1.

om SLPA COPRA CFinder OSLOM NashOv
2 0.87444 0.95993 0.36046 0.97164 0.968639
3 0.79596 0.89308 0.3135 0.89679 0.94078
4 0.75394 0.80646 0.37866 0.82748 0.877891
5 0.692 0.74409 0.36277 0.76214 0.787768
6 0.65122 0.69011 0.32862 0.7129 0.727489
7 0.60913 0.64374 0.34251 0.66702 0.678984
8 0.56703 0.59485 0.34953 0.62428 0.63227

Table 1. Comparison of NMI measure for all algorithms on 5000 vertex
networks varying overlapping membership (om) from 2 to 8 and community

sizes in the range [20, 100] for μ = 0.5 and on = 10%.

We believe that these results along with the simplicity of our algo-

rithm can help in understanding the topology of networks efficiently.
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Pricing Options with Portfolio-Holding Trading Agents in
Direct Double Auction

Sarvar Abdullaev1 and Peter McBurney2 and Katarzyna Musial3

Abstract. Options constitute integral part of modern financial

trades, and are priced according to the risk associated with buying

or selling certain asset in future. Financial literature mostly con-

centrates on risk-neutral methods of pricing options such as Black-

Scholes model. However, it is an emerging field in option pricing

theory to use trading agents with utility functions to determine the

option’s potential payoff for the agent. In this paper, we use one of

such methodologies developed by Othman and Sandholm to design

portfolio-holding agents that are endowed with popular option port-

folios such as bullish spread, butterfly spread, straddle, etc to price

options. Agents use their portfolios to evaluate how buying or sell-

ing certain option would change their current payoff structure, and

form their orders based on this information. We also simulate these

agents in a multi-unit direct double auction. The emerging prices are

compared to risk-neutral prices under different market conditions.

Through an appropriate endowment of option portfolios to agents,

we can also mimic market conditions where the population of agents

are bearish, bullish, neutral or non-neutral in their beliefs.

1 Introduction

Option is the type of financial derivative that enables its holder (i.e.

owner) to buy or sell specified assets at certain future price to writer

(i.e. issuer) of the option. Holder of the option buys for an additional

cost (i.e option premium) determined by the market or the writer of

the option. On the other hand, the writer of the option sells by taking

future obligation to trade assets if holder chooses to exercise his right

to buy or sell. Option contract must specify the underlying asset to be

traded, its volume, strike price and expiration date. European options

can be exercised only on their maturity date, while American options

on any date until expiration. We will use only European options in

the scope of this paper.

Traders can take different positions with options of different mon-

eyness and create option portfolios which can align with their fore-

cast and at same time limit their loss in case if their forecast is

not true. Cohen counts more than 40 option portfolios and classi-

fies them based on their market direction (i.e. bullishness or bearish-

ness), volatility level, riskiness and gain [2]. Let us consider, butterfly

spread. This type of spread involves taking positions in options with

three different strike prices. In butterfly call spread, trader has an es-

timate that the price is not going to change sharply, so he wants to

stay neutral. He buys 2 call options: one ITM with low K1 and one

OTM with high K3. At the same time, he sells 2 ATM calls with K2,

where K2 is halfway between the range of K1 and K3. This spread

1 King’s College London, UK, email: sarvar.abdullaev@kcl.ac.uk
2 King’s College London, UK, email: peter.mcburney@kcl.ac.uk
3 Bournemouth University, UK, email: kmusialgabrys@bournemouth.ac.uk

leads to a profit if the asset price will not go far from its current spot

price. It will incur in fixed loss if the asset price changes sharply in

either directions. Butterfly spread can be created using put options as

well.

Pricing options is mostly based on Black-Scholes framework [1]

which values options from the perspective of no arbitrage assump-

tion. There is an analytical solution for finding the risk-neutral value

of the option. However, in agent-oriented approach, traders can have

different assumptions and pricing strategies (not necessarily risk-

neutral) based on their private utility functions. Gerber and Pafum

described risk-averse traders based on an exponential utility func-

tion which could produce a bid-ask spread around risk-neutral option

prices [3]. We will use Othman and Sandholm’s indifferent option

pricing method which takes into account agent’s inventory [7].

In this paper, we study how option prices may differ from the risk-

neutral prices if the traders come to the market already endowed with

some option portfolio. We developed an agent-based system which

uses direct double auction mechanism to run option traders. We used

inventory-based Logarithmic Market Scoring Rule (LMSR) option

trader developed by Othman and Sandholm [7] to enable the option

pricing based on the payoff structure of their current portfolio. We

endow the LMSR traders with commonly used option portfolios such

as bullish spread, bearish spread, butterfly spread etc. and run them

in our proposed mechanism. This allows us to set up different sen-

timent in the market such as more bullish traders (or more bearish

traders) and observe the resulted option prices in comparison to risk-

neutral price. We explain our key findings from this experiment.

2 Portfolio-holding Trading Agent

In prediction markets, the agents are allowed to change the market

maker’s payoff structure for a corresponding payment. For example,

if market maker is accepting bets for teams A and B on a football

match, and his current payoff structure is (300,200) meaning that

the aggregator has to pay $300 in total if team A wins, and $200

if team B wins. However one would like to bet on team A, and he

expects to receive $50 if his bet is achieved. The aggregator changes

his payoff structure to (350,200) by accepting the bet, and he also

needs to decide how he can charge the client for accepting his bet.

The most common method for evaluating the cost of accepting the bet

in prediction markets, LMSR [4] and it is defined as a cost function

for the vector of payoffs x = {x1, x2, . . . , xn} on the probability

space of events Ω = {ω1, ω2, . . . , ωn}:

C(x) = b log

(∑
i

exp(xi/b)

)
(1)
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where b > 0 is a liquidity parameter. The larger values of b produce

tighter bid/ask spreads, but may also incur larger worst-case losses

capped by b log(n) [8]. The agent who wishes to change the payoff

from x to y has to pay the difference between the costs C(y)−C(x).
In our above example, given that b = 100, the aggregator accepting

bets must charge the client C((350, 200)) − C((300, 200)) ≈ $39
for the bet.

The same principle can be used for the option trader who holds

a certain portfolio of options that generate certain payoff for differ-

ent asset price outcomes in future. The agent can virtually simulate

buying or selling particular type of option and compute the changes

it makes to its payoff structure. For example, let agent take butterfly

call spread with buying ITM call at strike K1 = 80 and OTM call

at K3 = 120, and selling 2 ATM calls at K2 = 100. We can com-

pute his discounted payoffs for the range of possible prices where

the asset price can end up at time T . Let this payoff structure be x.

Trader feels bullish and wants to buy one more call option at strike

K4 = 130, so his bid for buying an OTM option at K4 = 130 can be

computed from the difference of his payoff structures C(y)−C(x),
and in our particular case, it is $1.42 given that the liquidity param-

eter is b = 2500. We can also compute the Black-Scholes price of

such option given parameters T = 1, r = 0.05, S0 = 100, σ = 0.02
and it is $2.52. This would mean that the trader places a bid for given

OTM option less than its risk-neutral value.

3 Experimental Results

We have simulated the asset prices using the Geometric Brownian

Motion with a calibrated parameters according to the historic data

of NASDAQ-100 index in 2014. The daily mean drift is computed

as μ = 0.0007, and and the volatility is σ = 0.0089. The ini-

tial asset price is the same as NASDAQ-100 on 2 January 2014,

S0 = $3563.57, and it is ST = $3597.59 at the end of the year.

We also analyse option with strike $3563.00 which expires in one

year. We use only call options for the simulation, because put prices

can be directly computed from the call price using put-call parity
relationship. Mechanism simulates 365 trading days going up to the

point when the option expires. Because mechanism is direct, it clears

orders in one round and moves to the next trading day. Every trad-

ing day, the traders are re-instantiated with the same distribution of

portfolios so they do not remember their previous choices.

LMSR traders create a positive bid-ask spread, which forbids them

from trading if the market is uniformly populated with LMSR traders

holding the same portfolio. Therefore LMSR trader should be also

simulated in mixed groups each holding different set of portfolios,

and thus produce different prices. It is also important to note that

LMSR trader is deterministic in their pricing, because the only factor

which affects their pricing decision is their portfolio and fixed range

of events horizon that they use to compute their final payoff. There-

fore two LMSR traders holding the same portfolio produce same bids

or same asks. To make market more heterogeneous, I use multiple

option portfolios to mimic neutral, non-neutral, bullish and bearish

traders. Some of the option portfolios used are bearish spread, bullish

spread, butterfly spread, ladder, strangle straddle, strip, etc [5]. After

running several experiments with LMSR traders, we found out that

liquidity b = 100 provides reasonable range of bids and asks which

are likely to produce trades in the market. LMSR trader picks ran-

dom quantities between -2000 and 2000 while submitting orders, so

agent’s decision to buy or sell is uniformly distributed. The negative

quantities stand for asks, and the positive ones are bids.

Figure 1 shows the trade between neutral and non-neutral portfo-

lio holders. It can be seen that the prices are volatile around Black-

Scholes prices. This is explained using the deterministic nature of

LMSR traders. The whole market consists of 2 neutral LMSR traders

and 2 non-neutral LMSR traders who output all together 8 differ-

ent pricing quotes, 4 for bids and 4 for asks. Because mechanism

has very few choices to determine the clearing price among mostly

homogeneous quotes, the option price for each trading day differs

significantly. In the market of bearish traders as shown in Figure 2,

the call options are initially underpriced, as they are considered less

profitable for the traders expecting the drop in asset prices. However

the prices cross the risk-neutral price only after option lives the half

of its lifespan. This is because the payoff from the option becomes

more certain, as the asset prices continue to grow defying the bearish

belief of the trader.

Figure 1. Option prices with neutral
and non-neutral LMSR traders

Figure 2. Option prices with more
bearish LMSR traders

4 Concluding Remarks
In this paper, we simulated LMSR-based option trading agents in

direct double auction mechanism and were able to observe option

prices under different population of traders with bearish, bullish, neu-

tral and non-neutral portfolios. Our simulation results have shown

that pricing option via double auctions is a valid technique as the

obtained prices were close to risk-neutral solution if the market was

truly populated with traders having different beliefs. Moreover, we

saw that the neutral and the non-neutral traders create volatility as

their portfolios consist of opposite payoff structures. Also in more

bearish market population, the calls were initially underpriced un-

til the option reached half-way its maturity. This approach can be

further improved using other incentive compatible mechanisms such

as McAfee’s double auction [6] in future researches. Also the traders

can be more sophisticated in making buying/selling decisions instead

of randomly choosing either action.
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Efficient Semantic Tableau Generation for Abduction in

Yifan Yang 1 and Ricardo De Aldama 12 and Jamal Atif 2 and Isabelle Bloch 1

1 Introduction
Abduction is a backward chaining inference, finding the best ex-

planations of an observation with regard to a knowledge base in a

two-steps process: i) hypotheses generation, and ii) explanations se-

lection according to a minimality criterion. A propositional abduc-

tion problem P is a tuple 〈V,O, T 〉 [3], where V is a set of vari-

ables, T denotes the background knowledge of an application do-

main, O represents the observation, which is not directly entailed by

the knowledge base T �|= O, and H is a hypothesis of the problem

P if T ∪ {H} |= O.

Example 1
Let us consider V : {r, c, s, w, n, d}, O : {w ∧ d}, T =
{φ1, · · · , φ4} : φ1 = r → w, if it rains, the ground will be wet;
φ2 = s → w, when the sprinkler is on, the ground will be wet;
φ3 = c→ r ∧ d, if there are some heavy clouds, it will rain and get
dark; φ4 = n → d, during the night, it is dark. Potential explana-
tionsH can be c, r ∧ n, s ∧ n, r ∧ c, s ∧ c, and c ∧ n.

In our paper, we restrict O and H to be a conjunction of a set of

literals. A hypothesis is an explanation if it satisfies the consistency

(T ∪ {H} is consistent) and explanatory (H �|= O) conditions. Se-

mantic minimality is one of the important criteria in propositional

logic [5, 6] and Description Logics [2] to select the most general

explanations. H is a semantic-minimal explanation if there does not

exist an explanationH′ of P such that T ∪{H} |= H′. One concrete

algorithm to solve the propositional abduction problem, based on se-

mantic tableaux, is proposed in [1, 5] and [7]. In this paper, we focus

on improving the performance of the computation process of abduc-

tive reasoning in propositional logic by developing an optimized se-

mantic tableau method to find semantic minimal explanations for a

propositional abduction problem.

2 An optimized semantic tableau for propositional
logic

2.1 Optimized semantic tableau
Definition 2.1 (Relevant formula)

Given a literal l and a formula φ, φ is a relevant formula for l if l
appears in the normal form of φ. The set of relevant formulas for l is
denoted by J(l).

In Example 1, we have for instance J(r) = {c→ r ∧ d}.
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Definition 2.2 (And-Or semantic tableau)

Given a propositional abduction problem P = 〈V,O, T 〉, the And-
Or semantic tableau, denoted by TO(V,O, T ) (TO for short), is an
And-Or tree structure where an And-node (called rule node) consists
of a formula φ ∈ T or ¬O and an Or-node (literal node) consists of
a set of literals {li} derived from its parent rule node. The level of a
node is the distance from the root to this node.

Remark 1. The semantic tableau proposed in [1], denoted by TA, can

be represented as a special structure using And-Or semantic tableau,

denoted by T ′A: i) every literal node has a unique rule node as a child

and this rule node is not necessarily a relevant formula of its parent

literal node; ii) all the rule nodes appearing at the same level are iden-

tical formula; iii) all the rule nodes in the same branch are different

formulas.

2.2 Tableau construction and hypotheses
generation

We propose to construct a connected And-Or semantic tableau (de-

noted by TG) exhibiting hierarchical connection structures such that,

in contrast to the traditional tableau method, the construction process

involves only relevant formulas in the knowledge base iteratively and

intermediate hypotheses are generated in the node along with the de-

velopment of the tableau. TG is expanded step by step and termi-

nated when a sub-tableau is closed or no more relevant formulas can

be applied: i) level 0 is composed by the negation of the observa-

tion; ii) level 1 is composed by the union of negation of observation

literals (¬oi) by applying expansion rules; iii) an edge derived from

a rule node (φ) at level 2k to a literal node (a) at level 2k + 1 by

applying expansion rules is denoted by φ −→ a; iv) an edge derived

from a literal node (a) at level 2k + 1 to a rule node (φ) at level

2(k+1) is denoted by a ��� φ, where φ is a relevant formula of ¬a
(φ ∈ J(¬a)). The connected And-Or semantic tableau of Example

1 is shown in Figure 1. An intermediate hypothesis Hinter of an el-

ementary sub-tableau3 is the complement of the literals in the open

branches.

Definition 2.3 (Hypothesis model)
A hypothesisH of P is the conjunction of {Hk

inter|k ∈ {1, · · · , n}}
where {Hk

inter|k ∈ {1, · · · , n}} represents n terminal elementary
sub-tableaux in a simple sub-tableau4 of TO . The intermediate hy-
pothesis model M(Hinter) of a sub-tableau S consists of truth as-
signments of a set of literals {li}, where li is the complement of the
literal of an open branch or the literal of a closed branch in the leaf

3 An elementary sub-tableau is a two-level sub-tableau rooted in a rule node.
4 An And-Or semantic tableau is called simple if every literal node has at

most a unique child node.
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Figure 1. The tree-structure of the connected And-Or semantic tableau

method for Example 1.

nodes including S and its ancestors. This set represents the semantic
model of the intermediate hypothesis Hinter in the current elemen-
tary sub-tableau with respect to the ancestor elementary sub-tableau
Tl =

∧
i∈Il φi. A hypothesis model is the union of the intermediate

hypotheses models (M(H) =
⋃

k∈{1,··· ,n}M(Hk
inter)).

A resolved knowledge base is a knowledge base with supplemen-

tary formulas derived by applying resolution on the original one T ,

denoted by Tc. Tc is represented by formulas rewritten in disjunctive

normal form. For each literal li in M(H), we remove the conjunc-

tion containing its complement li in each formula. If one formula be-

comes an empty formula, the intermediate hypothesis is considered

as inconsistent. We choose one rule node among alternative children

nodes under each literal node, and the conjunction of the comple-

ments of all leaf literal nodes is one potential hypothesis.

In the exploration part, we update the initial explanation set once

a new elementary sub-tableau is added in the tableau. The interme-

diate hypothesis model of this elementary sub-tableau is compared

with the one in the hypotheses set. When M(Hinter) ⊆ M(H)
is satisfied, the new elementary sub-tableau will be considered as a

candidate to construct a hypothesis.

In Example 1, the initial hypotheses are s∧n, s∧c, r∧n and r∧c.
When the elementary sub-tableau associated with φ3 = ¬c∨(r∧d)
is added below φ1 = ¬r ∨ w, c is a new intermediate hypothesis.
Therefore, a new explanation is a conjunction of the literal set ob-
tained by replacing r by c in the initial hypothesis literal set {r, c}.
The new explanation is c.

2.3 Soundness and completeness
Proposition 2. The connected And-Or semantic tableau (TG) and
the semantic tableau proposed in [1] (TA) provide the same sets of
minimal hypotheses.

Sketch of the proof : The proof relies on the following steps. We

first show that TG can be obtained from T ′A by a sequence Φ of

transformations, combining deletion of branches that would lead to

inconsistencies (closed branches), and “cut and paste”, which con-

sists in moving a semi-closed sub-tableau closer to the root of the

tableau. We then prove that Φ(T ′A) and T ′A provide the same sets of

hypotheses. Finally we prove that Φ(T ′A) and TG provide the same

sets of hypotheses.

3 Experimental evaluation
In this section, we present an empirical study to compare the com-

putational cost of the proposed optimized semantic tableau with the

algorithms in [1] and [4]. The theories used in our experiments to

compare with semantic tableau method in [1] are generated in 3-CNF

using a random generator5. The experiments are carried out by vary-

ing the number of formulas in the theory (namely for 10, 15 and 20

formulas). As evidenced in Table 1, our optimized semantic tableau

based abduction has a significantly lower computation time for all

the experiments compared to the semantic tableau method in [1].

Number of formulas 10 15 20
mean value (TA) 999.64 3147.23 21435.59

std. deviation (TA) 1083.80 2916.39 90244.14
mean value (TG) 2.61 4.58 8.50

std. deviation (TG) 4.29 7.24 13.63

Table 1. Computation cost of the two semantic tableau methods by varying

the number of formulas in the theory.

The comparison between the semantic tableau method with the

other abduction approaches using the diagnosis benchmark in [4]

and Example 1 is shown in Table 2. The proposed method is com-

petitive for the simple example presented in Example 1. However,

the computation time increases along with the number of formulas in

the theory. In the second example, the methods evaluated in [4] are

more efficient. However, some explanations (c) are ignored for this

example and the employed subset minimality is less restricted than

semantic minimality.

Example (in ms) TA TG ATMS HS-DAG MUS
Example 1 713 7 8 9 13

Diagnosis Horn theory out of memory 85 17 17 30

Table 2. Computation time of all the methods.

Acknowledgements: This work has been supported by the French

ANR project LOGIMA.

REFERENCES
[1] A. Aliseda-Llera, Seeking explanations: abduction in logic, philosophy

of science and artificial intelligence, Ph.D. dissertation, University of
Amsterdam, 1997.

[2] S. Colucci, T. Di Noia, E. Di Sciascio, F. M. Donini, and M. Mongiello,
‘A uniform tableaux-based approach to concept abduction and contrac-
tion in ALN ’, in 17th International Workshop on Description Logics
(DL), volume 104, pp. 158–167, (2004).

[3] Nadia Creignou and Bruno Zanuttini, ‘A complete classification of the
complexity of propositional abduction’, SIAM Journal on Computing,
36(1), 207–229, (2006).

[4] R. Koitz and F. Wotawa, ‘Finding explanations: an empirical evaluation
of abductive diagnosis algorithms’, in International Workshop on Defea-
sible and Ampliative Reasoning (DARe-15), pp. 36–42, (2015).

[5] M. C. Mayer and F. Pirri, ‘First order abduction via tableau and sequent
calculi’, Logic Journal of IGPL, 1(1), 99–117, (1993).

[6] Gabriele Paul, ‘Approaches to abductive reasoning: an overview’, Artifi-
cial Intelligence Review, 7(2), 109–152, (1993).

[7] F. Soler-Toscano, A. Nepomuceno-Fernández, and A. Aliseda-Llera,
‘Abduction via C-tableaux and δ-resolution’, Journal of Applied Non-
Classical Logics, 19(2), 211–225, (2009).

5 Note that the generated inconsistent theories are not considered in our ex-
periments.

Y. Yang et al. / Efficient Semantic Tableau Generation for Abduction in Propositional Logic 1757



Case-Based Classification
on Hierarchical Structure of Formal Concept Analysis

Qi Zhang and Chongyang Shi and Ping Sun and Zhengdong Niu1

Abstract. We propose a novel Hierarchical CBC model (HCBC)

based on Formal Concept Analysis (FCA). Firstly, Concept Lattice

(CL), the hierarchical and conceptual structure in FCA, is adopted

to represent cases. Thus a novel dynamic weight model is proposed

from CL to measure similarities between cases and concepts. Then

the similarity metric is applied to retrieve the top-K similar concepts

which are used to vote for adaptive solutions for new cases by ma-

jority voting in case adaption. Experiments show our model shows

good performance in terms of accuracy and outperforms the other

classification methods.

1 INTRODUCTION

Case-Based Classification is a lazy methodology, aiming at retriev-

ing similar situations to adapt solutions for new problems from the

retained knowledge base through four stages, i.e. retrieval, reuse, re-

vision and retention. Similarity assessment and case adaption are cru-

cial to improve the performance of CBC. However, most similarity

measures in CBC focus on surface features, which are provided as

part of descriptions of cases and typically represented using attribute-

value pairs [4]. Structural representations and Structural similarities,

facilitating retrieving more relevant cases, are seldom considered.

Besides, most existing structural representations rely on extensive

domain knowledge, increasing computational expense and time com-

plexity [4]. In this paper, we adopt CL in FCA [9] to represent cases

in hierarchical conceptual clusters. In CL, all concepts are formed

by naturally clustering of objects and attributes, indicating that CL

is free of extend domain knowledge and shows implicit relevance a-

mong cases. Based on the hierarchical structure, a dynamic weight

function for attributes is proposed to measure structural similarity,

which is applied to searching the top-K similar concepts in retrieval

stage. Actually, the structural similarity distinguishes HCBC from

the existing FCA-based CBCs such as Frequency-weighted CBC

(FCBC) in [5] where the extra information of the hierarchy and rela-

tion among concepts, facilitating similarity assessment, are not con-

sidered. Finally, the selected concepts vote for the final classifica-

tion by majority voting, and the classified cases are retained and ap-

plied to update the CL. Experimental results on UCI data sets report

HCBC achieves better performance in terms of accuracy than other

well-known classification algorithms on categorical data.

2 PRELIMINARIES

Definition 1 A formal context K is a triplet (G,M, I), where G and
M denote nonempty, finite object set and attribute set respectively,

1 Beijing Institute of Technology, China, email: {zhangqi cs, cy shi, Peg-
gy4Sun, zniu}@bit.edu.cn, Chongyang Shi is the corresponding author.

and I is a binary relation of G and M , i.e. I ⊆ G×M . For g ∈ G,
m ∈ M , (g,m) ∈ I denotes that object g has attribute m.

Definition 2 In formal context K = (G,M, I), with X ⊆ G and
B ⊆M , a pair of dual operators is defined below:

X∗ = {m ∈ M | (g,m) ∈ I, ∀g ∈ X}, (1)

B
′
= {g ∈ G | (g,m) ∈ I, ∀m ∈ B}. (2)

Definition 3 For K = (G,M, I), a pair C = (X,B) with X ⊆ G

and B ⊆M is called a formal concept if X∗ = B and B
′
= X . X

and B is respective the extent and intent of the concept. L(G,M, I)
denotes the set of all concepts and is called concept lattice.

Thus, both (X∗′ , X∗) and (B
′
, B

′∗) are formal concepts. For-

mal concepts are generated by clustering cases through maximum

inclusion between attribute set and object set, i.e. the dual operators.

Concept lattice is a complete lattice and organized by a partial order

≤ given by: if (X1, B1), (X2, B2) ∈ L(G,M, I),

(X1, B1) ≤ (X2, B2)⇔ X1 ⊆ X2(B1 ⊇ B2). (3)

If any concept (X3, B3) has (X1, B1)≤ (X3, B3)≤ (X2, B2),
then (X1, B1) = (X3, B3) or (X2, B2) = (X3, B3). We denote

(X1, B1) ≺ (X2, B2).
The partial order organizes all concepts in a hierarchical structure,

indicating concept lattice is informative that it depicts the generaliza-

tion/specialization relationship between concepts.

3 HIERARCHICAL CASE-BASED
CLASSIFICATION

This section firstly introduces some new definitions in CL. Then the

weight model is proposed for similarity assessment. Afterwards, we

introduce the workflow of HCBC.

Definition 4 In concept lattice L(G,M, I), concept CT which sat-
isfies: ∀(X,B) ∈ L(G,M, I), (X,B) ≤ CT is defined as top con-
cept. (G,Φ) is the unique top concept in L(G,M, I).

Definition 5 For ∀(X,B) ∈ L(G,M, I), then
L↓(X,B) = {C | C ≤ (X,B), C ∈ L(G,M, I)}. (4)

(L↓(X,B),≤) is called Down Induced Lattice (DIL).

L↓(m) forms a lattice that aggregates all concepts whose attribute

sets contain m. L↓(m) helps to compute the frequencies of attributes

in concept lattice by its cardinality.

Definition 6 For Ci, Cj , Ck ∈ L(G,M, I): if Ci ≤ Cj ,

H(Ci, Cj) =

⎧⎪⎨⎪⎩
0, if Ci = Cj ,

1, if Ci ≺ Cj ,

min(H(Ci, Ck) +H(Ck, Cj)), if Ci ≤ Ck ≤ Cj .

H(Ci, Cj) computes the minimal difference of hierarchies be-

tween concepts Ci and Cj . It reflects and quantizes generaliza-
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tion/specialization relation of concepts. Based on hierarchy measure

and induced lattice, a novel weight metric for attributes is defined.

Definition 7 (Weight Metric) For C = (X,B) ∈ L(G,M, I) and
m ∈ B, weight of attribute m in concept C is defined below:

w(C,m)=log
|L|

|L↓(m)| ∗
H([m], CT )+H(C, [m])+1

H(C, [m]) + 1
. (5)

|L| and |L↓(m)| are cardinalities of the corresponding lattices.

[m] is short for (m
′
,m

′∗). In the metric, the logarithm part expresses

that the more concepts contain an attribute, the less important the

attribute is in similarity assessment. The fraction derives from the

hierarchical relation and reflects structural relevances of concepts.

The weight metric is applied in the similarity metric that is given by:

Definition 8 (Similarity Metric) Let C = (X,B) and C ∈ L, A
is attribute set of a new problem or a case. Then similarity metric
between concept C and the new case is defined below:

S(C,A)=

∑
m∈A∩B

J(C,m)∑
m∈A∩B

J(C,m)+ 1
2

∑
i∈A−B

J(C, i)+ 1
2

∑
j∈B−A

J(C, j)
. (6)

m, i and j are attributes and J(C,m) is shown below:

J(C,m) =

⎧⎨⎩w(C,m), if m ∈ B,
1
|B|

∑
m∈B

w(C,m), if m /∈ B. (7)

It is clear that 0 ≤ S(C,A) ≤ 1 and S(C,A) = 1 if the attribute

sets of the new case A and concept C are the same. The higher val-

ues the metric reaches, the more relevant the concept is to the new

case. The metric is applied to retrieve top-K most similar concept in

HCBC. Next we will introduce the workflow of HCBC below:

1. Generate formal context by conceptual scale [2], then construct

CL to represent cases.

2. Retrieve the top-K similar concepts with the targeted new case

by the proposed similarity metric.

3. Adapt an optimal solution for the new case by majority voting.

4. Retain the resolved cases and update the concept lattice by an

incremental construction algorithm, Godin [3].

Since formal context is binary-valued, conceptual scale is adopt-

ed to transform multi-value data to binary formal context. To built

CL, we apply the incremental algorithm, Godin, which incremental-

ly constructs CL by generating new concepts and updating the old

concepts. Then all concepts in CL are scanned to search the top-K

similar concepts which are greatly influenced by similarity metric.

Solutions or labels from the selected concepts are usually not iden-

tical, and it is more difficult to obtain the adaptive solutions from

concepts than from cases. Thus we adopt majority voting to get the

final solutions to resolve the new case which will be reserved to up-

date the CL and facilitate solving next new cases.

4 EXPERIMENTS AND CONCLUSION
This section evaluates HCBC in term of accuracy on UCI data sets

in which Spect and Monk problems are binary classification prob-

lems, and Car, Zoo, Balance and Hayes are multi-class problems.

Experiments were conducted under Leave-One-Out cross validation

in comparison with other excellent classification methods: k-Nearest

Neighbour (kNN) [1], Sequential Minimal Optimization (SMO) [7]

and C4.5 [8], Naive Bayes (NB) [6] and FCBC. We selected k = 4 in

both kNN and HCBC, and the recommended settings from the corre-

sponding authors are adopted for the others. The accuracy results are

shown by percentages in Table 1. The best results of each data set are

highlighted in bold. Thus, comments summarize below:

Table 1. Accuracy results of all the classification methods.

Datasets KNN SMO C4.5 NB FCBC HCBC

Car 93.69 93.69 96.99 85.65 89.06 94.62
Zoo 94.06 96.04 91.1 94.06 92.38 95.05
Balance 85.76 90.56 78.08 92.16 78 88.32
Hayes 67.5 83.13 83.75 87.5 83.94 90.63
Spect 79.4 80.9 84.64 79.4 80.45 84.64
Monk-1 100 75 100 75 82.64 100
Monk-2 59.49 67.13 97.22 67.13 67.13 87.27
Monk-3 100 100 100 97.22 91.67 100
Average 84.99 85.81 91.34 84.76 83.16 92.57
Avg. Ranking 3.63 2.9 2.5 4.5 3.75 1.63

1. It is clear that HCBC has the highest average accuracy and

ranks the topmost, which reportd that HCBC performs much

better than the other methods overall.

2. It is observed that HCBC achieves much better results on the

binary classification problems than the others and has compa-

rable performance on the multi-class problems with the others.

3. HCBC shows all-sided advantages over FCBC and better per-

formance than kNN, indicating our proposed similarity mea-

sure and adaption strategy are effective in CBC.

In conclusion, we have proposed hierarchical case-based classifi-

cation based on concept lattice in FCA. The HCBC method combines

similarity metric based on a novel dynamic weight model and major-

ity voting to obtain adaptive solutions. It shows better classification

performance than the selected methods. In future, the performance

of HCBC on numeric data will be investigated and efficient retrieval

algorithms are to be implemented.
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Stochastic Area Pooling for Generic Convolutional
Neural Network

Zhidong Deng1 and Zhenyang Wang2 and Shiyao Wang3

Abstract. This paper proposes a novel SAPNet model that incorpo-

rates a stochastic area pooling (SAP) method with a generic stacked

T-shaped CNN architecture. In our SAP method, pooling area is ran-

domly transformed and max pooling operation is then conducted

on such areas, which are no longer regular identical fixed upright

squares. It can be viewed as feature-level augmentation, substan-

tially reducing model parameters while keeping generalization abil-

ity of CNN almost unchanged. Furthermore, we present a generic

CNN architecture that structurally resembles three stacked T-shaped

cubes. In such architecture, the number of kernels in convolutional

layer preceding any pooling layer is doubled and all learnable weight

layers are combined with batch normalization and dropout with a

small ratio. Finally, on CIFAR-10, CIFAR-100, MNIST, and SVHN

datasets, the experimental results show that our SAPNet requires

fewer parameters than regular CNN models and still achieves supe-

rior recognition performances for all the four benchmarks.

1 Introduction
Data augmentation is a simple and useful way to improve recogni-

tion and generalization capabilities of CNN. It can help expand data

space and further enhance diversity of input images. In this paper, we

take advantage of such idea to feature-level augmentation to explore

expansion on feature map space. Accordingly, we propose a novel

stochastic area pooling (SAP) to improve feature representation ca-

pabilities of CNN. Instead of pooling on fixed pooling areas, pooling

areas in our SAP method could be randomly translated, scaled, and

rotated with a fluctuation. Jaderberg et al. [3] introduce similar idea

in their spatial transformer network, which is to transform the in-

put feature map. The difference is that the transformations in spatial

transformer network are a deterministic function of the input and the

transformation parameters and are explicitly optimized over, while

the transformations in our SAP method are randomly drawn from

pre-specified distributions that are not optimized over. In particular,

Jaderberg et al.aim at generating scale and rotation invariance fea-

tures by introducing an addition learning-based spatial transformer

network, which requires a large amount of parameters and computa-

tional cost. SAP, however, plays the role of feature-level augmenta-

tion, having only a little extra computational burden.

Meanwhile, aiming to simplify the design procedure of new con-

volutional models, we present a generic CNN architecture that struc-

turally looks like three stacked T-shaped cubes. In such architecture,

1 State Key Laboratory of Intelligent Technology and Systems, Tsinghua
National Laboratory for Information Science and Technology, Department
of Computer Science, Tsinghua University, Beijing 100084, China, email:
michael@tsinghua.edu.cn

2 Tsinghua University, email: crazycry2010@gmail.com
3 Tsinghua University, email: sy-wang14@mails.tsinghua.edu.cn

the number of kernels in convolutional layer just preceding any pool-

ing layer is doubled to overcome representational bottleneck [8]. All

learnable weight layers are embedded with regularization of batch

normalization, ReLU, and dropout with a small ratio of 0.1. Actually,

all SAPNets with different convolutional kernel sizes have the same

structures and similar parameter settings, which are demonstrated to

be stable, reliable, and efficient.

2 SAPNet Method
2.1 SAP Layer
SAP consists of the two consecutive steps: area selection and pool-

ing operation. As the first step, a pooling area is generated using ran-

dom affine transformation. Second, regular pooling operations such

as max or average pooling are conducted on such randomly trans-

formed areas, thus giving rise to output of SAP layer.

Instead of regular pooling on fixed square, the random pool-

ing area of SAP is transformed by an affine mapping as shown

in Figure 1(a).Suppose that θ denotes angle of rotation, [cx, cy]
coordinates of a center point, [ox, oy] a shift vector, and [sx, sy]
scaling factors. Consequently, we form a 7-tuple of parameters

{θ, cx, cy, ox, oy, sx, sy} so as to express such an affine transform,

i.e., [
x′

y′

1

]
=

[
sx cos θ sy sin θ tx
−sy sin θ sx cos θ ty

0 0 1

][
x
y
1

]
(1)

tx = cx(1− sx cos θ)− cysy sin θ + ox (2)

ty = cx(1 + sy sin θ)− cysx cos θ + oy (3)

Actually, pooling area in SAP is produced by assigning a random

distribution to each parameter. The Gaussian distribution that each

parameter must satisfy is given below,

θ ∼ N(0, σθ), (4)

cx, cy ∼ N(0.5d, σc) (5)

sx, sy ∼ N(1, σs) (6)

where standard deviations σθ , σc and σs are called hyper-parameters,

which should be pre-specified before training, and d indicates the

height or width of incoming feature map.

Note that pixels within random pooling areas are usually trans-

formed onto non-integral boundaries. Thus bilinear interpolation is

required before pooling operation.

During every forward pass, a set of different affine transformation

parameters are randomly produced via Equations (4), (5), and (6).
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(a) Pooling areas of SAP randomly transformed (b) Three stacked T-shaped cubes

Figure 1. Schematic diagram of stochastic area pooling for generic CNN architecture with three stacked T-shaped cubes.

After that, these transformation parameters or the resulting pooling

areas in the SAP layer remain unchanged and are not optimized over

during either forward pass or back-propagation. Sequentially, max

pooling is then done on such areas. Apparently, our SAP layer has

the same forward and backward pass as that for regular CNNs with

max pooling except for transformed pooling area.

In the test phase, we set the standard deviations of parameters

σθ = 0, σc = 0 and σs = 0 for the SAP layers, which means that

we employ the same fixed upright pooling squares as that of regular

pooling method.

2.2 Generic Stacked T-shaped CNN Architecture
In addition to pooling strategies, design of CNN architecture is also

crucial to improvements in capabilities of hierarchical feature repre-

sentation. Basically, this used to be an empirical trick. In this paper,

we deliberately design a generic CNN architecture that structurally

looks like three stacked T-shaped cubes (in Figure 1(b)), together

with two SAP layers as separator. Note that the number of kernels in

the convolutional layer preceding each pooling layer is always dou-

bly expanded. We call such a general model as SAPNet. Specifically,

every SAPNets comprises three ensembles, each of ensembles con-

taining three convolutional layers, and one softmax layer. A total of 9

convolutional layers are separated by two SAP layers and one global

average pooling layer.

In SAPNet, all convolutional layers have small receptive field of

3 × 3 with padding of 1 so as to preserve spatial resolution. In two

SAP layers, we take 2× 2 initial pooling areas with stride of 2. Fol-

lowing the last convolutional layer, one global average pooling is

adopted. Similarly, we exploit a softmax layer as final output. Addi-

tionally, all learnable weight layers are embedded with regularization

of batch normalization (BN), ReLU nonlinearity, and dropout with a

small ratio of 0.1.

3 Experimental Results
We evaluated our approach on CIFAR-10, CIFAR-100, MINST, and

SVHN datasets. The experimental results (Table 1) show that our

SAPNet requires fewer parameters than regular CNN models. Our

SAPNet yields a state of the art test error of 5.57% on CIFAR-10

with data augmentation. On CIFAR-100, the SAPNet-64 achieves

a test error of 27.59%. On MNIST, the SAPNet with 0.76 million

parameters receives the best result of 0.29%. Our SAPNet obtains a

test error of 1.71% on SVHN benchmark, which is ranked second in

all the existing machine learning models.

Table 1. Comparison with existing models on CIFAR-10, CIFAR-10 with
data augmentation, CIFAR-100, MNIST, and SVHN.

Model CIFAR-10 CIFAR-10+ CIFAR-100 MNIST SVHN
Maxout [2] 11.68 9.38 38.57 0.45 2.47
NIN [7] 10.41 8.81 35.68 0.47 2.35
DSN [5] 9.69 7.97 34.57 0.39 1.92
RCNN [6] 8.69 7.09 31.75 0.31 1.77
Tree+Max-Avg [4] 7.62 6.05 32.37 0.31 1.69
ELU-Network [1] 6.55 - 24.28 - -
SAPNet 6.36 5.57 27.59 0.29 1.71
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Hole in One: Using Qualitative Reasoning for Solving
Hard Physical Puzzle Problems

Xiaoyu Ge1 and Jae Hee Lee2and Jochen Renz1 and Peng Zhang1

Abstract. The capability of determining the right sequence of phys-

ical actions to achieve a given task is essential for AI that interacts

with the physical world. The great difficulty in developing this capa-

bility has two main causes: (1) the world is continuous and therefore

the action space is infinite, (2) due to noisy perception, we do not

know the exact physical properties of our environment and therefore

cannot precisely simulate the consequences of a physical action.

In this paper we define a realistic physical action selection prob-

lem that has many features common to these kind of problems, the

minigolf hole-in-one problem: given a two-dimensional minigolf-

like obstacle course, a ball and a hole, determine a single shot that

hits the ball into the hole. We assume gravity as well as noisy per-

ception of the environment. We present a method that solves this

problem similar to how humans are approaching these problems, by

using qualitative reasoning and mental simulation, combined with

sampling of actions in the real environment and adjusting the inter-

nal knowledge based on observing the actual outcome of sampled

actions. We evaluate our method using difficult minigolf levels that

require the ball to bounce at several objects in order to hit the hole

and compare with existing methods.

1 INTRODUCTION
One of the grand visions of Artificial Intelligence is to build robots

with similar everyday capabilities as humans, who can live among us

and assist us with many of our daily tasks. To progress towards more

capable and more human-like robots, we need to develop methods

and technology that allow robots to successfully interact with their

environment. When we humans are faced with a “physical action
selection problem”, i.e., a problem that requires selecting a physical

action that achieves the desired goal, we are very good at coming

up with a qualitative solution and with a qualitative prediction of the

consequences of an action. We have selected one particular physical

action selection problem that is an actual real-world problem and that

covers many common aspects of physical action selection problems.

We call our problem the “Hole-in-One” problem in reference to the

problem in mini golf of identifying and executing a shot that sinks the

ball with this single shot. Variants of the hole-in-one problem occur

frequently, not just in mini golf, in Pachinko, in pool billiard, curling

or in a multitude of physics-based video games such as Angry Birds,

but also in many everyday situations.

What these problems have in common is that the selected action

can be one of infinitely many possible force vectors. Once a force

vector is given and the physical properties of all objects and the en-

vironment are exactly known, it is possible to compute the exact tra-

1 ANU, Australia, email:{xiaoyu.ge,jochen.renz,p.zhang}@anu.edu.au
2 QCIS, FEIT, UTS, Australia, email:jaehee.lee@uts.edu.au

jectory of the ball and to see if that force vector solves the problem.

However, we have to identify a force vector out of infinitely many

possibilities that solves the problem. While a geometrical or analyt-

ical solution of these problems is typically not possible if the obsta-

cle course is non-trivial, humans are very successful in solving these

kind of problems. These problems become even harder to solve when

we do not know the exact physical setting. We often only know what

we can see and our perception is thus the limiting factor in what we

know about the physical setting. Because of the uncertainty about the

physical environment, potential solutions to the problem need to be

executed in the actual environment before we can be sure that it is a

solution. If it is no solution, we need to find ways of adjusting it so

that it will eventually lead to a solution.

There are two key research streams in reasoning about physical

systems, namely qualitative physical reasoning [2] and simulation-

based reasoning [1]. The main advantage of qualitative reasoning is

that it can rapidly draw useful conclusions from incomplete informa-

tion [3]. [5] proposed a framework for reasoning about the motion

of a 2D ball by qualitative simulation. While most of the previous

work focuses on representing physical systems and describing (or

predicting) consequences of actions, our method is solving a consid-

erably harder problem as it has to find applicable actions from the

infinite action space. In robotics, there has been extensive research

on motion planning [8] or manipulation planning [4]. [9] developed

a framework aiming at combining learning and planing and employ-

ing qualitative reasoning and linear temporal logic. There has been

some work [7] on teaching robots to play mini golf.

In this paper we propose a solution to this problem: by a combina-

tion of qualitative reasoning and mental simulation as well as through

a repeated process of limited sampling in the actual environment, ob-

servation of the consequences and adjusting our mental simulation.

Using our proposed method, we are able to solve even very compli-

cated instances of the hole-in-one problem. An extended version of

this paper is available [6].

2 MODELING AND SOLVING HOLE-IN-ONE

We choose the following idealisation of the physical environment,

which is often used in physics puzzle games: 1. The environment is a

restricted 2D plane. 2. Objects are 2D rigid bodies with polygonal or

circular shape. 3. There is a uniform downward gravitational force.

4. Object movements and interactions obey Newtonian physics. 5.

Physics parameters of objects and the environment remain constant.

We call this environment PHYS2D. An instance of PHYS2D is a

tuple 〈E,O,P,T〉, where E is the restricted plane where the objects

are located, O a finite set of static rigid objects O, each of which

has a shape, a location, an angle and a type, P is a set of physics
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(a) (b)

Figure 1: (a) Illustration of the problem domain in this paper. The

green region is the target location H and the solid red circle is the ball

B. An identified solution is shown. (b) Triangulation of the scenario

parameters that hold in the environment, such as gravity, and T is

a set of object types and their respective physics properties such as

mass and friction, or whether the object can move after being hit

or remains static. We assume that all objects are initially static and

stable under gravity. A physical action can be applied to an object O
by exerting an impulse at a certain position p of the exterior boundary

of O. An impulse is defined as a pair (θ, μ) where θ ∈ [0, 2π) is the

direction and μ ∈ [0, μmax] the magnitude of the impact. μmax is the

maximal magnitude allowed in the environment, both θ and μ are

continuous. In this paper we assume there is only one start object

and one goal region. We call this physical action selection problem

the Hole-in-One problem.

Definition 1. (Hole-in-One) Instance: An instance of Hole-in-
One (see Fig. 1a for an example) is a tuple 〈E,O,P,T, B,H〉,
where we use a scenario of PHYS2D and determine a ball B ∈ O
as the start object and H as the target hole, a polygon in E with a

given location. Solution: A solution is a physical action applied to

an object B such that B is delivered to the hole H as a consequence

of the putt. To simplify the problem, we fix p to be the centroid of B.

The Hole-in-One problem distinguishes itself from common AI

planning problems in that its search space is infinite and in particular

the action space is continuous: Infinitely many different actions can

allow an object to take infinitely many different paths. We propose

the following method to solve this problem:

• As input scenario, we take the information about the physical en-

vironment that we obtained through potentially noisy perception.

• We first partition the free space of the given scenario into finitely

many triangular zones (Fig. 1b).

• We defined qualitative rules that describe the physics that gov-

ern the transition of moving objects between the triangular zones.

We use these rules to generate sequences of qualitative transitions

between zones that coincide with potential real paths a moving

object can take to achieve the goal. We call such a sequence a

qualitative path.

• Once all qualitative paths are determined, we rank them by their

likelihood of being realized, before we try to realize them.

• We now use a physics simulator that approximates the environ-

ment based on our input scenario to search for physical actions

that realize the qualitative paths in their ranked order, i.e., actions

that allow objects to follow the qualitative paths.

• The solutions we obtain here are not necessarily solutions in the

real environment. Therefore, whenever we obtain a solution in our

simulator, we immediately apply the solution to the real environ-

ment and see if it works. If it does not lead to a real solution, we

adjust the object information in our simulator before we continue

with the previous step. we will not adjust the triangulation or the

qualitative paths when we adjust objects in our simulator.

3 EVALUATION
We evaluated our method in a virtual environment simulated by

the Box2D (www.box2d.org) physics engine. The method also uses

Box2D for its internal simulation with an incomplete knowledge of

the environment. We perturb the visual input to the internal simula-

tion by rotating each object at an angle sampled from a zero mean

Gaussian. We created 72 mini-golf scenarios. The scenario designs

are inspired by the game levels of a popular video game of mini-golf
3. We compare our method with a solver (SG) which uses a goal-

oriented sampling strategy. The sampling strategy of SG is similar

to the one used in [9] that adjusts actions according to the distance

between the final position of the ball and the target destination. Our

method outperforms SG in all the scenarios. SG is less efficient be-

cause there could be many local optima in a problem. By contrast,

our method can detect more different types of solutions (if there are

any), which helps to avoid these local optima. Qualitative reasoning

and triangulation can be achieved efficiently; it takes on average 4

seconds to generate qualitative paths based on a triangulation with

around 60 zones. As the noise level increases, our method can still

detect and realize qualitative paths that lead to the goal. Such quali-

tative paths have similar bounce sequences as their counterparts de-

rived from perfect triangulation. Further details can be found in [6].

4 CONCLUSION
We studied a realistic problem that contains some of the essential

components AI needs to successfully interact with the real world: be-

ing able to predict the consequences of physical actions and to select

a physical action out of an infinite number of actions that achieves a

specified goal. The proposed method involves a combination of qual-

itative reasoning and internal simulation together with testing pro-

posed actions in the real environment and, if necessary, adjusting our

internal knowledge based on the new observations.
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Relational Grounded Language Learning
Leonor Becerra-Bonache1 and Hendrik Blockeel2 and

Marı́a Galván1 and François Jacquenet1

Abstract. In the past, research on learning language models mainly

used syntactic information during the learning process but in recent

years, researchers began to also use semantic information. This pa-

per presents such an approach where the input of our learning al-

gorithm is a dataset of pairs made up of sentences and the contexts

in which they are produced. The system we present is based on in-

ductive logic programming techniques that aim to learn a mapping

between n-grams and a semantic representation of their associated

meaning. Experiments have shown that we can learn such a mapping

that made it possible later to generate relevant descriptions of images

or learn the meaning of words without any linguistic resource.

1 INTRODUCTION

Learning language models has been a research challenge for many

years now. Grammatical Inference [7] has focused on that topic for

more than 50 years. One of the main objectives of that research do-

main is to discover a grammar (or an associated automaton) that is

a model of a set of positive (and sometimes negative) examples of

sequences of words over an alphabet. Nevertheless, the learning pro-

cess mainly aims to learn a syntactic structure without the help of

any additional semantic information.

Since the early 2000s, methods for grounded language learning

and semantic parser construction have been proposed [3, 4, 10, 11,

12]. These learn from pairs (S,M), where S is a sentence and M a

meaning, a function that maps (parts of) S onto (parts of) M. In this

setting, the training set must explicitly contain in M the meaning of

(each part of) S; the learning cannot construct meanings by combin-

ing elements of M.

To overcome this problem some work has tried to directly learn

from pairs (S,C) where S is a sentence and C is a representation of

the context in which S is produced. [1] has been a first attempt to

implement such an approach. Then, more recently, we presented in

[2] a more efficient approach where a context is represented in first

order logic and Inductive Logic Programming techniques are used

to learn a mapping between n-grams (sequences of words) and their

associated meanings. The main improvement with respect to previ-

ous approaches in grounded language learning is that the meanings

are not provided in the training set, our learning algorithm is able to

discover it by itself.

The system we present in this paper aims to improve [2] that was

a proof of concept and we now want to study how such a model can

1 Univ Lyon, UJM-Saint-Etienne, CNRS, Institut d Optique Graduate School,
Laboratoire Hubert Curien UMR 5516, F-42023, SAINT-ETIENNE,
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etienne.fr

2 Department of Computer Science, KU Leuven, Belgium, email: hen-
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deal with more realistic contexts, in noisy environments, and to ob-

serve various linguistic knowledge that can be discovered by such an

approach. To make our system more realistic we decided to provide

contexts in the form of images. That makes the construction of the

dataset easier as the users do not have to manually provide the con-

texts which would otherwise be a laborious task. Thus our system

learns from pairs (S,I) where S is a sentence that talks about a part of

an image I.

In that way our system can be related to some deep learning ap-

proaches to the image captioning task as presented for example in

[5, 6, 8, 9, 15] where their training sets are similar to ours as they are

made up of pairs (sentence,image). Nevertheless, these approaches

aims to learn a function that can map basic image features to ordered

sequences of words. At the moment these approaches do not learn

any meaning representation from the training set and it is not possible

to use the learned model to do any kind of inference or reasoning. In

our approach we use information about the objects of the image and

build a first order logic representation of the meaning of n-grams.

Thus we are able later to do some inference on that representation

and it would be even possible to add a reasoning component.

We may also notice the work from Mateos Ortiz et al. [13] that

uses some Machine Translation techniques to generate image de-

scription. In fact their model differs from ours in the sense that they

need to build a parallel corpus (sentence,image) where each sentence

has to be pre-processed by a Part-Of-Speech tagger. The main con-

cern with such an approach is that linguistic resources are needed

and we want to design an approach that does not need any linguistic

resource, we want the learner to discover by itself the resources it

needs.

2 OUR SYSTEM

As explained in section 1, the input of our system is a dataset made

up of pairs (S,I) where S is a sentence related to a particular image

I. As we use, in our experiments, the Abstract Scene Dataset pro-

vided by Zitnick et al. [16], we do not have to face computer vision

problems such as object detection, semantic labelling, etc. which are

known to be very hard problems. This dataset provides for each im-

age, the set of all of its objects with some associated features. Thus,

after a basic pre-preocessing step, each image I is transformed into

a scene Sc. For representing scenes, we use a first-order logic based

representation. Thus scenes are made up of a set of ground atoms.

These atoms describe properties of, and relationships between, the

objects of I. Thus, the input of the learner is a dataset made up of

pairs (S,Sc) where S is a sentence related to a particular scene Sc.

The core algorithm of our system mainly aims to compute the

meanings associated with all the n-grams of all the sentences of the

whole dataset. We consider the meaning of an n-gram is whatever is
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in common among all the situations in which it can be used. Thus, the

meaning of an n-gram is a context that may be present or absent in

a given scene. In our model, the learner constructs some generalized

context represented by a set of atoms that may contain variables.

To compute the most specific generalization of a set of contexts

{C1, . . . , Cn} associated with a particular n-gram, we use the well

known Plotkin’s “least general generalization” (lgg) operator [14]

usually used on first order clauses. Applied to contexts, the lgg has a

simple mathematical description: given two contexts (set of atoms), it

returns the least general context that subsumes both contexts. A con-

text C1 subsumes a context C2 if and only if there exists a variable

substitution that turns C1 into a subset of C2; C1 is then also said to

be more general than C2. In fact, the lgg of two contexts returns all

the properties that they have in common.

Nevertheless we can face a problem when, in a pair (S,Sc), there

is an object that is referred in S but whose corresponding atom is not

present in Sc. For example if the word “red” means red, then using

it in a sentence associated with a context without red objects will

cause the system to conclude that the color red is not common to all

the contexts where “red” occurs, and therefore “red” cannot mean the

color red. This leads to overgeneralization of meanings. To overcome

this important problem the first improvement with respect to [2] has

been the use of some heuristics. Instead of stating that the meaning of

an n-gram G has to be common to all the scenes where this n-gram

is used, without any exception, the algorithm repeatedly generalizes

the meaning of G by computing its lgg with another randomly chosen

scene until at least a certain percentage of the scenes are subsumed

by that meaning.

A second improvement with respect to [2] is the way our sys-

tem can learn the meaning of words without any linguistic resource.

Indeed, in [2], a word was chosen to refer to a constant if and only

if that constant was the only one remaining in the word’s meaning,

which was a basic strategy. Now, when the meaning of a word (a 1-

gram) is updated, our program looks at the constants that occur in

this meaning. Among these, it finds the constant whose occurrence

“correlates” best with that of the word. If the “correlation” is high

enough, this constant is then chosen to be the constant the word refers

to.

Finally, the third improvement with respect to [2] concerns the

way our system can generate all the relevant sentences associated

with a given scene. To avoid generating trivial sentences that are

true for most or all scenes and therefore not interesting, we defined a

scoring function for sentences that takes into account the specificity

of the n-grams that are chained together to form those sentences.

We made a series of experiments based on the Abstract Scenes
Dataset, proposed by Zitnick et al. [16] that contains images of chil-

dren playing outdoors and sentences that describe these images. The

objective was to study the ability of our model to: (i) generate rele-

vant sentences for a given scene and (ii) learn the meaning of words.

In these experiments, we used a model learned from a corpus of

10.000 examples (in English). We first asked the system to gener-

ate all the sentences that were relevant for a given set of scenes. The

sentences were obtained by chaining 5-grams. Choosing appropriate

parameters to tune the core algorithm, we observed that, on average,

80% of the sentences generated were syntactically and semantically

correct. Furthermore, as mention in the previous section, the sen-

tences generated by our system try to be as specific as possible, that

is, they do not state things that are true for almost all the scenes (and

consequently, not interesting, such as “the sky is blue” or “the grass

is green”).

Concerning the meaning of words, by fine-tuning the correlation

parameters of the system, we observed some improvements in terms

of precision from 40% to 85% and in terms of recall from 8% to 25%

with respect to [2].

3 CONCLUSION
In this paper we presented a grounded language learning system

based on ILP techniques that can learn from datasets made up of

pairs (S,C) where C is a set of ground atoms that represent the (par-

tial) state of the world that is (partially) described by the sentence S.

Our algorithm learns mappings between n-grams and most specific

generalizations of the contexts common to the given n-grams in the

dataset. We have shown that our system is able to learn the meaning

of words without any linguistic resource. Having learned a language

model from such a dataset, our system is able to use this model to

generate relevant sentences that can describe some new scenes.
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Learning the Repair Urgency for a Decision Support
System for Tunnel Maintenance

Y. Gatsoulis1 and M. O. Mehmood1 and V. G. Dimitrova1 and D. R. Magee1

and B. Sage-Vallier2 and P. Thiaudiere2 and J. Valdes2 and A. G. Cohn1

Abstract. The transport network in many countries relies on ex-
tended portions which run underground in tunnels. As tunnels age,
repairs are required to prevent dangerous collapses. However repairs
are expensive and will affect the operational efficiency of the tunnel.
We present a decision support system (DSS) based on supervised
machine learning methods that learns to predict the risk factor and
the resulting repair urgency in the tunnel maintenance planning of a
European national rail operator. The data on which the prototype has
been built consists of 47 tunnels of varying lengths. For each tunnel,
periodic survey inspection data is available for multiple years, as well
as other data such as the method of construction of the tunnel. Expert
annotations are also available for each 10m tunnel segment for each
survey as to the degree of repair urgency which are used for both
training and model evaluation. We show that good predictive power
can be obtained and discuss the relative merits of a number of learning
methods.

1 INTRODUCTION

Complex decision making in domains with high impact, such as
infrastructure management, is a challenging task that requires the
consideration of a large number of parameters and their dependencies.
For example, in the case of tunnel management, accurate pathology
diagnosis and early risk assessment are critical for making cost effec-
tive maintenance plans. The common practice is that such decisions
are made by a small number of domain experts, who follow their
intuitions and apply tacit knowledge gained over many years of ex-
perience. This results in unsustainable subjective decision models,
where it is common for experts to have no clear consensus on how
the factors influence the outcomes and knowledge can be lost when
experts leave.

We tackle these issues in the context of tunnel management within
the EU project NETTUN3. Initial work [13] was focussed on follow-
ing ontology engineering methodologies, where we engaged domain
experts with extensive experience in tunnel management in a knowl-
edge elicitation process to identify the concepts they consider and the
rules they apply when diagnosing the pathologies of a tunnel based
on its characteristics and inspection data.

Diagnosis of the pathologies is not sufficient, the experts are also re-
quired to assess the urgency of repairs that sections of tunnels require:
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the available maintenance budget must be prioritised, in particular
taking account considerations relating to public safety. Compared to
diagnosing pathologies the decision processes for prioritisation are
more complex and difficult for the experts to articulate, and the on-
tology based methods for pathology diagnosis are not so appropriate
since deciding priorities are not so much conceptual distinctions but a
process of ranking. Furthermore, ontological models can have some
limitations. Firstly, they may not be able to capture the true complexity
of the decision process. Secondly, the process of validating these mod-
els is important, but laborious and slow. It is hard to identify missing
or inaccurate rules, and some rules are “more reliable” than others,
but experts typically cannot articulate this information. Furthermore,
there are aspects of the decision process, such as risk assessment and
potential for further degradation of tunnel portions, which take into
account a number of parameters which experts find hard to specify
declaratively.

To address these challenges, we adopt supervised machine learning
models, taking advantage of the existence of provenance data with
past observations and expert decisions. To the best of our knowledge
this is the first time that machine learning methods are used in this
domain for this task. A similar domain where such issues have been
investigated is that of diagnosing the condition of water pipes, where
most recent work focusses on Bayesian approaches [15, 8]. In our
study we preferred to investigate other state of the art machine learning
models (Section 3) that require little input from the experts since
this is problematic as noted above.The methods we employ can also
learn from the data with minimal pre-processing. Another closely
related case study employed a Gaussian process model to classify
surrounding rocks in tunnels, as this knowledge is important for their
design and construction [16]. Although Gaussian processes are also
able to provide probabilistic estimates, their performance tends to
degrade in high dimensional problems when the number of features is
a few dozens or more, such as the case here.

There appears to be very little work on DSS for tunnel mainte-
nance. We have already mentioned [13] above which is concerned
with pathology diagnosis, which is also the topic of [11] which also
focusses on the uses of sensors to obtain a score per segment (some-
what similarly to the cotation score described below). There are a
number of DSS to support other aspects of tunnel management, in
particular, construction (e.g. [9]). There are also a variety of investiga-
tions into DSS for other kinds of transport infrastructure, e.g. highway
maintenance [10], bridges [5], pavement maintenance [4], overpasses
[17].

The rest of the paper is organised as follows. Section 2 describes
the tunnel data and the pre-processing steps undertaken to make them
suitable for the machine learning methods used in this project, which
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are described in Section 3. Section 4 evaluates the chosen methods,
while Section 5 discusses further work and concludes the paper.

2 DATA

We have data for 47 tunnels from a national rail company. For each tun-
nel, survey data was collected during periodical inspections (typically
every four years), and in the dataset there are multiple inspections
for most of the tunnels (between one and four for each tunnel) re-
sulting in a total of 137 inspection surveys in the dataset. For the
purposes of recording surveys, each tunnel is decomposed into 10m
segments. This results in a total of 8283 segments or data points. The
tunnels vary in length and the average number of segments is μl = 62
with standard deviation of σl = 70. There are also characteristics
describing the properties of the tunnel, which can be regarded as static
(i.e. set at the time of tunnel construction, and not varying over time
subsequently). These variables along with the urgency repair scale are
explained in more detail in the following section.

2.1 Description

The static characteristics data of each tunnel segment are called influ-
encing factors, of which there are 32. Examples of influencing factors
are the climate of the area, the ground type the tunnel was built on, the
lining type (see Figure 1a), etc. The influencing factors are nominal
data and the possible values for each of them are different. For exam-
ple, the climate influencing factor can be ‘favourable conditions’ or
‘medium conditions’ or ‘hard conditions’; the ground type influencing
factor can be one of the following values, ‘altered rock’, ‘compact
rock’, ‘soil’ or ‘mix ground’.

The tunnels are periodically inspected for potential problems,
which are called disorders. In this dataset 24 disorders are present.
Examples of disorders are moisture (Figure 1b), displacement of a
lining element (Figure 1c), etc. The disorders are binary variables,
representing their presence or absence, and unlike influence factors,
they can change over time.

The experts in rail company have developed a model that aggregates
the observed disorders in each 10m segment into a single numeric
value, called the cotation value (0-100) which provides a summary
of the degree of disorders in that segment (see Figure 2). The higher
the value the worse the condition of the tunnel is. But it does not take
account of influencing factors; so a lower cotation value may be more
urgent to repair if its influencing factors are particularly egregious.

Lastly, we collected the experts’ recommendations about the ur-
gency of repairs for these 47 tunnels, and these values are treated
as the ground truth, and as the target variable that a model learns.
This was given in a scale from 1 to 5, which denote the following
recommendations: 1: “the segment is good and no repairs are needed”,
2: “pay attention to this segment but no repairs need to be planned
at the moment”, 3: “repairs need to be planned within u3 time”, 4:
“repairs need to be planned within u2 time”, and, 5: “repairs need
to be planned within u1 time”; with u1 < u2 < u3, i.e. 5 denotes
that a tunnel segment requires the most urgent repairs (see example
annotation in Figure 2).

2.2 Preparation

The dataset is biased towards the first two scales denoting ‘no repair’:
category 1 accounts for 84% of the data, while category 2 accounts
for a further 5% of it. Combined, they yield a ratio of 8:1 of ‘no repair’
versus ‘repair’. Moreover, 11 of the tunnels and 44 of the periodic

inspections are classified along their full length with the category
good (1), hence, offering little further information about this category
that is not covered from the rest of the data. These 11 “good tunnels”
are filtered out before further processing, resulting in a remaining
total of 37 tunnels, 93 inspections and 6211 segments/data points with
a bias ratio between the {1, 2} versus {3, 4, 5} categories, i.e. ‘no
repair’ versus ‘repair’, of approximately 6:1 (85% of the data), which
is a small improvement from before.

As the most critical decision for the tunnel owner is whether a
tunnel segment requires repairs or not we have collapsed these five
categories into two by merging 1-2 together representing ‘no repair’,
and 3-5 into ‘repair’. Essentially, this makes the independent variable
a binary one denoting whether a tunnel segment requires repairs or
not. A further stage of model building can be used to distinguish
between the urgency of repair in the former case (3,4,5).

In summary, the dataset used for model building consists of 37
tunnels comprising 93 period inspections and 6211 segments. The
target variable is binary: ‘repair’ (3,4,5) vs ‘no repair’ (1,2) with a 1:6
ratio. Each instance is represented by an attribute vector consisting of
24 disorders, 32 influencing factors, and a cotation value.

3 METHODS

We conducted an initial investigation to verify the non-linearity nature
of the problem using a logistic regression model for different sensitiv-
ity threshold values. The results of Figure 3 confirmed this hypothesis,
as it can be seen that it performs inadequately regardless of the value
of sensitivity. Factor analysis, dimensionality reduction and appropri-
ate transformation could possibly help to improve its performance,
but on the other hand there are other state of the art methods that are
better suited in such cases and able to learn the non-linear relations of
such complex data.

As a result, we decided to investigate the effectiveness of three
popular state of the art models of machine learning: decision trees,
random forests and support vector machines. The reasons for choosing
these and a brief explanation of the models is given in this section.

3.1 Decision Trees

One of the desired requirements was for the tunnel diagnosis experts
to be able to understand the reasons for the classification produced by
the machine learning method; the ultimate decision as to the urgency
of repair remains with a human, and the DSS is aimed to support their
decision and recommendation. For this reason one of the models we
investigated was a decision tree, as it offers excellent and fast explana-
tions on the underlying reasoning while still performing sufficiently
in most cases: the expert is able to inspect the decision tree and see
why a particular categorisation has been made.

Decision trees are non-parametric machine learning methods that
partition the state space using decision rules, so that training instances
xi of the same category yi are grouped together. They are most com-
monly represented as a decision tree structure. The key question
during training is which dependent variable to use for the split. In
general, this is achieved by computing the impurity (H) of the dataset
before and after the split for a given variable. So at each node m
denote its data as Q. For each candidate split θ = (j, tm) consisting
of a feature j and threshold tm, partition the data into Qleft(θ) and
Qright(θ) subsets:

Qleft(θ) = {(x, y)|xj ≤ tm} (1)

Qright(θ) = {(x, y)|xj > tm} = Q \Qleft(θ) (2)
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(a) Example of shotcrete lining type influ-
ence factor

(b) Example of moisture disorder (c) Example of displacement of lining ele-
ment disorder

Figure 1: Pictorial examples of particular values of some influencing factors and disorders of the tunnels

Figure 2: A graph of cotation values for an example tunnel. Also shown
are the expert annotations for the ground truth for the urgency of repair:
here “nothing” corresponds to repair urgency 1; “pay attention” to 2;
U3 to 3; U2 to 4; and U1 to 5.

The impurity at m is computed using an impurity function H():

G(Q, θ) =
nleft

Nm
H(Qleft(θ)) +

nright

Nm
H(Qright(θ)) (3)

and in this paper we used the Gini impurity:

H(Xm) =
∑
k

pmk(1− pmk) (4)

The final step is to select the variable for this node and the parame-
ters that minimize the impurity, i.e. in this case the variable with the
highest Gini gain:

θ∗ = argminθ G(Q, θ) (5)

3.2 Random Forests

Another machine learning model that we investigated was random
forests [1, 2], because they typically offer good classification per-
formance at the trade-off of being harder to explain the underlying
reasoning processes.

Random forests fall in the category of ensemble methods, which
build estimators based on multiple weak classifiers, in this case short
length decision trees, and specifically in this study these were CART
models. Each tree is build on a random sample of the training dataset,
and this process is known as bootstrap aggregating or bagging for
short. Furthermore, each tree selects randomly a subset of the features
which is used to train the decision tree on the random training sub-
sample. The advantage of data and feature bagging is that the resulted
meta-classifier has reduced variance and overfitting.

Figure 3: Logit model fitted on the dataset (best visualized in colour)

3.3 Support Vector Machines

Lastly we chose to investigate support vector machines since they
are typically effective in high dimensional spaces, and from our past
experience we have achieved better than state of the art results in
similar problems [12].

A support vector machine constructs a hyper-plane or set of hyper-
planes in a high or infinite dimensional space, which can be used
for classification. Intuitively, a good separation is achieved by the
hyper-plane that has the largest distance to the nearest training data
points of any class (so-called functional margin), since in general the
larger the margin the lower the generalization error of the classifier.
New examples are then mapped into that same space and predicted to
belong to a category based on which side of the gap they fall on. The
separating lines can be linear functions as well as non-linear ones. In
this investigation a radial-basis function is used as the kernel for the
separation.

4 RESULTS & DISCUSSION

Using the formatted data described in Section 2 we performed a cross-
validation study with the methods presented in Section 3. The details
of the experiments and the performance results are presented and
discussed in this section.

4.1 Performance metrics

The performance metrics report are precision (p), recall (r) and f2-
score (f2) for class ‘repair’, as well as Cohen’s kappa coefficient (κ)

Y. Gatsoulis et al. / Learning the Repair Urgency for a Decision Support System for Tunnel Maintenance 1771



which is a more robust measurement of accuracy, particularly when
there is class imbalance. When averages are reported these are the
micro-averages, unless stated otherwise. We chose f2 rather than f1
since we wish to emphasise recall over precision – a false negative is
potentially much more serious than a false positive.

4.2 Cross-validation

In order to test the performance of the models we conducted a leave-
one-tunnel-out cross-validation (the whole tunnel, with all of its sur-
veys). This type of cross-validation is more suitable in this case, as
the typical procedure of performing k-fold cross-validation, i.e. by
randomly populating the folds from the data seems to overestimate the
performance of the classifiers, as shown by the results in Table 1 and
Table 3 (presented in Section 4). Since adjacent tunnel segments are
not truly independent instances (there are likely to be similar disorders
in adjacent segments), by having the possibility one segment in the
training data and its neighbour in the test data does not represent truly
random sampling method. This is analogous to research in activity
recognition from video data in which a preferred methodology is to
leave-one-person-out [12].

Table 1: Micro performance metric averages showing that typical
cross-validation (results shown for 5-folds) overestimates the true
performance of the classifiers in comparison to the results shown in
Table 3 where a leave-one-tunnel-out cross-validation methodology
was used.

precision (p) recall (r) f2-score (f2) kappa (κ)
DT .86 .87 .89 .87
RF .91 .89 .89 .89
SVM .92 .85 .86 .88

Leaving one tunnel out is more representative of the use case when
a new tunnel comes in.

The tunnels vary in number of segments with the smallest having
3 segments (30m) and the longest 377 segments (3.7Km), with an
average number of segments of μl = 62, and standard deviation
σl = 70. Very small tunnels, like the ones with 3 segments, can
potentially bias the results in a positive or negative way. For this
reason we decided to define a minimum number of segments that a
tunnel must have in order to be considered as a cross-validation test
case. The question then is whether choosing a minimum length of
the tunnels to be cross-validated can also have any biased effect on
the performance metrics of the classifiers. As such, we conducted an
analysis by cross-validating for various lengths of the tunnels for a
range of 10 minimum segments up to 100 minimum segments with a
step of 5. Figure 4 shows the results a random forest classifier using
500 CART estimators.

It can be seen from the plot that choosing any particular minimum
length does not influence significantly the results in some biased
manner. Similar graphs were obtained for the rest of the models. As
such, it is safe to choose a minimum length of 10 segments to have
the most exhaustive cross-validation analysis. Only one tunnel had a
length of less than 10 segments, resulting in a 36-fold cross validation
(the 37th tunnel was still included in the training data in each fold).

4.3 Class imbalance

As described earlier the dataset even after the initial filtering still
remains biased towards the ‘no repair’ class with a ratio of about

Figure 4: Investigation of the effect of number of folds in leave-one-
tunnel-out cross-validation using a random forest classifier, the x-axis
has i, j values where i is the minimum number of segments for a
tunnel to be considered in the fold, and j is the number of tunnels
with more segments than the minimum length (best visualized in
colour)

6:1. Learning from imbalanced data is a common issue and a num-
ber of solutions have been proposed [7], mainly based on under-
sampling the most popular class(es) or over-sampling the smaller
one(s). We initially performed a k-fold cross-validation with a number
of under/over-sampling methods and found that the most balanced
results in terms of precision and recall were achieved with Tomek
links under-sampling [14] and synthetic minority over-sampling tech-
nique (SMOTE [3]), which are both well-established and widely used
methods that deal with the issue of class imbalance. We used both
of these in the performance analysis of the classifiers in full leave-
one-tunnel-out cross-validation, as well as tested the models with no
sampling leaving the original training data unaltered.

4.4 Baseline

Table 2 presents the results from a weighted random guess according
to the classes ratio in the training set on a leave-one-tunnel-out cross-
validation.

Table 2: Class-portion-weighted random guess baselines

precision (p) recall (r) f2-score (f2) kappa (κ)
No sampling .14 .14 .14 .00
Tomek links .13 .13 .13 .00
SMOTE .87 .53 .33 .00

4.5 Classifiers results

As described in Section 3 the classifier models we investigate are
a CART tree, a random forest (RF) and a support vector machine
(SVM). Table 3 shows the performance of the three models using no
sampling, Tomek links under-sampling and SMOTE over-sampling
(Section 4.3) in a leave-one-tunnel-out cross-validation (Section 4.2).

As expected, decision trees tend to perform overall worse than
the other two methods in all sampling cases. An interesting result is
that with Tomek links under-sampling they have a higher recall value
(r = 0.73) than the others, i.e. they are able to recognise more of the
‘repair’ class than the other two methods, but their precision is much
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Table 3: Performance metrics of the investigated models in a leave-
one-tunnel-out cross-validation.

precision (p) recall (r) f2-score (f2) kappa (κ)
no sampling

DT .61 .65 .64 .57
RF .79 .68 .70 .70
SVM .82 .69 .71 .71

Tomek links under-sampling
DT .58 .73 .70 .59
RF .80 .68 .70 .70
SVM .81 .69 .71 .71

SMOTE over-sampling
DT .60 .68 .66 .57
RF .76 .70 .71 .69
SVM .59 .82 .76 .62

lower (p = 0.58), which means that they might become “annoying”
to the experts if many segments that require no repairs are highlighted
as needing so. It seems that under-sampling of the data allows the
decision tree to better generalize by over-fitting even less on the ‘no
repair’ class, since many of its training instances, which might be
carrying “noisy” information has been removed.

A similar outcome appears with the SVM when SMOTE over-
sampling is used. Its recall value is the highest among all models and
all sampling methods (r = 0.82), given that SMOTE over-sampling
possibly has amplified the ‘repair’ class, resulting in more and stronger
support vectors. However, partly due to the trade-off between preci-
sion and recall, its precision value is one of the lowest (p = 0.59).

The best balance between precision and recall is given by RF and
SVM under Tomek links under-sampling with similar performance
metrics. RF also performed similarly with SMOTE over-sampling
given its tolerance to over-fitting, however for a marginally worse
recall, but about 4-5% better precision, the RF and SVM models with
Tomek links seem better suited.

Lastly, all models perform significantly better than the baseline.
However, the best results using leave-one-tunnel-out cross-validation
were in the range of 0.7-0.8, which are worse than when using stan-
dard cross-validation, which were around 0.9. Given the number of
variables and the number of tunnels, it is likely that more data and
further investigation and discussion with the experts is needed.

4.6 Finding the most important factors

In the results presented in the previous section the full sets of disorders
and influencing factors were used, which together with the cotation
value account for 57 independent variables in total. We investigated
whether all factors are equally important and if the models, despite
their tolerance and the measurements we had taken, have still over-
fitted. Figure 5 shows the cross-tabulations of the disorders from their
contingency tables4.

The graph shows that some disorders are more discriminative than
others for separating the two classes. For example, it seems that
disorders 7, 8, 17, 19, etc. occur more frequently when a tunnel
needs repairs, while for example 1, 3, 6, etc. offer very little variation
between the two classes. Due to the large number of possible values
that the influencing factors can take, a similar cross-tabulations plot
for them is not visually informative.

Ideally, it would be beneficial to perform some form of dimen-
sionality reduction by factor analysis, such as principal component
analysis or linear discriminant analysis. Factor analysis methods work

4 Due to intellectual property reasons we do not display the names of all of
the disorders; instead, they are numerically denoted.

Figure 5: Cross tabulations of the disorders

on the assumption of continuous variables and thus not apply due
to presence of categorical variables in our data. Instead, the models
of the decision tree and of the random forest are able to provide an
estimate on the importance of the features. For decision trees the
importance of a feature is the Gini importance which is computed
as the (normalized) total reduction of the criterion brought by that
feature [2]; while for the random forest model the importance of the
features is given by averaging the feature importance of each tree. The
importance of each feature is a numerical value between 0-1, with
higher values signifying more importance. It can be thought as the
amount of variability that a feature explains in the dataset.

Table 4: Five most important disorders and influencing factors accord-
ing to the decision tree and random forest models

disorder importance influence factor importance
rock faults .07 climate .04
rock deterioration .05 lining type .04
falling/missing of

lining element .05 discontinuities density .03

leakage .05 drainage system .03
moisture .05 water flow/load .03

The variable with the highest importance value is that of cotation,
with an average importance between the decision tree and the random
forest of 0.66. This is expected as the experts use soft thresholds
that directly give a classification, in many cases regardless of the
other factors when this value is high enough. To better understand the
importance of the disorders and the influence factors, we excluded
the cotation value and tested the models with only the disorders and
the influence factors.

Table 4 shows the five most important factors for each of the disor-
ders and influencing factors. The 15 most important disorders and 8
most important influencing factors are able to explain 80% of the vari-
ability of the dataset. Further, Table 5 shows the association between
influencing factors and disorders by listing the five most correlated
ones according to Cramer’s V [6] and with φc > 0.37. Some of
these relations are explained by the tunnel experts. For example, the
presence of a waterproofing system, which protects from extrados
hydraulic pressure, can influence diagonal cracks occurring in situ-
ations like landslides, lateral thrust, or differential settlement. For a
tunnel with an unlined longitudinal profile, the joint rock patterns

Y. Gatsoulis et al. / Learning the Repair Urgency for a Decision Support System for Tunnel Maintenance 1773



and cracks may create polyhedron which are potentially unstable –
an example of relationship between tunnel shape and rock elements.
Further discussions with the experts has also revealed that our system
is identifying patterns which they would over-fit to a set of tunnels,
yet this would not benefit a holistic approach. For example, hydraulic
overpressure may not be a common occurrence but must be factored
in, if it occurs.

Table 5: Five most correlated disorders and influencing factors accord-
ing to Cramer’s V co-efficient

disorder influencing factor Cramer’s V (φc)
diagonal cracks waterproofing system 0.53
missing rock elements tunnel shape 0.53
diagonal cracks strain anisotropy 0.52
diagonal cracks tunnel age 0.47
rock deterioration tunnel shape 0.43

4.7 Classifier results when using the most
important factors

Following the analysis from the previous section for the most impor-
tant factors, we used the set of the 23 disorders and influence factors
together with the cotation value to retest the models. The results are
shown in Table 6.

Table 6: Performance metrics of the investigated models using the most
discriminant disorders and influence factors in a leave-one-tunnel-out
cross-validation.

precision (p) recall (r) f2-score (f2) kappa (κ)
no sampling

DT .62 .71 .69 .60
RF .80 .69 .71 .71
SVM .82 .68 .70 .70

Tomek links under-sampling
DT .61 .72 .69 .60
RF .79 .70 .72 .71
SVM .81 .69 .71 .71

SMOTE over-sampling
DT .52 .68 .65 .52
RF .78 .70 .72 .70
SVM .58 .81 .75 .61

It can be seen that the results are fairly similar to the ones before
when using the complete set of variables. This means that 24 factors
out of the total 57 are sufficient for classifying the data equally well,
i.e. a dimensionality reduction of nearly 50%.

5 CONCLUSIONS

In this paper we have presented the results of a decision support sys-
tem based on state of the art machine learning methods for the domain
of tunnel maintenance by a European national rail operator. This is a
critical application domain, as many businesses rely on reliable and
safe transport infrastructure, while the high cost of the repairs (and
disruption to journeys during their implementation) dictate careful
financial and operation planning.

A specialised cross-validation procedure was employed to avoid
misleading overestimated results compared to standard methods. The
performance metrics have demonstrated a good level of effectiveness
of the algorithms. To deal with the class imbalance, since as expected
health portions are many more than unhealthy ones, we utilized popu-
lar and well-tested methods of under- and over-sampling. However,

the results showed that there were no significant differences, which
implied that the class bias in this case is not detrimental to the effec-
tiveness of the algorithms. Also, it was shown that similar results can
be obtained with half the features from the original set, which are able
to explain the majority variability of the dataset and has the potential
to reduce the possibility of overfitting to the training set.

Current future work is focusing on integration of the system to
the end-users’ site, as well as further discussions with the experts
and extensive testing with further data. We also plan to hierarchically
refine the 1-5 classification (in particular to split the “repair” case
(3-5) into those which are most urgent and those which are not).
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ONE - A Personalized Wellness System
Ajay Chander and Ramya Srinivasan 1

Abstract. As the world becomes increasingly digitally readable

through a variety of sensors, digital services will play a key role

in advising and supporting people towards a variety of goals. In

this paper, we present a personalized wellness system that leverages

techniques from cognitive science and machine learning to improve

a user’s well-being by suggesting daily micro-goals (e.g., “bring a
healthy snack to work”), and by enabling social sharing of individ-

ual achievements. Specifically, we propose a method for estimating

a user’s likelihood of successfully completing a given micro-goal

(“ONE”) and study the correlation between ONEs and users’ actions

to improve their chances of reaching their wellness objectives.

1 INTRODUCTION

Health-tech, the use of technology to provide personalized healthcare

and wellness, is in the midst of a furious renaissance [3]. Given that

lifestyle diseases lead to 75% of long-term healthcare costs, a partic-

ular area of focus for healthtech is disease prevention and support of

positive wellness behaviors [3]. Many sensors to track and visualize

our wellness behaviors have and are being built [6]. However, these

systems assume that awareness of activity patterns and data will lead

to behavior change and goal achievement, an assumption that is not

necessarily true. Our humanity brings with it biases, and as social

animals, our behaviors tend to be more influenced by social informa-

tion [4], [2]. While many health companies (e.g., Healthways) have

taken advantage of the popularity of social media sites such as Face-

book and Twitter to create communities that promote participation in

exercise and diet programs, they are not designed to offer benefits at

an individual level [1].

In this work, we propose a personalized wellness system that im-

proves the chance of a user successfully achieving a wellness ob-

jective, wherein objectives could be focus areas such as nutrition,

body, mind, etc. (Fig. 1a). The app, called ONE, is motivated by

the cognitive science concepts of novelty and social proof. ONEs

are purposefully chosen simple micro-goals. A ONE comprises of

an unique image and a textual message (Fig. 1b). A new ONE every

24 hours leverages novelty. Additionally, the number of people who

have completed a given ONE is also available, serving as a social

proof to influence action (Fig. 1c). A user can like (heart) or dislike a

ONE and also post a picture as a proof of having completed a ONE.

A preliminary version of the app is available at https://goo.gl/hLSFsi

We build machine learning models that can provide an estimate of

a user’s likelihood of hearting/completing a new ONE. Specifically,

we learn features that influence a user’s action— to understand what

is appealing/compelling for a user in terms of hearting/completing a

ONE. We leverage this information to suggest those ONEs that are

1 The authors are with Fujitsu Laboratories of America, USA and have
equally contributed to the paper.

more likely to be completed by a user and hence propel them towards

the achievement of their wellness objectives.

Figure 1. Illustration of the ONE app. Left: Wellness objectives which the
users can choose to work on, Center: A sample ONE, Right: Community

page showing others who have completed a ONE

2 METHODOLOGY
The first step in the design of a model that can determine a user’s

likelihood of completing a new ONE (micro-goal) is in selecting fea-

tures that are good predictors of the same. Towards this, we investi-

gate multi-modal features, namely, the textual features and the image

features associated with a ONE message, and user-specific features

such as their wellness objectives and their likes history.

2.1 Feature Extraction and Validation
By choosing those features that exhibit high correlations with likes,

we can ensure good prediction of a user liking a new ONE. Consider,

for e.g., the correlation between wellness objectives and likes. Let

P (u, v) represent the probability with which a user u likes ONEs be-

longing to a wellness objective v. Thus, P (u, v) = likes(u,v)
likes(u,V )

, where

V is the set of all wellness objectives. Averaging P (u, v) across all

users will provide the probability distribution for the event of an av-

erage user liking from a wellness objective v.

In order to understand the choice of distribution that best fits the

data under consideration, a Cullen and Frey graph is plotted. Results

indicated that the observation can be modeled by a Beta distribu-

tion. In order to rule out a uniform fit to the data (which would be

the case if the users liked randomly across all wellness objectives),

Kolmogorov-Smirnov (K-S) goodness of fit is performed with the

null hypothesis being that a normal distribution fits the data. The re-

sult of the test indicates that the null hypothesis is to be rejected.
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Thus, an average user does not like randomly, instead there are some

favorite wellness objectives, and this information can be leveraged

to estimate their likelihood of liking a new ONE. In a similar man-

ner, other predictors are established, the details of which is described

next.

2.2 Feature Descriptors
Table 1 provides a summary of the feature descriptors used to predict

user’s likelihood of liking a new ONE. Each user is represented by a

7-D feature vector that captures textual (rows 1-3 of Table 1), image

(rows 4-5) and user-specific information (rows 6-7).

Table 1. Summary of feature descriptors.

Feature Description
Positive words count Words associated with a positive sentiment in

the ONE text
Local heart count Number of people who liked a ONE as is seen

by the user under consideration
ONE ID Unique number associated with the

theme of the ONE text
Face ID Binary value indicating presence/absence

of a face in the ONE image
Emotion ID Unique number associated with the

emotion of the ONE image
Likes count Total number of likes by the user normalized

by the number of likes across all users
Objective ID Unique number associated with the

wellness objectives preferences of the user

Positive words in the ONE message are counted based on their co-

occurrence with the positive valence words of the AFINN-111 [5],

a dataset consisting of 2477 words rated for valence between -5 and

5. Based on the relevance of the contents of a ONE text with certain

themes (e.g., body, community, growth, mind, nature related), it is

given a unique ONE ID (numbers 1-5). In a similar manner, based on

the emotion associated with the ONE image—anger, calmness, dis-

gust, joy, affection and a neutral emotion, an emotion ID is attached

with the image (1-6). Each user is allowed to choose a set of wellness

objectives when they install the ONE app. The unique combination

of objectives a user chooses, is identified by the objective ID feature.

The description of the rest of the features is clear from Table 1.

2.3 ONE Achievement Prediction
A user’s progress towards achievement of wellness objectives can

be predicted in terms of (1) user liking a new ONE, and (2) user

completing a ONE/posting a picture of it. We explain the model with

respect to the user liking a new ONE, but the method is generalizable

to picture posting prediction, except that likes count feature (Table 1)

would now be the number of pictures posted in an objective category.

We build a Logistic regression (LR) model for each wellness ob-

jective. For training, each user u is represented by the 7-D feature

vector (Sec 2.2) and the label is the probability that the user likes a

ONE from that wellness objective P (u, v) (Sec 2.1). L2 regulariza-

tion is used in training the model. We use roughly 2
3

of the data for

training and the rest for testing. The testing instances are ranked in

the order of the obtained probabilities of liking. This, in turn, can be

used to suggest ONEs that are more likely to be liked by the user. The

model is validated by computing the normalized discounted cumula-

tive gain (NDCG) using the predicted ranks (by LR model) and the

actual ranks (Sec. 2.1) for a user.

3 Experiments
User data is being continuously collected anonymously and stored

using Amazon Web Services as the mobile app’s backend. We main-

tain multiple data stores, including:

1. User goal-behavior: All aspects of user actions (e.g., hearting, post

pictures, un-hearting) towards completing the ONE are recorded into

this database. Each entry of the database has the timestamp of the

corresponding action, the user’s ID, the associated ONE, and the lo-

cal heart count.

2. User app-interactions: This database records all interactions of the

users with the app (e.g., entered the vision page, entered community

page, etc.). Each entry contains user’s ID, time stamp of interaction,

corresponding ONE, and actual interaction.

We report initial results on a dataset comprising of over 50 users

spanning 3 months. We first analyzed the correlation between various

features and user’s likes using Chi-squared correlation coefficient.

Specifically, we set the null hypothesis that there does not exist a cor-

relation between the chosen feature and users’ likes, and computed

Chi-square correlation coefficient at 95% significance level. Results

indicated statistically significant correlation between emotion ID and

likes with most users liking ONEs that conveyed a feeling of “joy”

and “affection”. Many users were interested in ONEs related to com-

munity activities followed by those ONEs concerning mind. While

there was a high correlation between ObjectiveID, Tag ID and Likes

count with users’ likes, the Face ID had the least correlation with

likes. In future, we would like to have a feature weighting strategy

and also explore sequence of users’ interactions for better prediction.

The ONE app has been designed through a human-centered design

process, which included testing various versions of the app and its in-

terface and interactions with a variety of users in our lab. In order to

evaluate the empirical prediction performance of the LR model, we

computed the NDCG5 defined by DCG5
IDCG5

wherein DCG5 is esti-

mated from the LR model using the predicted probabilities of users

liking ONEs from a wellness objective, and IDCG5 is computed

from the actual number of likes by user across various objectives.

Results gave a decent value of 0.8388. A Naive Bayes classifier was

also tested, but LR model was the better one.

4 Conclusions
We presented ONE, a personalized wellness system, that aids users

in achieving their goals by suggesting new micro-goals every day and

by providing social information for behavioral support. By learning

the probability with which a user likes or completes a ONE, it is pos-

sible to suggest those ONEs that are more likely to be completed by

the user, thus enabling goal achievement. Initial experiments demon-

strated promising performance of the system.
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Planning Search and Rescue Missions for UAV Teams
Chris A. B. Baker and Sarvapali Ramchurn and W. T. Luke Teacy1 and Nicholas R. Jennings2

Abstract. The coordination of multiple Unmanned Aerial Vehicles

(UAVs) to carry out aerial surveys is a major challenge for emergency

responders. In particular, UAVs have to fly over kilometre-scale areas

while trying to discover casualties as quickly as possible. To aid in

this process, it is desirable to exploit the increasing availability of

data about a disaster from sources such as crowd reports, satellite re-

mote sensing, or manned reconnaissance. In particular, such inform-

ation can be a valuable resource to drive the planning of UAV flight

paths over a space in order to discover people who are in danger.

However challenges of computational tractability remain when plan-

ning over the very large action spaces that result. To overcome these,

we introduce the survivor discovery problem and present as our solu-

tion, the first example of a continuous factored coordinated Monte

Carlo tree search algorithm. Our evaluation against state of the art

benchmarks show that our algorithm, Co-CMCTS, is able to localise

more casualties faster than standard approaches by 7% or more on

simulations with real-world data.

1 Introduction

The increased prevalence of low-cost, robust, commercially available

Unmanned Aerial Vehicles (UAVs) has led to concerted efforts to

utilise these platforms in order to aid first responders with collecting

sensory data without putting human lives at risk [1]. In particular,

work has focused on developing autonomous systems to minimise

the involvement of overstretched first responder personnel, and to

ensure UAVs can take action quickly [22, 24]. Key to this work, is

the idea of enabling coordinated UAVs to explore a disaster space to

discover the spatial location of casualties: a difficult task given the

spatial extent to explore and the continuous action-space represented

by a UAV’s axes of motion.3

To enable this exploration, advances in data collection have cre-

ated new sources of information about disaster scenarios that con-

tribute to increased awareness of the situation on the ground during a

disaster. In particular, data gathered by crowd-sourcing is becoming

more readily available because of the speed with which it can be gen-

erated, and its ability to directly reflect the experiences of the people

on-scene; people who can often give a very accurate report on the

hazards in their vicinity and the number of potential casualties [21].

However, despite these advancements, at present there is little work

that seeks to use information on danger and the spatial locations of

people to inform the paths of UAVs through a disaster space, in order

to maximise the number of observations made of possible casualties.

Currently, the state of the art for UAV path planning algorithms

focus on areas such as target tracking for surveillance [5, 17] which,

1 Agents Interactions and Complexity Group, University of Southampton,
UK, email {cabb1g08, sdr, wtlt}@ecs.soton.ac.uk

2 Department of Computing, Imperial College London, UK, email
n.jennings@imperial.ac.uk

although related to the exploration of a disaster space, are designed to

find a known number of targets that are in motion, rather than an un-

known number of survivors distributed over an area: a very different

problem since algorithms must be able to make predictive estima-

tions of people that might be present in as-yet unvisited locations.

Other developments in path planning focus on trying to reach a set

goal location [9, 19], or working with single autonomous vehicles

[8, 18]; neither of which fulfil the need for algorithms that coordin-

ate multiple vehicles in an explorative traversal of the disaster space,

rather than aiming for a particular final location. Moreover, specific

challenges exist in coordinating multiple vehicles. For example, there

is often no benefit to multiple UAVs providing sensor data of the

same location: there must be coordination between the vehicles to

allow them to find survivors in a disaster, without all attending the

same locations. Additionally, UAVs must be able to coordinate over

actions temporally: visiting the same location at the same time might

be straightforward to avoid, but planning a UAVs current action to

account for the future action of other nearby UAVs is a non-trivial

problem, particularly as the number of UAVs in an environment in-

creases.

Against this background, some work has recently been performed

on planning problems that involve the coordination of multiple

vehicles, including in disaster scenarios [2, 4]. However, as yet both

these approaches require some degree of simplification before plan-

ning can commence by discretising the environment into a number of

cells to be examined. Since locations in the real-world are not discret-

ised in this way, this requires some additional processing of incoming

data before UAVs can begin their exploration. Furthermore, by sim-

plifying data in this way it is inevitable that some information is lost

when a UAV can only be considered as visiting single cells, rather

than being able to plan according to a continuous range of motion.

In this paper we seek to address these shortcomings in planning

UAV searches of disaster areas, specifically with a view to future

applications and field-tests as part of the MOSAIC collaboration4

and ongoing work with Rescue Global.5 In particular we make the

following contributions to the state of the art:

1. We introduce a novel formulation of the survivor discovery prob-
lem; specifically modelled on a likely real-world scenario with the

goal of locating an unknown number of people, over a wide area,

by detection of mobile phone signals and where the diminishing

survivability of the people with time is incorporated into the re-

ward function.

2. We develop a novel decentralised algorithm that allows multiple

UAVs to coordinate to explore a large continuous disaster space

3 Although this work is framed in terms of disaster response, the same co-
ordination algorithms could be applied to other UAV applications: such as
geophysical surveying, security operations, or ecological monitoring.

4 An EPSRC funded collaboration between the University of Southampton
and the University of Sheffield: http : //www.mosaicproject.info

5 Information available at: http : //www.rescueglobal.org
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under spatial and temporal constraints. Our approach utilises a

belief map—a term referred to the mapping of spatial locations

onto some function that represents numerical data—to represent

the presence of people and danger in the environment, and to form

the basis of the rewards calculated in the planning algorithm.

3. Furthermore, in order to demonstrate the applicability of our scen-

ario to potential future disasters, we test and evaluate our approach

on real-world data (gathered from the 2010 Haiti earthquake) sim-

ulating a very large action space, showing consistent gains in sur-

vivor discovery of at least 7% compared to benchmarks, with

higher gains of around 20% for scenarios with additional UAVs.

In the following sections we first outline the current state of the

art areas of research in autonomous path-planning and explora-

tion. Next, we introduce the specific formulation of the environment

model and UAV behaviour considered in our simulations, before in-

troducing the continuous form of our coordinated Monte Carlo tree-

search algorithm. Following this, we present empirical evidence to

substantiate the benefits of this approach, before concluding and dis-

cussing future work and applications we will explore.

2 Background

In order to best use UAVs to aid responders in disasters they must be

able to plan paths autonomously, as a group, in a decentralised man-

ner. This is particularly important given the implications of a UAV

failing in the field: any centralised system that relies on a single UAV

(or other central coordinator) will fail entirely if that central point

fails; whereas a decentralised system can—in principle—continue to

function as UAVs are removed. Furthermore, as we have already in-

dicated, it is beneficial to use prior information about the area to in-

form the flight paths of UAVs in order to maximise the likelihood

of discovering survivors. Currently, work on path planning in robot-

ics focusses primarily on reaching goal locations and frequently for-

mulates path planning as a control problem [14]. Conversely, in a

disaster scenario there need not be any final end-point to a UAV’s

path planning; rather the length of the exploration may be constrained

by—for example—battery life, and the number of people to be dis-

covered must be maximised over the length of the path. Alternatively,

much work has also been done to enable the use of vision algorithms

and belief data to track mobile targets or map an area [20]. However,

this area of research often focusses on locating a known number of

targets, or covering a bounded space for the purposes of mapping.

These foci are not relevant in a scenario where an unknown num-

ber of people are distributed over an already-mapped (but very large)

area, as is frequently the case with displaced populations during and

after disasters.

Against this background, we find closer similarities with work on

solving Markov Decision Processes (MDPs); specifically where loc-

ality of UAVs can be used to reduce calculation overheads. In par-

ticular, the generality of MDP formulations suits our construction

of a simulation environment where we are provided with numerical

data used for a belief map; and MDPs in general have a number of

well-explored algorithmic solutions available. Specifically, work by

[2] utilises factored tree-searches for partially observable MDP solu-

tions; exploiting problem structure to allow factorisation in a way

reflective of local state spaces and interactions. In a similar way,

we use factored trees in this paper to represent the available ac-

tions of UAVs in a disaster environment, factoring the value of loc-

ating people between UAVs within spatial proximity of each other.

However, our work deals with a continuous state-space (in this case

representing the continuous range of actions available to a UAV at

any given time); as well as a detailed model of the scenario spe-

cifically geared towards UAV applications. This requires significant

changes to the existing approach in [2] and [4], primarily in applying

sampling of the continuous action-space while still allowing UAVs to

coordinate with one another. Crucially, discrete approaches to MDP

solutions require some form of recognition that a particular set of

actions has been entirely explored: clearly where a continuum of ac-

tions exists this cannot be said to be true, since the number of in-

dividual actions available for selection is infinite. As such we have

had to adapt different approaches usually applied to planners deal-

ing with continuous spaces [11, 25] into the regime of coordinated

exploration.

3 Scenario Model
The overarching aim of disaster response work is to minimise the loss

to human life in the disaster area. Currently, we perceive there to be a

lack of suitable environment models that fully characterise this prob-

lem and express it in terms of sensing technology and UAV behaviour

that already exists. To this end, we introduce a novel formulation for

the exploration of a disaster situation where we require that UAVs fo-

cus on areas of perceived danger, but also where these regions inter-

sect with likely occupation by people. The rationale here, is that data

about a region containing known hazards (for example, high levels

of radiation or presence of fire) is only useful in preserving human

life when it is known or believed that there are likely to be persons in

the vicinity of a hazard; or will be at some future time. We give the

example of radiation as a possible manifestation of danger in a dis-

aster scenario. In principle, we can extend this to any phenomenon

that is present over an extended area and represents some risk to hu-

man life. This general approach could then represent several types

of hazard in a disaster area, such as flooding, chemical spills, or risk

from earthquake-damaged buildings. At this point, we consider the

location of such hazards as static. Such an assumption can be justi-

fied in scenarios with slow-changing conditions (relative to the time

taken by the UAVs to explore).

We will now outline the formulations describing the state of the

environment, and the actions available to the UAVs in our simula-

tions.

3.1 Environment Model
In considering a model for the distribution in space of a number of

civilian casualties, we exploit the ubiquity of mobile phone owner-

ship and assume the use of mobile phone signals as proxies for the

presence of a person. As well as having precedent in previous use

in disaster scenarios [15, 26], this has the specific advantage of al-

lowing identification of individual sources using unique identifiers

associated with each handset. While a priori knowledge of the num-

ber of victims in a given area might be unavailable, first responders

can maintain a belief distribution over unobserved victims while also

attempting to isolate signals that have been observed, in order to re-

duce the uncertainty in the location of victims.

As a result, we explicitly envisage a scenario where UAVs are

equipped with some form of detector capable of providing a (noisy)

estimate of the range of individual unique phone signals. Specific-

ally, we seek to localise the expected position of victims in order to

reduce the time taken by search and rescue teams to find (and sub-

sequently rescue) them. In more detail, we associate the uncertainty

of a person’s location with time taken to search the area for that per-

son. By moving the detectors around the space, the expected location
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value can be determined with higher precision; effectively reducing

the area to be covered (and thus the time taken) by rescue services

from a large initial area to a much smaller location.

We consider a search area containing a number of signals s ∈ S
indicating the presence of people in some danger (mapped spatially

by a two dimensional scalar function D : R2 1→ [0, 1]), correspond-

ing to their expected likelihood of dying within the next time-step t.
The reward we gain R is related to the number of people we hope to

observe, their likelihood of survival, and a discovery time t indicating

how long it would take to rescue any victim:

R =
∑

pi,di∀si∈S
pi · (1− di)

t

where di ∈ D and pi ∈ P represents the expected number of people

for a given signal si ∈ S. Each signal si is mutually distinguish-

able from other signals, and the magnitude of each can be sensed

by UAVs within a set radius. In the first instance we assume a re-

latively flat prior belief of victim position, implying a long time to

locate an individual. However, with a set of observations (O) of—for

example—the strength of a mobile phone signal some estimate can

be made of the location of a person; effectively reducing the time to

locate them. We denote this using a time to find parameter tf that

decreases linearly with the estimated area of the location of an indi-

vidual phone signal.

As such, at any given time our reward is then:∑
pi,di∀si∈S

pi · (1− di)
tf (O)

whereas projecting reward to any arbitrary time in the future we have

for a series of observations at time t:

Rknown =
∑

pi,di∀si∈S
pi · (1− di)

tf (Ot)+t

By collecting information on signal sources we can use a popula-

tion Monte-Carlo (PMC) [7] to model the likely locations of a person,

which increases in precision as more measurements are taken, expli-

citly reducing tf . Thus reward is fundamentally a function related to

the danger at a given location believed to contain a victim, and the

precision with which the location of that person is known. Planning

can be performed by simulating the result of measurements on the

probability distribution for each person and extrapolating the effect

on tf in each instance.

To account for signals we have yet to observe, we include a term

for the expected number of victims outside of the range of obser-

vations. In principle the search area for such victims would be the

entirety of the area over which observations have yet to be recor-

ded, since the positions of the victims are known with no localisation

whatsoever. Thus for a continuous distribution of expected people

(pe):

Runknown =

ˆ
pe(x, y) · (1− d(x, y))tf dxdy

The global reward function at time t then simply becomes the sum

of the two components:

Rtotal = Rknown +Runknown (1)

It is worth noting that since the formulation of reward from the

population Monte-Carlo simulation is essentially separate from the

tree-search function outlined below, the two are (in general cases)

separately applicable.

3.2 UAV Behaviour Formulation
We consider simple UAV flight dynamics—including minimal con-

straints on performance—since the focus of our work is on plan-

ning rather than constraint optimisation, and because restrictions

on UAV behaviour can be included in subsequent iterations of the

model as constraints on the reward function. Thus the set of UAVs

U = {u1, . . . , um} traverse the space in iterations of a fixed distance

δ per time-step t (i.e. at fixed speeds and altitudes); with a continu-

ous domain of available angles available to determine the direction of

the next action. The action vectors enabling UAV uk to move at the

next time step is defined as ak = (akα, akβ , akγ , . . .) where each

Greek index can be interpreted as an angle between 0o and 360o.

In theory the cardinality of ak is infinite, but as detailed below we

use continuous space tree-search methods to restrict our search to fi-

nite subsets. Each UAV selects a sequence of actions to produce its

trajectory Tk = [ak(t = 1), ak(2), . . . , ak(tend)] (for a trajectory

that ends at time tend); which together form the set of all trajectories

T = {T1, . . . , Tm}. Thus the collective goal of the UAVs is to plan

a set of trajectories to satisfy: T∗ = argmaxR R(T).

4 The Coordinated Continuous Monte Carlo
Tree-Search Algorithm

In choosing Monte-Carlo tree search as the basis for our solution, we

note its ability to sample very quickly from large state spaces (tra-

ditionally used in solving games), and the flexibility with which it

can be applied to general problems [6]. To do this we exploit locality

between UAVs to factor the search space into local joint-action trees.

Furthermore, we allow trees to coordinate over shared factors (that

is, UAVs in multiple trees) using the max-sum algorithm [23] by ex-

changing messages to express the local reward gained by UAVs tak-

ing particular actions at future times. In other words, when selecting

which node in a tree to expand the individual trees are coordinated

over their shared UAVs to select mutually nonconflicting actions that

are maximally beneficial to both trees.

At this stage, we design the algorithm to plan on-line and re-

calculate the optimum action at each time-step. In this way we have

built-in robustness to temporal changes in the map (as well as not

requiring a priori knowledge of future coordination requirements).

We currently run simulations in a centralised fashion—insofar as

they are performed on a single computer—but with allowances for

multiple parallel threads representing the different individual calcula-

tions for each portion of the factored utility. In addition, we note that

the nature of the max-sum coordination is such that UAVs are not

required to have perfect information: it is sufficient that they know

their local utility and are able to share this with local neighbours.

Specifically, we introduce an additional step to the standard MCTS

process of tree growth. This growth is typically summarised: node

selection, expansion, rollout or simulation, and backpropagation [6,

16]. Most significantly, we modify the selection process to determine

which node to expand by coordinating in parallel between trees via

max-sum. We detail our approach in the following subsections.

4.1 Tree Construction
At each timestep in the simulation, the coordinated MCTS (Co-

MCTS) algorithm begins by calculating which UAVs require co-

ordination with their neighbours, leading to the form of the UAV-

based factor graph constructed in the joint-action creation function

J (Line 3), detailed fully in Algorithm 1. This is performed to estab-

lish whether coordination is needed in a given UAV’s locality: where
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a UAV is spatially isolated from neighbouring UAVs, a local tree is

grown. The resulting groups of UAVs will form the basis of the factor

graph used in the max-sum calculation (Line 13 in Algorithm 1). The

result of J is represented formally by a set N = {n1, . . . , nf} that

represents the domain of the factor nodes to be coordinated. Specific-

ally, each member of N contains a set of actions corresponding to a

group of UAVs that require coordination. In this case, the correspond-

ing element in N—say ni—would be the set of actions available to

these UAVs: ni = {a1, a2, . . . , ak}. Trees are grown for each ni in

N , each of which in turn represents the factors in the max-sum graph

connected to the variables representing the available actions of the

UAVs. In more detail, trees are grown for each joint-utility between

interacting UAVs, and coordination between trees is performed when

trees share access to a given UAV. Individual nodes in the tree ni will

be indicated as n
(k)
i , or from any arbitrary tree by n(k).

Figure 1. An example of four UAVs (u1−4) interacting via a max-sum
factor graph. Trees are grown for n1 and n2.

An example max-sum factor graph is represented in Figure 1.

Here, four UAVs may interact at the next time-step in the following

sub-sets: {u1, u2, u3} and {u3, u4}. As such, the algorithm main-

tains two joint trees for these sets, represented as the utility nodes n1

and n2, which must coordinate over the action of the UAV common

to both: u3. Framing this in terms of the action selected as a result

of the tree-search, the coordination serves to ensure the two trees se-

lect an action for a3 that is both mutually beneficial to both factored

reward functions, and also the same; since a3 can only take a single

action at the next time step, the two trees must “agree” on what this

action is.

4.2 Node Selection and Expansion
Algorithm 1 begins with the creation of the root nodes representative

of each factor seen in Line 6, which are recorded in the set Nr (Line

4). Following this, the creation and growth of branches is performed

Δ times inside the loop beginning at Line 8. This begins by exploring

down each tree, starting from the root node, to determine which node

to branch on next. Node selection is performed in accordance with

standard progressive widening [11, 25], where we sample randomly

from the action set of a node up to a limit of K actions per node,

with K defined as in [10] to be a parameter of constants C > 0 and

α ∈ (0, 1) and the time of simulation t: K = Ctα.

Line 9 introduces the current set of nodes (across all trees) to

be expanded next, Nnext, and Line 10 creates the set of previ-

ously expanded nodes Nprev . At Line 13 the max-sum algorithm

is used to maximise the value of rewards (as per Equation 1) the ac-

tions over each ni, returning a vector of favourable actions a∗ =
(a∗1, a

∗
2, . . . , a

∗
m | a∗k ∈ ak). Since each ni depends on a subset of

actions, the function select(n(k), a∗) serves to return only the actions

corresponding to a given n(k). This is then used as the argument to

create the new expansion to a node in Nnext in Line 16.

Algorithm 1 Coordinated MCTS

CoMCTS (U,D, t = 0)

1. for t in [1, . . . , tend]

2. //Creation of factor graphs given UAV locations//

3. N ← J (U)

4. Nr ← ∅
5. for ni in N

6. append(Nr) ← n
(0)
i

7. endfor
8. for eachstep in [1, . . . ,Δ]

9. Nnext ← Nr

10. Nprev ← ∅
11. while Nnext �= ∅
12. //Max-sum coordination returns best actions for shared factors//
13. a∗ ← maxsum (N,Nnext)

14. for n(k) in Nnext

15. //Actions relevant to n(k) selected//

16. n(k)
new ← expand

(
n(k), select

(
n(k), a∗

))
17. if expansions

(
n(k)

)
≥ K

18. remove
(
n(k), Nnext

)
19. append

(
n(k), Nprev

)
20. endif
21. endfor
22. endwhile
23. for n(k) in Nprev

24. //Simulation (rollout) and backpropagation of results//

25. rollout(n(k)
new)

26. backpropagate(n(k)
new)

27. endfor
28. endfor
29. for ni in N
30. a∗i = (bestactions (ni))

31. endfor
32. t ← t + 1

33. endfor

Although not explicitly tested, we note that this approach ensures

communications between UAVs need not be excessive. We note ex-

isting literature has shown at-length that max-sum in particular is

robust to low bandwidth and irregular message-passing [12, 13, 23].

In practice we envisage that where UAVs share a tree a single UAV

will handle the growth and planning of the joint actions.

4.3 Rollout and Backpropagation
The rollout portion of the MCTS (line 25 in Algorithm 1) is tradi-

tionally a coarse estimate of the affect of future actions as the result

of exploring a particular node in the action space, although some

more recent work has focussed on principled simulations using ex-

isting MCTS techniques [3]. In this example, we base the rollout on

a random-walk through the action space starting at the node just ex-

panded, biased in the direction of the last action taken. This method

has the benefit of showing not just the contribution of any random

series of actions, but of taking more actions similar to the one rep-

resented by the frontier node (for each UAV). Intuitively, a purely

random rollout from one node in a joint action tree will be insigni-

ficantly different from a rollout from any similar node. Conversely,

our rollout policy contributes to the exploration value of a node by

indicating possible future reward through continued tree expansion

with a preference for repetitions of the action itself.

Finally the rewards calculated at the leaf nodes are backpropag-

ated up the tree towards the root by iteratively updating cumulative

average rewards for each upstream node (Line 26). This is unchanged

from classic MCTS.
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5 Empirical Evaluation

To verify the performance of our algorithm on data relevant to real-

world disaster scenarios, we used data from the Ushahidi project

[21] produced from crowd-sourced information during the 2010 Haiti

earthquake to generate D and S.6 This dataset was selected as it

represents one of the largest available sources of information about

spatial distributions of people and damage to buildings from any re-

cent natural disaster. Furthermore, with increased interest in simple

systems that allow crowds to provide data using their phones very

quickly after a disaster takes place, the prevalence of such data-

sets will invariably increase in future; further underscoring the im-

portance of testing our algorithm on this type of data. Specifically,

we extracted the level of damage and coordinates of buildings in a

2km square centred on the capital, Port-au-Prince. Damage was rated

based on crowd reports on a scale from 1 to 5, with 5 being most

severe.

Figure 2. Danger D as a function of position, created from Ushahidi
dataset centred over Port-au-Prince. Dimensions of 2km along each side.

We then constructed a decomposed grid world of size 200 × 200
of 10m × 10m cells, to form the basis of the danger function D.

Since damaged buildings represent an estimate of the damage in an

area and thus, the danger to the victims on the ground, we formed a

belief map of danger to the populace by summing the total number

of buildings above a threshold level (set to a crowd report of damage

3 and above) in each cell, before multiplying by a common factor to

convert the data into a map representative of expected fatalities (not-

ing the constraint imposed by the domain of D). The environment is

displayed in Figure 2 with a scale showing the value of d in each loc-

ation. In calculating values for use in the reward functions, the value

of danger is based on the mean expected position of the signal based

on the data collected. Where the spatial location is not yet clearly es-

tablished we have found that empirically the change in spatial danger

was smooth enough that nearby values tended to be close to the final

estimated value of di in most cases.

Assuming a UAV speed—typical of quad rotor vehicles—of

10ms−1 amounts to the traversal of one action of moving δ = 10m

6 Available from http : //www.ushahidi.com

in one timestep of one second. We typically simulate UAV searches

over time horizons of tend = 1000.

The performance metric used is the percentage reduction in the

time for total cumulative discovery time tf (averaged over the num-

ber of UAVs) since it best reflects the ability of the UAV search to

pinpoint victims for rescue. We benchmark against a similarly co-

ordinated—but discrete—MCTS implementation, where the action

space of the UAVs is restricted to moving between the cells forming

the danger-function environment. This scenario poses similar chal-

lenges of coordination in large action spaces but benefits from exist-

ing work that deals with factored finite-space tree-search [2], and has

already shown its efficacy in planning over the Ushahidi dataset [4].

Figure 3. Result of randomised starting position tests for each of the
continuous coordinated MCTS, discretised (cellular) coordinated MCTS and
a simple lawnmower sweep-search; performed 106 times. Results indicate

reduction in tf averaged over the four UAVs in the scenario.

An initial simulation with four UAVs in randomised start loca-

tions on the map shown in Figure 2 is shown performing against a

discretised coordinated MCTS implementation (as described in [4])

and a simple lawnmower-style sweep search over the area for com-

parison. This shows a gain of around ~7% over a discretised search

space (Figure 3). We note that computation time of tree growth on

the order of hundreds of nodes typically took less than half a second,

demonstrating that computational complexity is not excessive.

Furthermore, we are able to demonstrate the consistency of our ap-

proach on addition of further UAVs to the simulation. Intuitively the

reward gained by each UAV in a well-coordinated algorithm should

suffer fewer diminishing returns when adding more to the scenario.

In detail, this is because any additional UAVs should still localise

close-to the same number of people as other UAVs in the environ-

ment, if they coordinate the exploration task effectively as a group.

If they do not, one would expect additional UAVs would explore the

same regions of the disaster space as those already present: which,

as discussed previously, offers negligible improvements to the global

reward function when compared to localising previously un-seen cas-

ualties. We demonstrate in Figure 4 that additional UAVs results in

a slower decrease in observed reward than in the discretised action

space. Most notably at 5 UAVs the difference in performance per-

vehicle is approximately 18% in favour of the continuous algorithm.

This benefit is due to the continuum of actions available being less

restrictive than in a cellular decomposition of the search area; allow-

ing more effective coordination.
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Figure 4. Comparison of continuous and discrete coordinated MCTS in a
tend = 1000 simulation of varying numbers of UAVs. The continuous

space approach is not only better than the discretised approximation, it is
more consistent in its reward per-UAV added to the scenario. Results here

are averaged per-UAV in the simulation.

6 Conclusions
Motivated by increased availability of belief-data about disaster en-

vironments, we have introduced an implementation of a decentral-

ised, factored, coordinated Monte Carlo tree search algorithm for the

purpose of discovering survivors in a simulated UAV path planning

scenario. Tests were carried out on real-world data from the 2010

Haiti earthquake via the Ushahidi platform; an environment with a

continuous action space over a large area. We demonstrated the cap-

ability of our Co-CMCTS algorithm in sampling this space and plan-

ning paths, and demonstrated consistent performance gains over a

discretised algorithm in the number of survivors discovered of up

to 18%. Future work will seek to extend these solutions to differ-

ent densities of survivors, time-varying belief maps, and—as part

of ongoing collaborative efforts—will attempt field-trials of the al-

gorithms proposed above on real-world platforms to further demon-

strate the efficacy and real-world applicability of our contributions.

References
[1] S. M. Adams and C. J. Friedland, ‘A Survey of Unmanned Aerial

Vehicle (UAV) Usage for Imagery Collection in Disaster Research
and Management’, in Proceedings of the Ninth International Workshop
on Remote Sensing for Disaster Response, volume 9, Stanford, MA,
(2012).

[2] C. Amato and F. A. Oliehoek, ‘Scalable Planning and Learning for Mul-
tiagent POMDPs’, in Proceedings of the Twenty-Ninth AAAI Confer-
ence on Artificial Intelligence, pp. 1995–2002, Austin, Texas, (2015).
AAAI.

[3] H. Baier and M. H. M. Winands, ‘Nested Monte-Carlo Tree Search for
Online Planning in Large MDPs’, in European Conference on Artificial
Intelligence (ECAI), volume 242, pp. 109–114. IOS, (2012).

[4] C. A. B. Baker, S. D. Ramchurn, W. L. Teacy, and N. R. Jennings,
‘Planning Search and Rescue Missions for Unmanned Aerial Vehicle
Teams’, in ICAPS Proceedings of the 4th Workshop on Distributed and
Multi-Agent Planning (DMAP-2016), London, (2016). AAAI.

[5] S. Bernardini, M. Fox, and D. Long, ‘Planning the Behaviour of Low-
Cost Quadcopters for Surveillance Missions’, in Proc. of 24th Int. Con-
ference on Automated Planning and Scheduling, pp. 445–453, Ports-
mouth, NH, (2014). AAAI.

[6] C. B. Browne, E. J. Powley, D. Whitehouse, S. M. Lucas, P. I. Cowling,
P. Rohlfshagen, S. Tavener, D. Perez, S. Samothrakis, and S. Colton, ‘A
Survey of Monte Carlo Tree Search Methods’, Transactions on Com-
putational Intelligence and AI in Games, 4(1), 1–43, (2012).

[7] O. Cappé, A. Guillin, J. M. Marin, and C. P. Robert, ‘Population Monte
Carlo’, Journal of Computational and Graphical Statistics, 13(4), 907–
929, (2004).

[8] M. Cashmore, M. Fox, T. Larkworthy, D. Long, and D. Magazzeni,
‘AUV Mission Control via Temporal Planning’, in 2014 IEEE Interna-
tional Conference on Robotics and Automation, pp. 6535–6541, Hong
Kong, China, (2014). IEEE.

[9] Y.-b. Chen, G.-c. Luo, Y.-s. Mei, J.-q. Yu, and X.-l. Su, ‘UAV path plan-
ning using artificial potential field method updated by optimal control
theory’, International Journal of Systems Science, (October), 1–14, (jun
2014).

[10] A. Couëtoux, J.-B. Hoock, N. Sokolovska, O. Teytaud, and N. Bonnard,
‘Continuous Upper Confidence Trees’, in Proceedings of the 5th In-
ternational Conference on Learning and Intelligent Optimization, ed.,
C. A. Coello-Coello, number 5, pp. 433–445, Rome, Italy, (2011).
Springer.

[11] R. Coulom, ‘Efficient Selectivity and Backup Operators in Monte-Carlo
Tree Search’, in 5th International Conference on Computer and Games,
eds., P. Ciancarni and H. J. V. D. Herik, volume 4630, pp. 72–83, Turin,
Italy, (2006).

[12] F. M. Delle Fave, A. Farinelli, A. Rogers, and N. R. Jennings, ‘A Meth-
odology for Deploying the Max-Sum Algorithm and a Case Study on
Unmanned Aerial Vehicles’, in The Twenty-Fourth Innovative Applic-
ations of Artificial Intelligence Conference, pp. 2275–2280, Toronto,
(2012). AAAI.

[13] A. Farinelli, A. Rogers, and N. R. Jennings, ‘Agent-based decentral-
ised coordination for sensor networks using the max-sum algorithm’,
in Autonomous Agents and Multi-Agent Systems, volume 28, pp. 337–
380, (2014).

[14] C. Goerzen, Z. Kong, and B. Mettler, ‘A Survey of Motion Planning Al-
gorithms from the Perspective of Autonomous UAV Guidance’, Journal
of Intelligent and Robotic Systems, 57(1-4), 65–100, (nov 2009).

[15] A. Goetz, S. Zorn, R. Rose, G. Fischer, and R. Weigel, ‘A Time Dif-
ference of Arrival System Architecture for GSM Mobile Phone Loc-
alization in Search and Rescue Scenarios’, in Positioning Navigation
and Communication (WPNC), 2011 8th Workshop on., pp. 1–4. IEEE,
(2011).

[16] L. Kocsis and C. Szepesvari, ‘Bandit based Monte-Carlo Planning’,
Machine Learning: ECML 2006, 4212, 282–293, (2006).

[17] A. Kolling and A. Kleiner, ‘Multi-UAV Motion Planning for Guaran-
teed Search’, in Autonomous Agents and Multiagent Systems, pp. 79–
86, (2013).

[18] M. Kothari and I. Postlethwaite, ‘A Probabilistically Robust Path Plan-
ning Algorithm for UAVs Using Rapidly-Exploring Random Trees’,
Journal of Intelligent and Robotic Systems, 71(2), 231–253, (sep 2012).

[19] M. Kothari, I. Postlethwaite, and D.-W. Gu, ‘Multi-UAV Path Plan-
ning in Obstacle Rich Environments Using Rapidly-exploring Random
Trees’, in Proceedings of the 48th IEEE Conference on Decision and
Control (CDC) held jointly with 2009 28th Chinese Control Confer-
ence, pp. 3069–3074, Shanghai, (dec 2009). IEEE.

[20] Y. C. Liu and Q. H. Dai, ‘A Survey of Computer Vision Applied in
Aerial Robotic Vehicles Yu-chi’, in OPEE 2010 - 2010 International
Conference on Optics, Photonics and Energy Engineering, number 201,
pp. 277–280, Wuhan, China, (2010). IEEE.

[21] N. Morrow, N. Mock, A. Papendieck, and N. Kocmich, ‘Independent
Evaluation of the Ushahidi Haiti Project’, Technical report, Ushahidi,
(2011).

[22] R. R. Murphy, ‘A Decade of Rescue Robots’, in IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, pp. 5448–5449,
Vilamoura, Portugal, (2012). IEEE.

[23] A. Rogers, A. Farinelli, R. Stranders, and N. R. Jennings, ‘Bounded
approximate decentralised coordination via the max-sum algorithm’,
Artificial Intelligence, 175(2), 730–759, (2011).

[24] United Nations Foundation, ‘Disaster relief 2.0’, Technical report,
United Nations, (2011).

[25] Y. Wang, J.-Y. Audibert, and R. Munos, ‘Algorithms for Infinitely
Many-Armed Bandits’, in Advances in Neural Information Processing
Systems, eds., D. Koller, D. Schuurmans, Y. Bengio, and L. Bottou,
1729–1736, NIPS, 21 edn., (2008).

[26] S. Zorn, R. Rose, A. Goetz, and R. Weigel, ‘A Novel Technique for Mo-
bile Phone Localization for Search and Rescue Applications’, in 2010
International Conference on Indoor Positioning and Indoor Naviga-
tion, number September, pp. 15–17, Zurich, Switzerland, (2010). IEEE.

C.A.B. Baker et al. / Planning Search and Rescue Missions for UAV Teams1782



Integrating ARIMA and Spatiotemporal Bayesian
Networks for High Resolution Malaria Prediction

A. H. M. Imrul Hasan 1 and Peter Haddawy2

Abstract. Since malaria is prevalent in less developed and more

remote areas in which public health resources are often scarce, tar-

geted intervention is essential in allocating resources for effective

malaria control. To effectively support targeted intervention, predic-

tive models must be not only accurate but they must also have high

temporal and spatial resolution to help determine when and where to

intervene. In this paper we take the first essential step towards a sys-

tem to support targeted intervention in Thailand by developing a high

resolution prediction model through the combination of Bayes nets

and ARIMA. Bayes nets and ARIMA have complementary strengths,

with the Bayes nets better able to represent the effect of environmen-

tal variables and ARIMA better able to capture the characteristics

of the time series of malaria cases. Leveraging these complementary

strengths, we develop an ensemble predictor from the two that has

significantly better accuracy that either predictor alone. We build and

test the models with data from Tha Song Yang district in northern

Thailand, creating village-level models with weekly temporal reso-

lution.

1 INTRODUCTION
Malaria remains a global public health problem with an estimated

214 million cases of malaria globally in 2015 and 438,000 malaria

deaths [23]. In Thailand, 31,121 and 15,446 confirmed cases were

reported in 2014 and 2015, respectively [18]. Since malaria is preva-

lent in less developed and more remote areas in which public health

resources are often scarce, targeted intervention is essential in allo-

cating resources for effective malaria control. Since 2009 Thailand

has implemented an E-Malaria Information System (EMIS) [13] to

systematically gather case data and data on relevant covariates in or-

der to support control policy decisions as well as to track their ef-

fectiveness. With the rise of resistant strains of malaria as well as

the greatly increased incidence of dengue (another mosquito vector

borne disease) in Thailand and neighbouring Malaysia, Thailand’s

Center of Excellence for Biomedical and Public Health Informat-

ics, which houses EMIS, has expressed interest in exploring use of

this and related data sources to support targeted intervention by pro-

ducing appropriate predictive models. To effectively support targeted

intervention, predictive models must be not only accurate but they

must also have high temporal and spatial resolution to help determine

when and where to intervene [16]. While much work has been done

on malaria prediction models, high resolution prediction remains a

challenge [21].

Modeling of malaria is challenging because disease transmission

can exhibit spatial and temporal heterogeneity, spatial autocorrela-

1 Mahidol University, Thailand, email: ahmimrul.has@student.mahidol.ac.th
2 Mahidol University, Thailand, email: peter.had@mahidol.ac.th

tion, and seasonal variation. In addition, some covariates such as

temperature affect incidence rates in a nonlinear fashion. Among the

numerous techniques that have been used to create predictive mod-

els [30], ARIMA is the most popular because of its ability to ac-

curately model characteristics of the time series as well as capture

some dependence on covariates. Despite a variety of modeling ap-

proaches (ARIMA, regression, neural nets, SIR models) having been

explored, no work has yet explored the potential of Bayes nets as a

modeling framework for malaria. Bayesian networks [19] provide a

number of advantages for modeling of malaria, including the ability

to explicitly represent uncertainty, handle missing data, and represent

nonlinear relations. In addition, the model structure, which typically

reflects the problem structure, can be used to generate explanations

of the predictions.

In this paper we take the first essential step towards effective tar-

geted intervention by developing a high resolution prediction model

through the combination of Bayes nets and ARIMA. Bayes nets and

ARIMA have complementary strengths, with the Bayes nets better

able to represent the effect of environmental variables and ARIMA

better able to capture the characteristics of the time series of malaria

cases. We find that for one week prediction the Bayes net model per-

forms best for high and mid-level incidence while ARIMA performs

better for low-level incidence. For two week prediction, ARIMA per-

forms best for all incidence levels. Leveraging these complementary

strengths, we develop an ensemble predictor from the two that has

significantly better accuracy that either predictor alone at every inci-

dence level, using model trees to select the features and the weights

to put on each model. We build and test the models with data from

Tha Song Yang district in northern Thailand, creating village-level

models with weekly temporal resolution. This is the first work to use

Bayesian networks to model malaria and the first to create an ensem-

ble forecasting model using Bayes nets and ARIMA.

2 RELATED WORK

A number of researchers have explored the combination of neural

networks and ARIMA. One approach has been to use the neural net-

work to classify the residuals [6, 14, 28] from the ARIMA model. A

residual is the difference between an actual value and it’s prediction.

The logic behind this is that the residuals will contain non-linearity

since ARIMA cannot capture the non-linear structure of time series.

Adhikari [1] proposed an approach to combine neural nets with a

number of forecasting models (Box-Jenkins ARIMA, FANN, EANN

and SVM) in two steps. First a set of sample weights is obtained from

the inverse relation between absolute forecast and error forecast of

the respective model. Second a neural net model is made to predict

the combining weights by going through the sample weights.
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One common combining method for ensemble techniques is to as-

sign weights to component forecasts where each weight is inversely

proportional to the prediction error of the corresponding component

model, which ensures that the model with higher error gets the lower

vote for the combined contribution. A nonlinear framework [2] is

also proposed by researchers where correlations between pairs of

component forecasts are considered along with the optimal weights

determined from pairs of train and test sets. Wichard [24] proposed

hybrid ensembles that combine multiple models (Nearest Trajectory,

Neural Network, Difference, Trend cycle and AR model) by using

a weight which is proportional to symmetric mean absolute percent

error (SMAPE) computed over a left-out part of the time series.

Relevant work on using Bayes nets for disease modeling includes

that of Cooper et al. [5] on modeling spatiotemporal patterns for non-

contagious diseases that can cause outbreaks in a population such

as may occur in bioterrorist attacks. Spatiotemporal Bayes nets have

been applied to a number of environmental modeling problems. Most

Bayes net environmental models to date have either focused on spa-

tial aspects [12, 7] or temporal aspects [11], with only the recent

work of Wilkinson et al. [25] addressing the combined dimensions

of spatial heterogeneity, spatial influence, and temporal evolution.

In this paper, we combine Bayesian network and ARIMA fore-

casting models by a simple linear function of weighted component

models and a few selected features. The combining weights and fea-

tures are chosen by a model tree algorithm.

3 GEOGRAPHIC REGION AND DATA

We demonstrate our approach with the problem of weekly village

level malaria prediction in Tha Song Yan district of Tak province of

Thailand. Tha Song Yang is a hilly area with 66 villages in which

malaria is endemic. It is located along the border with Myanmar and

this proximity to the border results in imported cases. Policy makers

were interested in having a predictive model that can assist in timely

targeted intervention, particularly given the remoteness of some vil-

lages, as well as in understanding the factors that most influence the

malaria incidence.

The case data for our model consists of weekly clinically con-

firmed malaria cases obtained from Thailand’s national E-Malaria

Information System (EMIS) [13]. The data covers each of the 66 vil-

lages for the years 2012 and 2013, providing a total of 6,579 records

with 12,800 total cases (plasmodium falciparum, plasmodium vivax).

The numbers of cases per village per week ranged from 0 to 82 with

a mean of 2.1.

In addition to the case data, our model makes use of a number of

environmental factors associated with malaria. Predictive models of-

ten make use of environmental factors such as rainfall, temperature,

and vegetation as determinants of mosquito vector density and in-

fectivity, as well as malaria incidence in the preceding time period

(typically week or month) as an estimator of the human reservoir of

the parasite and the population susceptibility [8]. Since seasons affect

the environmental factors, models also often incorporate some rep-

resentation of time or seasonality. The factors included in our model

and the source for each are

• Normalized Difference Vegetation Index (NDVI): monthly satel-

lite data from MOD11A3,

• Land Surface Temperature (LST): monthly satellite data at 5 km

resolution from MOD11C3,

• Rainfall: daily satellite data at 10 km resolution from JAXA

Global Rainfall Watch,

• Slope: Average in 1 km buffer around each village, computed from

elevation data,

• Distance to nearest stream: Euclidean distance from village center

to closest point on the stream,

• Stream density: total stream length in 4 km buffer around each

village,

• Distance to border: Euclidean distance from village center to the

closest point on the border with Myanmar,

• Month: month of the year.

NDVI, LST, Rainfall, and Month are temporal variables whose

values are indexed by week, while Slope, Stream density, Distance

to nearest stream, and Distance to border are non-temporal variables

whose values are constant over time. The variables NDVI, Distance

to nearest stream, and Stream density are thought to positively im-

pact malaria incidence. LST has a nonlinear effect on malaria with

malaria incidence low for low temperatures, increasing over some re-

gion, and then dropping off for high temperatures. Rainfall is known

to have a positive effect on malaria incidence except for very heavy

rainfall which can wash away the larvae. Slope is included because it

interacts with rainfall with rain draining off more quickly the higher

the slope. Distance to border is a proxy for the number of imported

cases and is thought to have a positive effect on incidence. Some val-

ues for the variables obtained from satellite data were missing due to

cloud cover during some time periods. Missing values were filled in

using temporal and spatial interpolation as appropriate.

4 BAYESIAN NETWORK PREDICTION
MODEL

Malaria may be modeled using one Dynamic Bayes net (DBN) per

village. Figure 1 shows the structure of the DBN prediction model for

two time slices: week 0 and week 1. The model includes temporal

nodes such as NDVI at week zero (NDVI w0), and non-temporal

nodes for random variables whose states do not change with time,

such as Border Distance.

Time lags in the model include a one week lag in the effect of

Rainfall on NDVI and a three week lag in the effect of Rainfall on

Mosquito Population Density. Our malaria model includes three la-

tent variables: Rainfall Effect w1, which represents the interaction

of rainfall and slope; Stream Effect, which summarizes the effect of

stream distance and stream density; and Mosquito pop density w1,

which represents the effect of various environmental factors on the

vector density. Inclusion of these variables increases the explana-

tory power of the network and, importantly, reduces the size of

some of the conditional probability tables. For example, inclusion of

Mosquito pop density w1 reduces the size of the CPT for the node

Incidence w1 which would otherwise be too large to learn from the

available data. Because of the inclusion of latent variables, the condi-

tional probability tables (CPTs) for the Bayes net were learned using

the expectation maximization (EM) algorithm.

The model is used for prediction by entering known values for

the variables at week zero (w0), rainfall at week minus 2 (Rain-

fall wm2), and Month for weeks zero and one, and computing the

posterior probability of incidence at week 1 (Incidence w1). To pre-

dict incidence for week two, an additional time slice is included with

similar repeated structure. Each node of malaria incidence is divided

into 14 ranges. The predicted incidence is then computed as the ex-

pected value of the incidence random variable:

E(incidence w1) =
14∑
i=1

{P (rangei) ∗mean(rangei)} (1)
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Figure 1. Bayesian network model showing two time slices.w0 = week 0, w1 = week 1, wm2 = week minus 2

where i = 1, 2, ..., 14 are the ranges, P (rangei) is the probability

of ith range and mean(rangei) is the mean of the distribution of

the data over the ith range. The prediction accuracy was evaluated

by mean absolute error (MAE):

MAE =

N∑
case=1

Abs(Predictedcase −Actualcase)

N
(2)

where N is the number of cases. The MAE of the Bayes net model

for one week prediction over all 66 villages is 1.098 and the MAE

for two week prediction is 1.417.

5 ARIMA PREDICTION MODEL
Auto Regressive Integrated Moving-Average (ARIMA), also known

as the Box-Jenkins approach [4], is the most popular stochastic time

series forecasting model of the past few decades. It is a modeling

approach that can be used to calculate the probability of a future

value lying between specific limits. It has three parameters: auto-

regression (AR), integration (I), and moving average (MA). The

ARIMA(p, 0, 0) or autoregressive model is represented as

Yt = θ0 + φ1Yt−1 + φ2Yt−2 + ......+ φpYt−p + et (3)

where θ0 is the intercept, p is the number of auto regressive terms,

Yt is predicted result, Yt−p is the observation of time t − p,

φ1, φ2, ...., φp is a set of parameters that are calculated by linear re-

gression, and et is the regression error. The ARIMA(0, 0, q) or mov-

ing average only depends on q past random terms and the current

random term et and is expressed as

Yt = μ− θ1et−1 − θ2et−2 − ......− θqet−q + et (4)

where q is the number of the moving averages, θ1, θ2, ..., θq is a set

of parameters, and μ is the mean of the series. The ARIMA(p, 0, q)
model is

Yt = θ0 + φ1Yt−1 + φ2Yt−2 + ...+ φpYt−p+

μ− θ1et−1 − θ2et−2 − ...− θqet−q + et (5)

The ease of use of the Box-Jenkins methodology [4] for opti-

mal model fitting, as well as the flexibility of the representation

have made ARIMA a highly popular modeling approach. A vari-

ant of ARIMA capable of modeling seasonal data called SARIMA

[9] includes additional terms in the ARIMA model and is written as

(p, d, q)(P,D,Q)m. The upper-case notation is for seasonal parts of

the model. The term m is the number of units per season, P is the

number of seasonal autoregressive (SAR) terms, D is the number of

seasonal differences and Q is the number of seasonal moving average

(SMA) terms. ARIMA models are used frequently by researchers for

disease surveillance and prediction (malaria [8, 22, 29], dengue [20],

HFMD [17]). The version of ARIMA that includes external predic-

tors is known as ARIMAX, which is denoted by ARIMA(p, q, d)X
(where X is the external independent variables). The ARIMA model

with extra variables often performs better [15, 3] than simple uni-

variate ARIMA when the dependent variable is explainable by other

external factors.

In this study, the ARIMA models were developed in the R Soft-

ware package v3.2.3. A best fit was obtained from the combination of

all 66 time series (66 villages) by applying the auto.arima() function

available in the R package called ”forecast” [10]. We took 70% inci-

dence data for training from each village and concatenated them by

inserting Null values in between to keep the seasonality intact. The

remaining 30% of the data was used for model testing. We trained
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a seasonal ARIMA((1,1,0)(1,0,0)) model for this study. For multi-

variate ARIMA, we chose explanatory variables from the environ-

mental factors (Month w0, Rainfall w0, LST w0, NDVI w0, Rain-

fall wm2) that we used for the Bayes net (section 4). An iterative

greedy method was used to select the external variables that provided

significant improvement in prediction accuracy based on MAE. The

only variable so selected as external covariate was Month w0. We

computed two-period-ahead forecasts by following the rolling win-

dow method. Over all 66 villages, the MAE of ARIMA for one week

prediction is 1.102 and for two week prediction is 1.217, while the

MAE of ARIMAX for one week prediction is 1.074 for two week

prediction is 1.251.

6 COMBINING BAYESIAN NETWORK AND
ARIMA PREDICTION MODELS

We analyzed the prediction accuracy of the ARIMA and Bayes net

models by testing them on three different subsets of villages divided

according to average incidence rate: (1) 13 villages with high inci-

dence{Min: 0, Max: 82, Avg.: 7.43}, (2) 13 villages with medium

incidences{Min: 0, Max: 16, Avg.: 1.91} (3) 14 villages with low

incidence{Min: 0, Max: 3, Avg.: 0.099} and all 66 villages contain-

ing the entire spectrum of incidence. The results are shown in ta-

ble 1 (columns: BN, ARIMA, ARIMAX). It can be seen from the

table that the Bayes net and the ARIMA models have complemen-

tary strengths. For one week prediction, the Bayes net model has the

best performance for high- and mid-level incidence villages and the

ARIMA models have the best performance for low-incidence vil-

lages. For two week prediction, the ARIMA models perform best for

all classes of villages.

We combined the models using stacked generalization [27], where

outputs are collected from level0 models (trained on level0 data)

and treated as data for another learning problem at level1. The model

applied in this step is referred to as the level1 model. For the level1
generalization we used model tree induction [26] on the Bayes net,

ARIMA, and ARIMAX predictions along with a number of attributes

that characterize the incidence rate in the current and previous weeks

as well as overall:

• incidence W0: Incidence of the current week (W0)

• incidence rate: Sum of weekly incidence of a village divided by

the maximum sum among all villages

• incidence WM1: Incidence of previous week

• incidence Avg: The average incidence of a village

• BN Prediction: Predicted incidence by Bayesian Network

• ARIMA Prediction: Predicted incidence by the ARIMA model

• ARIMAX Prediction: Predicted incidence by the ARIMAX model

• Last Two Avg: Average of last two weeks incidence

We used the M5P [26] model tree algorithm from the WEKA

(v3.6.10) data mining tool. The test set of level0 was further divided

into 70% and 30% then used as the train and test sets of level1. For

the combination of the Bayes net and ARIMA, the algorithm gener-

ated a tree with a single leaf node for both one- and two-week pre-

diction and selected only incidence rate and current week incidence

in addition to the BN and ARIMA predictions:

incidence W1 = (0.3424× incidence W0)+

(0.253×ARIMA Prediction W1)+

(3.8015× incidence rate)+

(0.2451×BN Prediction W1) + 0.0128 (6)

incidence W2 = (0.3224× incidence W0)+

(0.2409×ARIMA Prediction W2)+

(6.6964× incidence rate)+

(0.0824×BN Prediction W2) + 0.0448 (7)

For the combination of the Bayes net and ARIMAX the algorithm

also generated a tree with only one node for one- and two-week pre-

diction. The prediction models include the variables incidence rate,

current incidence, and incidence average. For two-week prediction

the combining function substitutes the value of last two week aver-

age for the BN prediction value.

incidence W1 = (0.3582× incidence W0)+

(0.2254×ARIMAX Prediction W1)−
(20.226× incidence rate)+

(0.9385× incidence avg)+

(0.2112×BN Prediction W1)− 0.0571 (8)

incidence W2 = (0.6355× incidence W0)+

(0.5065×ARIMAX Prediction W2)−
(26.1348× incidence rate)+

(1.2706× incidence avg)−
(0.5763× Last Two Avg)− 0.01 (9)

For one-week prediction, equations 6 and 8 each assign roughly

the same weights to the BN and ARIMA/ARIMAX predictions. For

two-week prediction, equation 7 assigns significantly lower weight to

the BN prediction and equation 9 leaves it out altogether. In the four

combination formulas, the relatively large magnitude coefficient on

incidence rate is due to its relatively small range of values. The pre-

diction accuracy of the (BN+ARIMA) and (BN+ARIMAX) models

is shown in Table 1.

7 RESULTS AND DISCUSSION
We compared the accuracy for one- and two-week predictions of the

two ensemble models with the BN and ARIMA models using data

from three consecutive weeks from the months of July, September,

and November.

Figure 2 shows one-week predictions of BN, ARIMA, ARIMAX,

(BN+ARIMA) and (BN+ARIMAX) models versus actual incidence

for the three three-week periods for a high incidence village. Figure

2(a) shows that the BN underestimates the peak in week 1 of the first

month but does well with the remaining weeks of all three months.

ARIMA overestimates weeks 1 and 3 of the first month while ARI-

MAX overestimates weeks 1 and 2 of the first month and week 1

of second month but both do well on the remaining low incidence

weeks. This is consistent with the results in Table 1. The combina-

tions (BN+ARIMA) and (BN+ARIMAX) correct for the major inac-

curacies in the other models and perform equally well for this village

with only slight differences in their predictions.

Figure 3 shows two-week predictions of BN, ARIMA, ARIMAX,

(BN+ARIMA) and (BN+ARIMAX) models versus actual incidence

for the same time periods for a second high incidence village. Figure

3(a) shows that the BN fits the three consecutive weeks of first two
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Table 1. Prediction Accuracy of BN, ARIMA, ARIMAX, (BN+ARIMA) and (BN+ARIMAX) for one- and two-week prediction.

Mean Absolute Error

Models BN ARIMA ARIMAX (BN+ARIMA) (BN+ARIMAX)

Set

of

villages

W1 W2 W1 W2 W1 W2 W1 W2 W1 W2

13-high 2.310 3.033 2.504 2.883 2.461 2.967 2.114 2.562 2.007 2.527

13-med 1.421 1.951 1.504 1.730 1.483 1.720 1.259 1.581 1.228 1.485

14-low 0.323 0.461 0.160 0.211 0.130 0.163 0.189 0.232 0.122 0.157

66-all 1.098 1.417 1.102 1.217 1.074 1.251 0.963 1.121 0.911 1.068

W1 = First Week and W2 = Second Week

Figure 2. One week ahead malaria prediction versus actual for BN(a), ARIMA(b), ARIMAX(c), BN+ARIMA(d) and BN+ARIMAX(e) over a period of 3
weeks of 3 different months of a year for Village-1.
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Figure 3. Two week ahead malaria prediction versus actual for BN(a), ARIMA(b), ARIMAX(c), BN+ARIMA(d) and BN+ARIMAX(e) over a period of 3
weeks of 3 different months of a year for Village-2.

months well but underestimates all three weeks of the last month. The

ARIMA and ARIMAX models (Figure 3(b,c)) both overestimate the

first week of the first month and underestimate weeks 1 and 3 of the

last month. Again BN+ARIMA and BN+ARIMAX do better than

all three individual models by correcting for the largest errors in the

other models.

Table 2 shows the percentage improvement of performance of the

combined BN+ARIMA model compared to BN, ARIMA, and ARI-

MAX for high, medium, and low incidence villages, as well as all

66 villages overall. Statistical significance was evaluated using a 2-

talied t-test. All values are statistically significant (p <0.05) except

where indicated. The combined model outperforms the BN model

with the difference statistically significant except for one week pre-

diction for high incidence villages. The model performs worse than

ARIMA and ARIMAX alone for one and two-week prediction for

the low incidence villages. For all 66 villages BN+ARIMA outper-

forms the single models in all cases with the differences statistically

significant except for ARIMAX W2.

Table 3 shows the percentage improvement of performance of

the combined BN+ARIMAX model compared to BN, ARIMA, and

ARIMAX. This ensemble model now significantly outperforms the

other three models in all cases except for three where the difference

is not statistically significant. In particular, the improvement over

ARIMAX for one and two week prediction is not statistically signif-
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icant. Comparing the ensemble with the BN and ARIMAX models

we see the largest improvement over the BN model for low incidence

villages and the largest improvement over the ARIMAX model for

the high incidence villages, which is reflective of the complemen-

tary strengths of the two models. For all entries in the tables, the

BN+ARIMAX model outperforms the BN+ARIMA model.

Table 2. Performance Improvement(%) of BN+ARIMA over BN, ARIMA
and ARIMAX.

Percentage Improvement
Models BN ARIMA ARIMAX

Set
of

Villages
W1 W2 W1 W2 W1 W2

13-high 8.48∗ 15.53 15.58 11.13∗ 14.10∗ 13.65
13-med 11.40 18.96 16.29 8.61∗ 15.10 8.08∗

14-low 41.49 49.67 -18.13 -9.95 -45.38 -42.33
66-all 12.30 20.89 12.61 7.89 10.34 10.39∗

W1 = First Week, W2 = Second Week
All values are statistically significant (p <0.05) except where indicated
by ∗.

Table 3. Performance Improvement (%) of BN+ARIMAX over BN,
ARIMA and ARIMAX.

Percentage Improvement
Models BN ARIMA ARIMAX
Subset

of
villages

W1 W2 W1 W2 W1 W2

13-high 13.14 16.70 19.87 12.36∗ 18.47 14.84
13-med 13.58 23.87 18.35 14.14 17.19 13.65
14-low 62.14 65.97 23.56 25.64 5.92∗ 3.74∗

66-all 17.08 24.63 17.38 12.24 15.22 14.63

W1 = First Week, W2 = Second Week
All values are statistically significant (p <0.05) except where indi-
cated by ∗.

8 CONCLUSION
In this paper we have taken the first essential step towards a system

to support targeted malaria intervention using the data in Thailands

E-Malaria Information system by developing a high resolution pre-

diction model. We developed a Bayesian network model that repre-

sents the effect of environmental variables and captures nonlinear

effects. Comparison with traditional ARIMA models showed that

the two types of models have complementary strengths. Leveraging

these complementary strengths, we developed an ensemble predic-

tor that has significantly better accuracy than either predictor alone.

Our results were obtained for one district in northern Thailand. A

next step will be to test the generality of the model by applying it to

districts with varying endemicity and environmental characteristics.

The structure of our Bayes net model can be used to provide causal

explanations but by creating an ensemble in the way we did, we lose

some of this explanatory power. It would thus be of potential benefit

to seek to integrate the ARIMA model directly into the Bayes net.

This might be done by including a node for the ARIMA result and a

node that computes the weighted average of the models.

We intend to use this model as part of a decision support tool for

targeted intervention of malaria. We are currently working to inte-

grate it with a GIS to facilitate interaction and more intelligibly dis-

play results. An additional long-range goal is to apply our techniques

the modeling of dengue.
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Rapid Adaptation of Air Combat Behaviour 
Armon Toubman1, Jan Joris Roessingh1, Pieter Spronck2, Aske Plaat3, and Jaap van den Herik4 

 
Abstract.1  Adaptive behaviour for computer generated forces 
enriches training simulations with appropriate challenge levels. For 
adequate insight into the range of possible behaviour, the 
adaptation has to take place in a rapid fashion. Ideally, each new 
behaviour model should remain readable by (and thereby under the 
control of) human experts. Although various attempts have been 
made at creating adaptive behaviour, current solutions require large 
numbers of simulations. Moreover, usability by end users has been 
of subordinate interest, as is compliance with doctrine and ethics. 
In this work, we present a machine learning method that enables 
fast behaviour adaptation, while keeping the behaviour models in a 
human-readable format. We demonstrate the effectiveness of the 
proposed method in beyond-visual-range air combat simulations. 

1 INTRODUCTION 
The use of training simulations for defence applications is growing 
[1]. Commercial off-the-shelf simulation packages, such as 
STAGE [2] and Virtual Battlespace (VBS) [3], allow experts to 
quickly develop and operate scenarios for simulations. To make the 
scenarios more realistic, they are often inhabited by computer 
generated forces (CGFs). 

Traditionally, CGF behaviour is scripted using if-then rules 
which map observations to actions. However, writing good scripts 
requires domain expertise, which is a costly resource. Poorly 
written scripts have low training value, as no skills learned by the 
trainee are transferable to the real world. Furthermore, trainees can 
learn to purposefully exploit bad CGF behaviour. This is usually 
counterproductive and should be discouraged [4, 5]. Dedicated 
CGF behaviour authoring tools, such as Smart Bandits [6], have 
been developed to mitigate this issue, often by introducing 
enhanced user interfaces and ready-to-use behaviour modules. 
However, it is still up to the experts to design the CGF behaviour 
and adapt this behaviour to reach specific training goals. 

Nowadays, advances in the field of machine learning offer the 
prospect of automatically generating behaviour models and 
adapting these models online (i.e., during operation in training 
simulations). Automatic generation of behaviour models has the 
potential to greatly decrease the workload of CGF developers, 
while online adaptation can increase the training value of CGFs by 
continuously challenging the trainees. Over the years, various 
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machine learning approaches have been tried, yet adaptive 
capabilities in CGF behaviour authoring tools are still rare [5, 7]. 
Adoption of these approaches is tamed by the large amount of time 
needed for quality control: proposed machine learning methods for 
CGF behaviour generation require substantial processing times, 
and produce behaviour models that are hard for human end users to 
understand. The latter is a critical feature, as end users need to be 
able to verify that generated behaviour complies with doctrine, and 
by extension, ethics. This consideration is also important in related 
fields, e.g., the development of behaviour for autonomous 
unmanned vehicles, or decision support systems for human pilots. 

In this work, we present a machine learning method that is 
specifically focused on rapid generation of understandable 
behaviour models. The method entails the adaptation of behaviour 
represented as finite-state machines (FSMs), through a 
reinforcement learning technique called dynamic scripting. 

FSMs have been successfully used to represent CGF behaviour 
in the Smart Bandits behaviour authoring tool, which is currently in 
use by the Royal Netherlands Air Force (RNLAF) to control CGFs 
in beyond-visual-range air combat training simulations. By cutting 
up the FSMs into their constituent states and transitions, the 
dynamic scripting algorithm is able to efficiently recombine the 
FSMs and provide adaptive behaviour. Furthermore, in contrast to 
many other machine learning algorithms, dynamic scripting does 
not alter defined pieces of behaviour during the learning process, 
which is a great step towards keeping generated behaviour in line 
with military doctrine, and keeping behaviour models 
understandable by experts. 

To the best of our knowledge, this is the first work developing 
adaptive capabilities for two cooperative CGFs in 2v2 beyond-
visual-range air combat. In this work, we actively take into account 
(1) computational speed, (2) usability by end users, and (3) built-in 
ethical and doctrinal consideration. 

The rest of this paper is structured as follows: Section 2 gives an 
overview of related work. Section 3 describes the integration of 
FSMs into dynamic scripting. Section 4 shows the experimental 
setup used to test the adaptive CGFs. The results of the 
experiments are presented in Section 5 and discussed in Section 6. 
Finally, section 7 concludes the paper. 

2 RELATED WORK 
Air combat is the fight between armed aircraft. It can be 

represented as a ‘game’ with a large, continuous state space, a 

variety of available actions, and limited resources (see [8] for a 
complete treatise). When generating air combat behaviour, creative 
solutions are required while being bound by tactical doctrine and 
rules of engagement (and training goals, for training simulations).  
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Air combat is usually divided into within-visual-range (WVR) 
combat (also known as air combat manoeuvring or dogfighting) 
and beyond-visual-range (BVR) combat, in which combating 
aircraft engage each other with long-range sensors and weapons. 
WVR and BVR combat require different approaches: WVR is 
often modelled as a pursuit-evasion problem, consisting of 
complex manoeuvring and rapid decision-making, whereas BVR 
requires planning and higher-level strategical thinking. 

 Machine learning for air combat behaviour 2.1
A wide range of machine learning techniques has been tried to 

efficiently generate effective WVR and BVR air combat behaviour. 
A non-exhaustive overview of these approaches is given below. 
The research in this area is quite fragmented, not only between 
WVR and BVR combat, but also between simulation environments 
and experimental methods. While this means that no absolute 
comparisons can be made among reported results, the reported 
parameters may serve as an indication of the computational 
complexity of the methods. 

Neural networks have been applied in various ways with 
varying success. Early work with neural networks includes the use 
of a three-layer back-propagation network by Rodin and Amin [9] 
for predicting and countering WVR tactical manoeuvres. Rodin 
and Amin report “successfully training” their network after 60,000 

iterations.  More recently, Teng et al. [10] applied self-organizing 
neural networks with a Q-learning component for online learning 
of WVR behaviour. The resulting behaviour models were 
evaluated in small-scale human-in-the-loop experiments. The 
learning network was able to reach a 93% mean win ratio after 120 
episodes against a statically controlled CGF. Furthermore, the 
network peaked at a 40% win ratio against pilots in training, and 
below 10% against experienced pilots. Teng et al. report using 
available air combat doctrine for building the state- and action-
space for the Q-learning component [11], by encoding expert 
knowledge as if-then rules. 

Evolutionary algorithms have also been used in various forms. 
Mulgund et al. [12] applied a genetic algorithm to optimize tactical 
parameters for many-versus-many BVR engagements. Starting 
from a scenario with equal losses on both sides, their algorithm 
was able to develop tactics by which all enemy CGFs were 
defeated, without any casualties on the friendly side. However, 
only few parameters are reported. In a follow-up study, Zhang et 
al. [13] used 40 generations, with a population size of 80. Smith et 
al. applied a learning classifier system to develop novel one-
versus-one WVR tactics for an experimental fighter jet [14, 15]. A 
population of 200 rules is reported, tested throughout 300 
generations. Furthermore, air combat tactics have been described 
through grammars, which have been used as templates for genetic 
programming algorithms (see, e.g., [16] and [17], both BVR). 
Expressing tactics through grammars limits the search space, 
ensuring that only valid behaviour is generated. However, large 
numbers of simulations are seemingly needed to reach convergence 
using this method, with for example [16] reporting convergence 
near 50% fitness after 100,000 simulations.  

While a large number of simulations may be acceptable for 
exploratory studies such as [15], or offline learning before human-
in-the-loop trials, it poses a problem in the case of learning online 
during training simulations. A CGF, trying to adapt its behaviour to 
that of a human participant, only has limited time to do so between 

engagements. Furthermore, trainees can only participate in a 
limited number of simulations, which constrains the time available 
to adapt even further. 

 Transparency of behaviour 2.2
Apart from the time to adapt, the transparency of generated 

behaviour models is of great importance. Behaviour models 
generated for military applications should be usable (editable, 
readable, testable, etc.) by different end users, e.g., scenario 
developers and training instructors [7]. Techniques such as neural 
networks and evolutionary algorithms often produce behaviour 
models that are hard to decode, understand, and manually edit.  

In earlier work, we have made attempts at generating BVR air 
combat behaviour using dynamic scripting [18, 19]. Dynamic 
scripting is a reinforcement learning method that takes a rule base, 
and recombines the rules from this rule base into scripts [20]. This 
method does not ‘invent’ new behaviour, and instead relies on the 

rule base being filled with rules based on expert knowledge. As a 
result, the generated behaviour can only be as good or bad as the 
knowledge contained in the rule base. Applying a pure dynamic 
scripting solution in the air combat domain has yielded 
encouraging results, however the technique remains to be validated 
in a production environment. 

Rather than having experts write if-then rules, a more intuitive 
method of defining behaviour is the use of finite-state machines 
[21]. This is also the method used in Smart Bandits [6, 22, 23], the 
CGF behaviour authoring tool developed by the Netherlands 
Aerospace Centre, and currently in use by the Royal Netherlands 
Air Force. Each CGF controlled by Smart Bandits is in a certain 
state, and each state has associated actions. However, Smart 
Bandits provides no adaptive capabilities. As Smart Bandits 
provides both (1) a drag-and-drop interface for authoring CGF 
behaviour, usable by various end users, and (2) an established 
repository of well-tested CGF behaviour that is actively being used 
in training simulations, it is an ideal testing ground for introduction 
of adaptive behaviour. 

3 ADAPTIVE FINITE-STATE MACHINES 
In Smart Bandits, CGFs are controlled with FSMs. When FSMs 

are to control CGF behaviour, the states of the FSM are linked to 
pieces of related behaviour [21]. For example, a Patrol state may 
correspond to a CGF repeatedly moving between two points in the 
simulated world (see Figure 1a). A transition to another state then 
occurs when a certain change in the world state is perceived by the 
CGF. Continuing the example, if the CGF is in the Patrol state and 
detects a hostile CGF, it might transition to the Approach state in 
which the CGF will move towards the detected CGF. The example 
above can be expressed as a set of rules, as shown in Figure 1b. 

 The resulting rules can now be stored in a rule base, which 
serves as the input for the dynamic scripting technique. As 
mentioned in Section 2, dynamic scripting [20] is a rule-based 
reinforcement learning technique. When the dynamic scripting 
algorithm is initialized with a rule base, it assigns a weight value to 
each rule in the rule base. Before each episode (in our case, a 
simulated air combat encounter), a predefined number of rules are 
drawn from the rule base through roulette wheel selection, in which 
each rule is represented by its weight. Together, the rules that are 
drawn from the rule base form the script that governs the behaviour 
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of a CGF during an encounter with an opponent. At the end of the 
encounter (i.e., when one side is defeated and the simulation ends), 
a fitness value is calculated for the script, and this value is fed back 
to the rule base. The rule base updates the weights of the rules 
according to the fitness, in such a manner that rules that 
contributed to a high fitness value are rewarded with a weight 
increase, resulting in an increased probability of being selected the 
next time that a script is generated. Similarly, a low fitness results 
in a decrease of the weights of rules that contributed to this fitness 
value. The entire process of creating adaptive FSMs through 
dynamic scripting is illustrated in Figure 2. Through the use of 
behaviour rules, this process also enables the implementation of 
ethical decision-making. So far we have not concentrated on that 
topic, but we have set aside space in our technique for future 
implementations. 

In the original description of dynamic scripting, rules are 
selected probabilistically, under the assumption that all rules are 
valid choices for inclusion in a script. However, for our goals these 
assumptions are invalid, as each state and each transition should be 
represented in a generated script. Not doing so could lead to scripts 
containing invalid FSMs. Two steps are required to resolve this 
issue. First, for a non-empty subset of states and transitions in the 
FSM, we create multiple interchangeable implementations, i.e., 
rules that trigger on the same conditions. These implementations 
express different but equally valid behaviours. In the case of states, 
each implementation provides behaviour that can be displayed in 
that state. In the case of transitions, each implementation provides 
a valid transition between states based on some conditions. Second, 
we alter the original dynamic scripting rule selection algorithm 
such that all states and transitions are represented in each script that 

is generated. This ensures that each generated script contains a 
completely valid FSM, and the proper set of rules concerning 
human values. This updated rule selection algorithm is shown in 
Algorithm 1. 

As an example, consider the Patrol state from Figure 1a. One of 
the implementations of this state can be the rule definition as found 
in Figure 1b. An alternative implementation could be defined that 
directs the CGF aircraft to patrol in a triangular pattern a, b, and c 
rather than between points a and b. This implementation would be 
expressed by writing a new rule. Implementations of state 
transitions can be defined in a similar way, by using alternative 
preconditions for the rules governing the state transitions. 

Air combat is a complex problem in a high-dimensional state 
space. Capturing air combat behaviour in rules greatly reduces the 
complexity of the generated behaviour models. The expert 
knowledge embedded in the rules enables the definition of 
behaviour for large parts of the state space, thereby quickly 
covering a large part of all possible situations. Furthermore, the 
dynamic scripting algorithm only recombines pieces of behaviour, 
and does not invent new pieces of behaviour. While this limits 
creativity, it also makes the behaviour generation system, and 
thereby the air combat task, easier to control and understand, 
compared to traditional machine learning methods. Finally, 
dynamic scripting is expected to converge quickly to satisfactory 
behaviour, as only a limited set of FSMs can be generated. 

 

Algorithm 1. Script generation 
Input: A rule base containing one or more implementations for each state 
and transition in a FSM. 
Output: A script containing a rule for each state and transition in the FSM. 
 
script = [] 
for element in fsm.get_elements(): 

# fsm.get_elements() returns all states and 
# transitions in the FSM for which an 
# implementation needs to be included 
# in the script 

  sum_of_weights = 0 
  candidate_rules = [] 
  for rule in rule_base: 

  # the rules in rule_base that are an 
  # implementation of the current element are 
  # added to a list of candidates for selection 

    if rule.is_implementation_of(element): 
      candidate_rules.append(rule) 
      sum_of_weights += rule.weight 
    end if 
  end for 
  if sum_of_weights == 0: 

  # should the sum of the weights of the current 
  # candidates be zero, we select a candidate at 
  # random for inclusion in the script 

    selected_rule = random.choice(candidate_rules) 
    script.append(selected_rule) 
  else: 

  # we select a rule from candidate_rules through 
  # roulette wheel selection based on the weights 
  # of the candidate_rules 

    selected_rule = roulette_wheel(candidate_rules) 
    script.append(selected_rule) 
  end if 
end for 
return script 

(a) 
 

(b) 

if state == Patrol: 
if near(point_a): move_to(point_b) 
if near(point_b): move_to(point_a) 
 

if state == Approach: 
move_to(detected_hostile_CGF) 
 

if state == Patrol and hostile_CGF_detected(): 
  set_state(Approach) 

 
Figure 1. Representing a behavior controller as a finite-state machine,  

(a) graphically and (b) as rules. 

 

 
Figure 2. Adaptive finite-state machines through dynamic scripting. 

Patrol Approach
hostile CGF detected
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4 METHOD 
To determine whether the method described in the previous 

section is capable of fast behaviour adaptation, we implemented 
the method in an air combat simulation using the STAGE [2] 
simulation environment. In this simulation, two cooperating CGFs, 
both controlled using an adaptive FSM, were tasked with the 
combat of two CGFs using static (non-adaptive) behaviour. 

To be a suitable replacement for static CGFs, the adaptive CGFs 
should perform at least as well as the static CGFs. For this reason, 
we compare the performance of the adaptive CGFs to that of static 
CGFs using an FSM as currently found in Smart Bandits. 
Furthermore, to demonstrate the adaptive CGFs’ adaptive 

capabilities, the adaptive CGFs will be placed in scenarios where 
they have to adapt from either an arbitrary initialization or after 
they have tuned their parameters to a previous opponent. These 
scenarios are analogous to generating good behaviour before any 
training by a human participant takes place, and adapting to 
changes in a human participant’s behaviour during training.  

The rest of this section describes the CGFs and the simulations 
in more detail. 

 CGFs 4.1
Both the static and adaptive teams consisted of two fighter jets 

(lead and wingman) equipped with radar, a radar warning receiver, 
and four semi-active long range missiles. The tactics used by the 
teams are described in Subsection 4.1.1 and 4.1.2. 

4.1.1 Adaptive team 

The FSMs used by the adaptive CGFs were based on an 
operational 2-versus-2 tactic. This tactic consists of two phases. 
The first phase is the opening sequence of the tactic, in which the 
CGFs detect the opposing CGFs, select an approach formation and 
assign targets between themselves. In the second phase, the CGFs 
engage and fire at their targets, after which they re-evaluate their 
tactical situation and either evade incoming missiles or select new 
targets. 

For the adaptive CGFs, the tactic was subdivided into ten states 
in rule form. For this tactic, no meaningful new transitions could be 
identified, and as a result the original transitions were embedded in 
the rules created for the states. Next, new, additional 
implementations of selected states were designed and added as 
rules. Together with the original states and transitions, these rules 
formed the rule base for the adaptive CGFs. In total, 8 new states 
were added, resulting in a rule base with 18 rules. The adaptive 
lead and wingman were each assigned their own copy of the rule 
base, so that they could each optimize their own behaviour.  

4.1.2 Static team 

The scripts used by the static CGFs were based on one of two 
tactics. The first tactic (Tactic 1) was the same as the tactic used by 
the adaptive CGFs, resulting in a mirror match. By letting the 
adaptive CGFs fight against their own tactic, we will be able to 
show that they are able to improve on their own tactic using only a 
few extra variations of states. The second tactic (Tactic 2) was 
specifically designed to counter this tactic, to force the adaptive 
CGFs to come up with a creative solution. 

Using these two tactics for the static team allows us to show 
different features of using the adaptive FSMs. By including the 
second tactic, we are able to show the adaptive capabilities of the 
adaptive CGFs, after they have already adapted to another tactic. 
This is in essence a form of transfer learning [19]. The ability to 
rapidly adapt to new tactics is important, as human trainees only 
spend a limited amount of time in a simulator, and ideally the 
adaptation of the adaptive CGFs is evident within that timeframe. 

 Learning parameters 4.2
We performed two types of simulations. First, the adaptive CGFs 
engaged the static CGFs using either Tactic 1 or Tactic 2 in fifty 
consecutive episodes, allowing the adaptive team to adapt to both 
tactics separately. In these cases, a baseline was set by engaging 
the static team with CGFs using the original (non-adaptive) Smart 
Bandits tactic. Second, the adaptive team, having already adapted 
to either Tactic 1 or Tactic 2, engaged the static team using the 
other tactic in fifty consecutive episodes. This demonstrates the 
“online” adaptivity of the adaptive CGFs. Each scenario was 

repeated ten times to obtain average performance data. For the 
baselines, each scenario was only repeated five times, as no 
learning took place. 

Each trial ended when (1) a fighter jet on either side was hit 
with a missile2, or (2) both sides had used all of their missiles, or 
(3) ten minutes of simulated time had passed. If an adaptive CGF 
had hit a static CGF, the adaptive team was declared the winner of 
the episode. In all other cases, the static team was declared the 
winner, even in a situation where no adaptive CGF was hit.  

The dynamic scripting algorithm requires a fitness value as 
input, by which the proper weight adjustments are calculated. 
Earlier work determined the accumulated probabilities-of-kill of 
missiles fired to be effective fitness values for learning in the air 
combat domain [18]. However, we were unable to retrieve the 
necessary values to implement the probability-of-kill fitness from 
the STAGE API. Instead, a fitness of 1 was given to the winning 
team, and a fitness of 0 to the losing team. The weight adjustments 
were calculated as shown in Equation 1.  
 

adjustment = max ( -25, 50 * ( (2 * fitness ) – 1 ) ) (1) 
 
 According to this Equation 1, the maximum possible reward is 

higher than the maximum possible punishment. This results in an 
algorithm that moves quicker into (local) optima than stepping 
back out of them. 

5 RESULTS 
We recorded which team successfully ended each episode, and 
calculated the win ratio as the number of wins divided by total 
number of repetitions of each episode. On average, each series of 
fifty episodes took 3.5 hours of real-time simulation. 

Figure 3a shows the performance of the adaptive CGFs against 
the static CGFs using Tactic 1. The baseline CGFs fighting these 
static CGFs results in a mean win ratio of 0.46. The adaptive CGFs 
quickly converge to and hold a mean win ratio of 0.55, from 
episode 2 onwards. Optimal performance (0.80 mean win ratio) is 
first reached at episode 12, and again at episodes 37 and 41. 

                                                                 
2 Being outnumbered, the remaining team member is assumed to flee. 
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Figure 3b shows the same as Figure 3a, except for the static 
CGFs using Tactic 2. The baseline CGFs fighting these static CGFs 
results in a mean win ratio of 0.13. The adaptive CGFs’ 

performance oscillates around 0.50 until episode 27. Between 
episodes 28 and 42, the performance spikes to a mean win ratio of 
0.8, after which it drops again to the 0.50 level. 

Figure 3c shows the performance of the adaptive CGFs when 
engaging the static CGFs, after the latter changed from Tactic 1 to 
Tactic 2 (green curve) and from Tactic 2 to Tactic 1 (orange 
curve). For the first 50 episodes, the same data is used that is also 
shown in Figures 3a and 3b. The remaining 50 episodes show the 
performance against the newly introduced tactics. The first peak 
reached in both cases are a mean win rate of 0.70 at episode 85 
(Tactic 1 to Tactic 2), and 0.80 at episode 78 (Tactic 2 to Tactic 1). 

6 DISCUSSION 
The purpose of this study was to determine whether the method 
described in Section 3 is capable of fast adaptation of air combat 
behaviour. We tested this adaptive capability against static 
opponents that acted using two different tactics. 

For the baselines, we relied on the performance of CGFs using 
the Smart Bandits tactic defined by experts. Figure Figure 3a 
shows a win ratio near 0.50, which is expected as both sides 
repeatedly use the same tactics. However, random factors in the 
simulation environment (e.g., the hit rate of missiles) can still 
influence encounters.  

Figures 3a and 3b show how well the adaptive CGFs are able to 
adapt to the two tactics employed by the static CGFs. Against 
Tactic 1, the adaptive CGFs are able to improve the baseline win 
ratio of 0.46, to a maximum of 0.80. This is a noteworthy result, as 
it shows that even with a limited amount of extra states, and given 
that the tactic taken from Smart Bandits was already optimized by 
experts, our algorithm was still able to further optimize the 
adaptive team’s behaviour. During the design of scenarios, such a 

function may prove useful to aid the designers of opposing CGFs 
even before any training of human pilots takes place. 

As mentioned in Subsection 4.1.2, the static CGFs’ Tactic 2 was 

designed to defeat Tactic 1, which was employed in a non-adaptive 
manner in the baselines. The result is apparent in Figure 3b, with 
the baseline performance only reaching a 0.13 mean win ratio. The 

adaptive CGFs present a more positive picture. Although at first 
the performance stays around the 0.50 level, a new optimum is 
reached around episode 28. This optimum is maintained for about 
15 episodes, after which the performance suddenly reverts to the 
old level. The high optimum indicates that the adaptive CGFs had 
good options (i.e., rules/states) to choose from, and the dynamic 
scripting algorithm was able to find the right combination quite 
efficiently. 

The drop between episodes 40 and 45 signifies a certain 
brittleness of the system, as the adaptive CGFs are not able to hold 
their optimal solution. This is most likely caused by the random 
factors in the simulation environment, as mentioned earlier. A 
possible solution might be to introduce a memory of well-
performing tactics, and to occasionally retry those tactics once the 
performance is dropping. Against static opponents, such 
memorized tactics could greatly mitigate the effect of random 
factors, and thereby increase the win ratio. Against other adaptive 
opponents (such as human trainees), retrying previously successful 
tactics may prove beneficial as well, especially if no other local 
optimum has been found for some time. 

Of course, the adaptive CGFs had more options (i.e., pieces of 
behaviour) available to them than the baseline CGFs, meaning that 
the fact that they were able to defeat the static CGFs more often is 
not an impressive result by itself. However, what does matter is 
that the system can reach new performance levels, and maintain 
these levels for a significant amount of time. Furthermore, our 
system is able to let CGFs adapt their behaviour relatively fast, 
certainly when compared to systems employing creative methods 
such as neural networks and evolutionary algorithms. 

An important use case for adaptive behaviour is online 
adaptation, i.e., adapting to the behaviour of human trainees during 
training. Figure 3c shows how well the adaptive CGFs can adapt to 
opponents using a new tactic, after having already adapted to 
earlier opponents with a different tactic. In both cases, a similar 
pattern is visible: the performance of the adaptive CGFs 
immediately dips when the new tactic is introduced, after which a 
moderate (0.40-0.60) performance level is held until a peak is 
reached around episode 80. With this kind of plasticity, the CGFs 
can quickly react to new tactics that human trainees may try out 
against them. Furthermore, with the low number of episodes 
needed to reach good behaviour (with e.g., a ≥0.5 win ratio), it 

 
Figure 3. Performance of the adaptive CGFs against the static CGFs. 
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becomes feasible to run faster-than-real-time simulations between 
human-in-the-loop training sessions. This opens up the possibility 
of continuous adaptivity with a minimum amount of downtime, 
while keeping maximal control over the generated behaviour. 

As mentioned in Section II, computational speed is crucial for 
machine learning in training simulations. Existing methods 
required large numbers of computational cycles to adapt CGF 
behaviour. Therefore, with regard to training simulations, the rapid 
adaptation as presented in this paper forms a substantial 
improvement over the existing methods. Field trials are currently 
underway with opponents controlled using adaptive FSMs flying 
against active RNLAF F-16 pilots. The results of these trials will 
be reported in the near future. 

7 CONCLUSION 
We have developed a machine learning method that is able to 
rapidly adapt the behaviour of CGFs to that of their opponents. The 
adaptive power of this method was shown in simulated air combat 
experiments. Compared to earlier work, the proposed method is 
computationally inexpensive and requires few iterations to generate 
good behaviour. Furthermore, the resulting behaviour models are 
in a format that is easily readable by human experts. This enables 
experts to effectively verify that the generated CGF behaviour 
complies with training goals and doctrine, including ethical 
decision-making. With adaptive CGFs as presented in this paper, 
military training simulations can be made more challenging and 
effective, leading to armed forces that are better prepared to defend 
shared values. 

Future work includes evaluating the behaviour of the adaptive 
CGFs in human-in-the-loop trials, scaling up to engagements 
involving larger numbers of CGFs, and automatically setting up 
behaviour to realize predefined training goals in training 
simulations.  
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An Intelligent System for Personalized Conference Event
Recommendation and Scheduling
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Abstract.
Many conference mobile apps today lack the intelligent feature to

automatically generates optimal schedules based on delegates’ pref-

erences. This entails two major challenges: (a) identifying prefer-

ences of users; and (b) given the preferences, generating a sched-

ule that optimizes his preferences. In this paper, we specifically fo-

cus on academic conferences, where users are prompted to input

their preferred keywords. Our key contribution is an integrated con-

ference scheduling agent that automatically recognizes user pref-

erences based on keywords, provides a list of recommended talks

and optimizes user schedule based on these preferences. To demon-

strate the utility of our integrated conference scheduling agent, we

first demonstrated the app in the International Conference on Au-

tonomous Agents and Multi-Agent Systems (AAMAS 2015) and

conducted a survey to collect some data, which are used to verify the

results presented in this paper. It is able to provide well calibrated re-

sults with respect to precision, accuracy and recall. We also tested the

app in the 2015 WI-IAT International Conference (Singapore). The

android and web-based apps have been demonstrated and deployed

in AAMAS 2016 (Singapore) with positive responses from the users.

1 Introduction

In a large conference setting where talks are presented in parallel ses-

sions across multiple days, it is challenging for a conference attendee

to generate a plan of talks to attend that optimize his/her preferences.

Furthermore, this adds to the cognitive challenge if the conference

venue is large, where one may need to consider time to travel be-

tween talks. To reduce this cognitive load, we aim to provide an inte-

grated conference scheduling agent that not only identifies user pref-

erences (based on keywords) but also generates a schedule of talks to

attend at different times of the conferences while considering the user

preferences. We are specifically interested in academic conferences

where data associated with users is easily available.

Both the individual problems (understanding user preferences and

optimizing schedule accounting for preferences) have received sig-

nificant interest in existing work. The first thread of related research

is with respect to learning user preferences given papers has been

studied extensively in the machine learning community. Statistical

topic modeling has become a popular method for analyzing large sets

of text collections by representing high dimensional data in a low di-

mensional subspace [21]. The topic model is built using MALLET,

which is introduced by Andrew McCallum and his team in 2002 [10].

MALLET is able to navigate large bodies of information by finding

clusters of keywords that frequently appear together, called topics.

1 Singapore Management University, Singapore, email: {aldygunawan,
hclau, pradeepv, wjwang}@smu.edu.sg

The second thread of related work is with respect to optimizing pref-

erences given constraints on scheduling talks. This problem is related

to a single resource scheduling problem with the objective of maxi-

mizing the profitability of the resulting schedule under fixed process-

ing times [20].

One of the best known systems in the area of academic conference

event recommendation is Conference Navigator 3.0 [13]. In Confer-

ence Navigator system, users directly select preferred talks. It also

collects the wisdom of the user community and makes it available

through community-based recommendation interface to help users

in making scheduling decisions.

Our key contribution is in providing an integrated solution for both

these problems and demonstrate utility on a real conference schedul-

ing problem. Specifically, we first employ MALLET to identify the

topics of interest for a given conference, by considering papers from

that conference. We then identify preferences of a given user for the

topics of interest at the conference by getting the user’s preferred

keywords. PRESS also considers community-based recommendation

in terms of the correlation among talks. These correlation values are

calculated automatically based on their similarity in terms of key-

words provided by the users. Based on preferred keywords, PRESS

provides a list of recommended talks and optimizes user schedule

based on these preferences.

For easy interaction with the users, our agent is built as an appli-

cation for mobiles, namely PRESS. So, we are able to take change

requests on the generated schedule and immediately provide an up-

dated schedule. To demonstrate utility for conference attendees, we

first demonstrated PRESS in the International Conference on Au-

tonomous Agents and Multi-Agent Systems (AAMAS 2015) and

conducted a survey to collect some data, which are used to verify

the results presented in this paper. We show that the papers gener-

ated in the schedules for the users have high values of precision, ac-

curacy and recall. We then tested PRESS in the 2015 WI-IAT Inter-

national Conference (Singapore). Some feedbacks especially related

to the client-facing android mobile app were collected. Finally, both

android and web-based versions of PRESS have been deployed in

AAMAS 2016 [7].

2 Related Work

Resnick and Varians [15] describe a recommender systems as fol-

lows: In a typical recommender system people provide recommen-
dations as inputs, which the system then aggregates and directs to
appropriate recipients. In some cases the primary transformation is
in the aggregation; in others the system’s value lies in its ability to
make good matches between the recommenders and those seeking
recommendations.
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Adomavicius and Tuzhilin [1] provide a survey of the-state-of-

the art and possible extensions of the recommender system. Burke

et al. [4] describe two basic principles of a recommender system: a)

it is personalized to optimize the experience of one user, and b) it

is intended to help the user choose among discrete options. Recom-

mender systems have been developed in various domains of applica-

tions, such as LIBRA [11] (book recommender) and INTIMATE [9]

(movie recommender).

Lops et al. [8] describe two main paradigms of recommender sys-

tems. Content-based recommender systems generate recommended

items based on items that have been liked by a user in the past,

whereas Collaborative recommendation systems try to recommend

items from other users whose preferences are similar to those of the

user and recommend items they have liked. In this paper, we concen-

trate purely on content-based recommendation since our collected

data is from a small community of users.

One method that have been used in content-based recommenda-

tion is Latent Dirichlet Allocation (LDA). LDA is a fully generative

probabilistic topic model. Probabilistic topic models play an impor-

tant rule in order to capture latent topical information from a large

collection of data [12]. The basic underlying idea of probabilistic

topic models is documents are mixtures of topics, where a topic is a

cluster of words that frequently occur together [17]. By using con-

textual clues, topic models connect words with similar meanings and

distinguish between uses of words with multiple meanings.

MALLET provides an option to use a previously generated infer-

ence file as an inference tool [10]. It uses LDA. Each document is

produced by selecting a distribution over topics, and then generating

each keyword at random from a topic chosen by using the selected

distribution. [21] implement different methods for topic inference,

such as Gibbs sampling and SparseLDA in the MALLET toolkit on

streaming two different sets of documents, 13 years of full papers

published in the NIPS conference and a set of journal article abstracts

from Pubmed. Other applications of MALLET are in analyzing a set

of personal emails [19] and a set of ratings collected on Amazon

Mechanical Turk [6].

Sampson [16] introduces ”preference-based” conference schedul-

ing (PBCS) problem. Instead of looking at the conference scheduling

problem as a classical scheduling problem, the problem is treated

from the customer point of view with the main objective is related

to a customer-satisfaction. Other works related to the conference

scheduling problem can be referred to [14, 18].

Bhardwaj et al. [3] introduce COBI as the most recent web-based,

visual scheduling interface in planning a large-scale conference.

COBI engages the community to play an active role in the planning

process. A process that collects input from attendees and considers

them as preferences and constraints in the planning process. To the

best of our knowledge, no existing work incorporates the optimiza-

tion mathematical model in the process of providing the recommen-

dation papers.

3 The Proposed Approach

The overall architecture of PRESS is depicted in Figure 1. PRESS

consists of four main components: Native android application (Front-

End), Back-end Engine, Optimization Engine and Text Analyzer.

In the following, we provide the formal definition and formulation

of the problem in the context of a large academic conference. We

further explain the MALLET implementation in Text Analyzer com-

ponent and two different proposed algorithms in the Optimization

Engine component.

3.1 Problem Formulation
A conference consists of a set of main sessions where each main

session is scheduled on one particular time period (e.g. from 09.00 -

10.00 am). In most large conferences, each main session is divided

into a set of parallel sessions. We assume that each parallel session

is scheduled in a particular room. Figure 2 shows an example of a

conference setting on a particular day.

Let P be a set of papers that will be presented during a conference.

Each parallel session consists of a number of talks. In order to gener-

ate a schedule that possibly contains talks across sessions, we divide

each time period into multiple number of time slots (e.g. every 15

minutes). Each time slot will have one talk and only one paper i ∈ P
would be presented in that time slot for that session. We also assume

that each paper will only be presented once throughout the confer-

ence. We implement MALLET to generate a set of topics T from

P . Each topic j ∈ T contains a set of keywords W 1
j that is likely

to appear together in topic j [17]. We assume that |W 1
j | = |W 1|

(∀j ∈ T ). See Figure 3 for an illustration.

Some methodological issues faced when using MALLET, such

as how to determine the values of |T | and |W 1|, affect the quality of

the outputs. At the moment, the best way to determine the values of

|T | and |W 1| is to run multiple analyses with different values of both

and comparing the results that seem to fit ”best” [2].

In summary, MALLET generates two different outputs (Figures

4 and 5) that would be kept in the database and used as inputs for the

optimization engine:

• M|T | × |W1| = [w1
jk], where wjk represents keyword k of topic j

(∀j ∈ T, k ∈W 1
j ).

• U|P | × |T | = [uij ] where uij represents the utility score of paper i
related to topic j (∀i ∈ P, j ∈ T ).

Let W 2
i be the set of keywords stated on paper i ∈ P . As men-

tioned in Section 1, we consider both keywords generated by MAL-

LET and from papers directly and both would be kept in the database.

3.2 MALLET Implementation
The Text Analyzer component consists of two sub-components: the

PDFMINER tool and the MALLET topic model package. Take note

that both sub-components: PDFMiner and MALLET, are run off-

line and generated results would be kept in the database. PDFMiner

(https://pypi.python.org/pypi/pdfminer/) is a tool

for extracting information from PDF documents. This sub-

component is responsible for converting a collection of documents

(eg. pdf files) into text files and then tagging the part of speech of

words in these text files.

In most cases, information has no structure, some pre-

processing steps are required to convert unstructured informa-

tion and extract structured relevant information. The Illinois

Chunker (https://cogcomp.cs.illinois.edu/page/
software_view/Chunker) is used to identify the semantically

related words by assigning different tags. For example, in the

noun words ”reinforcement learning”, the word ”reinforcement”

is identified as the beginning word of a noun phrase and therefore

tagged with B-NP (begins a noun phrase), however, the following

word ”learning” is identified inside the same noun phrase as ”rein-

forcement” and therefore tagged with I-NP (inside a noun phrase).

Likewise, other types of phrases such as a verb phrase will be tagged

with B-VP (begins a verb phrase) and I-VP (inside a noun phrase),

respectively.
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Figure 1: System Architecture of PRESS

Figure 2: Example of conference setting

Figure 3: Example of talks in a particular time period

The second sub-component, the MALLET topic model package

[10], is used to extract a set of topics and the highest frequent words

for each topic from the text documents and output the statistics of

each extracted topic for each text document. MALLET allows us to

filter a standard list of English stop-words from documents before

processing. Unfortunately, we cannot edit the contents of this list

without modifying code and recompiling. In order to rule out some

trivial words, we create an extra-word file containing those trivial

words.

Figure 4 shows the screenshot of the MALLET output. There are

11 topics generated with 5 keywords for each topic. The topics that

compose each document including the statistics of each topic can be

seen in Figure 5. For example, PAPER 1 has topic 10 as its principal

topic, at about 82.1%; topic 15 at 25.8 % and so on. The topic model

also suggests a connection among documents that might not at first

have suspected. PAPERS 1, 2, 3 and 4 have topic 10 as their principal

topic.

3.3 Proposed Algorithms

Given a set of keywords K that the user is interested in and the results

of MALLET tools, we calculate the personalized utility score for

each talk and generate a list of recommended talks.

Figure 4: Screenshot of MALLET output

Figure 5: Screenshot of topic composition

Personalization Algorithm
We present the personalization algorithm for providing a list of

recommended talks, as shown in Algorithm 1. The objective is to

calculate ũij ,the modified utility score of paper i ∈ P related to

topic j ∈ T , with respect to the set of keywords K given by the

user. We compare the number of keywords |K| which are matched

with a set of keywords W 1
j of topic j, represented as Totj (∀j ∈ T ).

For each paper i, the utility score uij is multiplied by Totj in order

to get the value of ũij . Finally, we calculate the total personalized

utility score of paper i, TotUi =
∑

j∈T ũij (∀i ∈ P ) (LINES 1 -

18).

The next step is to compare K with the keywords from paper i,
W 2

i (∀i ∈ P ). If a match exists, the value of TotUi will added by

one for each matched keyword (LINES 19 - 27). For each user, all

papers would be sorted in descending order with respect to the values

of TotUi (LINES 28 - 29). The recommendation is given from the

top x% of papers. This is a naive way in order to provide a list of

recommended talks without considering possible conflicts.

The user will then select or remove some talks from the list. Those

selected talks would be in the ”must-go” and ”must-skipped” lists,

respectively. PRESS continues to call the recommendation algorithm

in order to provide the final schedule that maximizes the total person-

alized utility score and ensures there is no conflicts among talks.
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Algorithm 1 Personalization Algorithm

1: for h = 1 to |K| do
2: for j = 1 to |T | do
3: Totj = 0
4: for k = 1 to |W 1| do
5: if (hth keyword from the user is matched with kth

keyword of topic j) then
6: Totj+ = 1
7: end if
8: end for
9: end for

10: end for
11: for i = 1 to |P | do
12: for j = 1 to |T | do
13: ũij = Totj × uij

14: end for
15: end for
16: for i = 1 to |P | do
17: TotUi =

∑
j∈T ũij

18: end for
19: for h = 1 to |K| do
20: for i = 1 to |P | do
21: for k = 1 to |W 2| do
22: if (hth keyword from the user is matched with kth

keyword of paper i) then
23: TotUi+ = 1
24: end if
25: end for
26: end for
27: end for
28: Rank all papers based on TotU values in the descending order
29: return the top x% of papers

Recommendation Algorithm
In the recommendation algorithm, we introduce a mathematical

model to formulate the scheduling problem. The time slots of talks

are taken into consideration in this model. The mathematical pro-

gramming model is solved by the commercial solver CPLEX Opti-

mization Studio 12.6.1.

The scheduling problem is defined as follows. We define MUST
and SKIP as ”must-go” and ”must-skip” lists, respectively. Let as-

sume the conference is held within a set of days D. Each day d ∈ D
is divided into a set of time slots Sd. Each time slot s ∈ Sd on day

d ∈ D consists of a set of parallel sessions Nds. A talk would be

held in one parallel session at each time slot.

The decision variable Xdsn is a binary variable. Its value equals

to 1 if a talk in parallel session n on day d at time slot s is selected.

Maximize
∑
d∈D

∑
s∈Sd

∑
n∈Nds

ûdsn ×Xdsn (1)

The objective function (1) is to maximize the total personalized util-

ity score of selected talks. Let ûdsn is the utility score of the talk in

parallel session n ∈ Nds on day d ∈ D at time slot s ∈ Sd. The

utility scores are collected from TotUp (p ∈ P ) values with respect

to the time slot. For example, if paper p1 is presented on Day 1, time

slot 1 and parallel session 1, the value the talk û111 = TotUp1 .∑
k∈Nds

Xdsn ≤ 1 ∀d ∈ D, s ∈ Sd (2)

Equation (2) ensures that at each time slot, only one talk is attended.

Xdsn = 1 ∀(d, s, n) ∈MUST (3)

Equation (3) ensures that talks in the ”must-go” list, MUST , are

attended.

Xdsn = 0 ∀(d, s, n) ∈ SKIP (4)

Equation (4) enforces that talks are in the ”must-skip” list, SKIP ,

would not be attended since they are out of the user interest.

Xdsn ≤M × ûdsn ∀d ∈ D, s ∈ Sd, n ∈ Nds (5)

Equation (5) guarantees that only talks with non-zero personalized

utility scores would be selected. Let M be a very large number.

4 Architecture and System Design

Figure 1 illustrates the various individual components and their in-

teractions. All communications among main components are imple-

mented by using RESTful web service published on one of Singapore

University Management servers, called ZETA server.

Android Application (Front-end Engine)
This is a client-facing android mobile app that allows a user to enter

preferred keywords, view recommended talks, select preferred talks

(indicated as ”must-go”), remove non-preferred talks (indicated as

”must-skip”) and view the final schedule. This component serves as

an interface for the user to construct the user profile. All information

provided by the user will be sent to the back-end engine.

Back-end Engine
This component is responsible for coordinating and delegating tasks

between the front-end and the optimization engines. The back-end

engine is also responsible for storing and retrieving all information

related to the conference in the database, including keywords from

papers and text analyzer outputs.

First, it collects the user-profile from the front-end engine and pass

it to the optimization engine. The optimization engine will call the

personalization algorithm in order to generate a list of recommended

talks. This list would be passed back to the front-end engine so the

user can indicate and select his preferred talks (”must-go”) and re-

move some non-preferred talks (must-skip”).

The back-end then consolidates ”must-go” and ”must-skip” lists

together with other information from database, such as conference

schedule, and passed to the optimization engine. The recommenda-

tion algorithm will be called in order to generate the final schedule.

At the end, the back-end engine pass back the final schedule to the

front-end engine an display it to the user.

Optimization Engine
The optimization engine consists of two algorithms: personaliza-

tion and recommendation algorithms. As described in Section 3, this

component interacts with the back-end engine in order to generate

the list of recommended papers and the final schedule.

5 Experimental Results

5.1 User Study Details
PRESS was first demonstrated during the International Conference

on Autonomous Agents and Multi-Agent Systems (AAMAS-15)

which was held from 4 - 8 May 2015 in Istanbul, Turkey. The

conference consists of 6 main sessions. Each main sessions is la-

beled by an alphabet which represents a particular time period, e.g.

main session B is held on Wednesday (6 May 2015) from 11.00 -
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12.30. Each main session is further divided into 5 different paral-

lel sessions, numbered from 1 - 5. Each talk is given a predeter-

mined time slot (e.g. 15 minutes). In total, there are 166 talks. Each

parallel session is related to one of particular research area/topic,

such as Game Theory, Applications and others. The detailed sched-

ule, including the information about the papers, can be found in

http://www.aamas2015.com/en/program.asp.

In order to verify the effectiveness of PRESS, a user survey

was conducted at AAMAS-15. We collected 45 respondents from

the AAMAS-15 participants. Each respondent was asked to spec-

ify his/her preference keywords together with the list of talks he/she

would be interested to attend. This collection of surveys serve as the

ground truth and would be used for analysis purpose.

5.2 System Components
We also tested the app in the 2015 WI-IAT International Conference.

Some feedbacks especially related to the client-facing android mo-

bile app (e.g. the design of a sign-up page, the layout and so on)

have been collected. We include some final screenshots for the An-

droid app. The opening screen requests the user either to sign in or to

register (Figure 6(a)). The registration is required for the first times

(Figure 6(b)). The user also needs to agree with the terms and condi-

tions of the app (Figure 6(c)). Figure 6(d) summarizes the profile of

the registered user.

Figure 7(a) shows the screen for the user to input the preferred key-

words. Once the arrow button on the right top corner is clicked, the

list of recommended talks which are generated by the personalization

algorithm (Algorithm 1) would be displayed. The user then select and

remove some talks. Those would be treated as ”must-go”and ”must-

skip” lists, as shown in Figure 7(b). The details of one particular talk

can also be displayed (Figure 7(c)). All those information would be

sent back to the back-end engine and the recommendation algorithm

would be called. Finally, the final schedule for each day would be

displayed, as seen in Figure 7(d).

5.3 Insights
After demonstrating PRESS and conducting a survey at the

AAMAS-15, we analyze the goodness of PRESS in recommending

the list of talks. Out of 14 research areas, the top three most selected

areas are Application, Game Theory and Learning which cover up

to 42%. Due to a short time taken for each survey, we assume that a

user will not be able to exhaustively select all preferred talks. Hence,

based on a set of selected talks, we include an additional set of se-

lected talks which have high correlation values with those talks. All

those talks are considered as the talks selected by a user as well. The

higher the correlation value is, the more similar two papers are in

terms of topics including keywords generated. The correlation be-

tween two talks is calculated using the Cosine Coefficient formula:

cos(i, i′) =

∑
j∈T uijui′j√∑

j∈T u2
ij

√∑
j∈T u2

i′j

∀(i, i′) ∈ P (6)

We evaluate the performance of PRESS by comparing three sta-

tistical measures: accuracy, precision and recall rates. The accuracy

is the proportion of true results (true positives and true negatives)

among the total number of cases examined. Precision (positive pre-

dictive value) is the fraction of retrieved cases that are relevant, while

recall (sensitivity) is the fraction of relevant cases that are retrieved.

Precision can be seen as a measure of quality, whereas recall is a

measure of quantity.

By setting the numbers of user-selected papers from the ground

truth and recommended papers generated by PRESS to a cut-off of

top 10% × 166 talks which equals to 16 talks with the highest total

personalized utility scores and a cut-off correlation value (e.g. 0.75),

our experimental results show that the accuracy, precision and recall

rates of PRESS are 92.02%, 58.61% and 58.61%, respectively. Other

results with different cut-off correlation values can also be seen in

Table 1.

We conclude that the higher the cut-off correlation value, the lower

the values of measures are. It is intuitive correct since the selected

talks by the user during the survey would be fewer. If we do not in-

clude talks with high correlation values, the three measures are much

lower since the users are not aware with similar talks.

Table 1: Statistical measures

Correlation value
Measure

Accuracy Precision Recall
0.75 92.02% 58.61% 58.61%
0.80 91.73% 57.08% 57.08%
0.85 91.62% 56.53% 56.53%
0.90 91.57% 56.25% 56.25%
0.95 90.87% 52.64% 52.64%

6 Conclusion

We introduce a personalized event scheduling recommender system,

PRESS. PRESS is an android mobile app that gathers personalized

information from a user and recommends talks. Although there is a

bunch of recommender systems in different domains, so far as we

are concerned that PRESS is the first android app that incorporates

an optimization model for generating a feasible schedule.

We demonstrated PRESS at AAMAS-15 in Istanbul, Turkey. The

generated predictions by PRESS is compared against the ground

truth. We observe that PRESS achieves reasonable accuracy, preci-

sion and recall rates. Some feedbacks have also been collected dur-

ing the 2015 WI-IAT conference. We have also deployed the android

and web-based versions of PRESS during AAMAS-16 (Singapore).

Positive responses have been given by around 140 users.

The current version of PRESS uses the direct keyword matching

among keywords generated by MALLET and provided by the user.

We will consider more advanced techniques which allow going be-

yond the direct keyword matching. We also consider other possible

scenarios. Some talks may be scheduled in more than one timeslot so

the attendee has to decide which timeslot should be attended. This is

related to the capacity constraint of rooms which is currently negligi-

ble. Other combinations of precision/recall (e.g. product of criteria or

using a varying linear coefficient) will also be included for our future

work.
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Continuous Live Stress Monitoring with a Wristband  
Martin Gjoreski12 and Hristijan Gjoreski12 and Mitja Luštrek12 and Matjaž Gams12 

 
Abstract.1  In this paper we propose a method for continuous 
stress monitoring using data provided by a commercial wrist device 
equipped with common physiological sensors and an 
accelerometer. The method consists of three machine-learning 
components: a laboratory stress-detector that detects short-term 
stress every 2 minutes; an activity recognizer that continuously 
recognizes user’s activity and thus provides context information; 
and a context-based stress detector that first aggregates the 
predictions of the laboratory detector, and then exploits the user’s 
context in order to provide the final decision in a 20 minute 
interval. The method was trained on 21 subjects in a laboratory 
setting and tested on 5 subjects in a real-life setting. The accuracy 
on 55 days of real-life data was 92%. The method is currently 
being implemented as a smartphone application, which will be 
demonstrated at the conference. 

1 Introduction and motivation 
Stress is a process triggered by a demanding physical and/or 
psychological event [12]. It is not necessarily a negative process, 
but continuous exposure can result in chronic stress, which has 
negative health consequences such as raised blood pressure, bad 
sleep, increased vulnerability to infections, decreased mental 
performance and slower body recovery [11]. It also has substantial 
economic consequences: the European Commission estimated the 
costs of work-related stress at €20 billion a year due to absence 
from work and decreased productivity [1]. Therefore, a stress-
detection system would be useful for self-management of mental 
(and consequently physical) health of workers [3], students and 
others in the stressful environment of today’s world. 

Thanks to the recent technological advances, some of the stress-
response components (e.g., increased heart rate) can be captured 
using an unobtrusive wrist device equipped with sensors, e.g., 
Empatica3 or Microsoft Band. Our method is also based on the data 
captured by such a device, on which we use advanced machine 
learning (ML) along with context information.  

The pioneers in the field of stress detection are Healey and 
Picard who showed in 2005 that stress can be detected using 
physiological sensors [5]. Since 2005, various studies were 
conducted to implement stress detection using a combination of 
signal processing and ML using data from physiological sensors 
and accelerometers [5][6][7][9][10]. The problem of stress 
detection was first analyzed in constrained environments such as a 
laboratory/office [10], car [5], and call center [6]. Some approaches 
in which the subjects were allowed to be active based on a 
predefined scenario came one step closer to the real world [9]. 
Most recently, Hovsepian et al. [7] proposed cStress, a method for 
continuous stress assessment in real-life using a chest belt. 
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Similarly, our method is tested in real life, however, we use a 
commercial wrist device instead of a chest belt. For future work 
Hovsepian et al. [7] suggested better handling of physical activity 
(which can reduce stress detection performance) and using context 
information in the process of stress detection – which is what we 
have done in our study.  

2 Method for stress detection in real life 
For the purpose of this study, two datasets were recorded: a 
laboratory dataset, which includes 21 subjects, and a real-life 
dataset, which includes 5 subjects. The Empatica2 wrist device was 
used to collect data for both datasets. It provides heart rate (HR), 
blood volume pulse (BVP), galvanic skin response (GSR), skin 
temperature (ST), time between heartbeats (IBI) and accelerometer 
data. To collect the laboratory data we used a standardized stress-
inducing experiment as proposed by Dedovic et al. [2]. The main 
stressor was solving a mental arithmetic task under time and 
evaluation pressure3. The real-life data was gathered on ordinary 
days, when the subjects were wearing the wrist device and were 
keeping track of their stressful events.  

Figure 1 presents the proposed method for stress detection in 
real-life. The method consists of three main ML components: a 
laboratory stress detector, an activity recognizer, and a context-
based stress detector which provides the final output. 

The laboratory stress detector is a ML classifier that 
distinguishes stressful vs. non-stressful events in 4-minute data 
windows with a 2-minute overlap.  For each data window, features 
for stress detection are computed. From each physiological signal 
(BVP, HR ST and GSR), statistical and regression features are 
computed: mean, standard deviation, quartiles, quartile deviation, 
slope and intercept. Additional features to quantify the GSR 
response are computed with an algorithm for peak detection [8]. 
For the IBI signal, we use features obtained through heart-rate-
variability analysis in the frequency and time domain. These 
features are fed into a classifier trained with the Random Forest 
ML algorithm, which was chosen experimentally.  

The activity recognition (AR) classifier is a ML classifier that 
uses the accelerometer data to recognize the user’s activity: sitting, 
walking, running, and cycling. It is based on our previous approach 
for AR [4]. The classifier outputs an activity label every 2 seconds. 
When aggregating these activities over the data window of 4 
minutes, each activity is changed into an activity level (e.g., lying = 
1, walking = 3, running = 5) and averaged over the window. The 
average activity level is passed as a feature to the context-based 
stress detector. 
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Figure 1.  Method for stress detection in real life.  
 
The context-based stress detector was developed to distinguish 

between genuine stress in real life and the many situations which 
induce a similar physiological arousal (e.g., exercise, eating, hot 
weather, etc.). As features, it uses the distribution of the last 10 
outputs of the laboratory stress detector, the previous output of the 
context-based detector, and context features: whether there was any 
high-level activity in the last 20 minutes, the hour of the day, the 
type of the day – workday/weekend, etc. It classifies every 20 
minutes as stressful or non-stressful. The context-based stress 
detector was trained with SVM, which was chosen experimentally. 

3 Experiments 
 The evaluation of our method was performed on the real-life data. 
Because labeling stress is quite subjective [6] and it is almost 
impossible to strictly define starts and ends of stressful situations, 
we used a technique that splits the stream of real-life data into 
discrete events. Each event had a minimum length of one hour. If 
there was a stressful situation in the event (labeled by the user), the 
event’s duration was extended to capture the stressful situation plus 
one hour before and after the situation. This allows a labeling lag 
of one hour. The 55 days of the real-life data was split into nearly 
900 events, each lasting at least an hour. 

Table 1 presents the confusion matrices for the event-based 
evaluation using leave-one-subject-out (LOSO) cross-validation. 
On the left are the classification results without context (based only 
on the predictions of the laboratory stress detector) and on the right 
are the results for the context-based stress detector. The accuracy 
achieved by the context-based stress detector (for distinguishing 

stressful vs. non-stressful events) 
is 92%, which is for 16 
percentage points better than the 
no-context classifier. 
Additionally, Figure 1. depicts the 
output of the context-based stress 
detector for the real-life dataset. 
On the x-axis is the day, on the y-
axis is the hour of the day, the 
black stripes label which subject 
the data belongs to, and the 
colored squares correspond to the 

false positive (FP), false negative (FN), true positive (TP) and true 
negative events (TN). From the figure it can be seen that subject 1 
(S1) has many FN events, and subject 2 (S3) has more FP events 
compared to the rest of the subjects. 

 

4 Discussion and conclusion 
We developed a method that can continuously detect stress in real 
life. By introducing a context-based classifier we provided more 
information about real-life circumstances and the user, which 
improved the detection performance. 

While still leaving room for improvement, the results are 
encouraging for such a challenging problem. For now, the context-
based stress detector receives information from the laboratory 
detector and the activity recognizer. Additional context information 
can be provided from other components that recognize events 
which induce similar physiological arousal to a stress event (e.g., 
exercise, eating, hot weather etc.). Because stress is perceived 
differently, we plan to implement personalization to allow to the 
general model to adapt to new users. Figure 1 confirms the need for 
personalization where it shows that the distribution and the type of 
the classification errors (e.g., FP vs. FN) is subject-specific. 

We are currently implementing the method as a real-time 
smartphone application. It will be demonstrated at the conference, 
where the participants will wear the wristband during stressful 
events, e.g., while giving a presentation. We will also integrate our 
method into an existing application that provides relaxation and 
lifestyle advice upon detected stress. It is intended for older 
workers and will be used in the European project Fit4Work [3].  
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Table 1. Confusion matrices for 
event-based evaluation. Context 
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0 1 0 1
0 638 175 790 23
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Prec. 94% 29% 94% 73%
F1 85% 39% 96% 63%
Acc.

With context

76% 92%

No Context

Figure 2. Context-based output with LOSO evaluation. 
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Abstract.
1
  Artificial Intelligence techniques are increasingly being 

used to develop smart training applications for professionals in 

various domains. This paper presents an intelligent training system 

that enables professionals in the public domain to practice their 

aggression de-escalation skills. The system is one of the main 

products of the STRESS project, an interdisciplinary research 

project involving partners from academia, industry and society. 

The system makes use of a variety of AI-related techniques, 

including simulation, virtual agents, sensor fusion, model-based 

analysis and adaptive support. A preliminary evaluation of the 

system has been conducted with two groups of potential end users, 

namely tram conductors and police academy students. 

1 INTRODUCTION 

“A train conductor was assaulted at Nuneaton railway station after 

asking to see a man’s ticket. The 48-year-old victim was working 

on a service from Crewe to London when he asked to see a 

passenger’s ticket before he boarded the train in Nuneaton. The 

man became abusive and started to push the conductor before 

leaving the station.” [28] 

Although it is just one example, this incident illustrates the 

vulnerability of employees in the public sector to aggressive 

behaviour of people like customers, patients, travellers or other 

citizens. Aggressive behaviour against public service workers (e.g. 

police officers, ambulance personnel, public transport employees) 

is an ongoing concern in many countries [14, 21]. According to a 

national safety investigation in the Netherlands in 2011, almost 

60% of the employees is confronted with unwanted behaviour on a 

daily basis [1]. Most incidents of aggression are of a verbal nature 

(e.g., insulting, swearing, intimidating), but in about 10% of the 

cases the conflicts escalate into physical aggression (e.g., 

threatening, abusing, robbing). 

To better prepare them for these incidents, professionals in the 

public domain often receive dedicated resilience training. Such 

training is typically performed in a group setting based on role-

play, where employees learn to communicate with aggressive 

clients in a de-escalating manner. Although this form of training 

has shown to be successful, it is quite expensive with respect to 

both money and time. Furthermore, the training is not always easy 

to control or repeat systematically. 

As a complementary approach, the aim of the STRESS project 

[26] was to develop a simulation-based training system for 

aggression de-escalation. This is in line with a number of recent 

initiatives that show promising results regarding the possibility to 
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train social and communicative skills based on simulated 

environments involving virtual humans [2, 12, 13, 17, 18, 19, 22]. 

The main idea of the current system is that employees in the public 

domain can practice their aggression de-escalation skills by 

engaging in conversations with aggressive virtual characters. By 

designing the scenarios in such a way that the characters calm 

down if they are being approached correctly, but become more 

aggressive if they are being treated inappropriately, trainees will 

receive immediate feedback on their performance. Meanwhile, they 

are monitored by intelligent software that observes and analyses 

their behaviour and physiological state (e.g., heart rate, skin 

conductance, brain activity) and provides tailored feedback. 

Feedback consists of two categories, namely hints and prompts on 

the one hand, and run-time modifications in the scenarios on the 

other hand. By using such a system, employees have the ability to 

practice their aggression de-escalation skills in a cost-effective, 

personalised and systematic manner. 

The purpose of this paper is to describe the overall architecture 

of the system, some details of the various components of which it 

consists, and the preliminary results of evaluation studies with 

potential end users. Many of these elements have been published in 

previous papers [4-11], but this is the first time in which all of 

them are combined into our coherent description. Hence, the main 

contribution of the paper is in explaining how the various parts of 

the STRESS project come together in a practical application. 

The remainder of the article is structured as follows. In Section 

2, some background knowledge is presented about aggressive 

behaviour and the prescribed techniques to de-escalate aggression. 

Section 3 describes the architecture of the overall training system, 

as well as some details about its separate components. Section 4 

summarises two case studies that have been conducted to test the 

system: one in the domain of public transport, and one in the 

domain of law enforcement. Finally, Section 5 concludes the paper 

with a discussion. 

2 AGGRESSION DE-ESCALATION 

To design an effective training tool, a first question to be asked is 

what should be the learning goals of the system. For the current 

context, these learning goals are similar to the ones used in real 

world aggression de-escalation training, and are related to the 

development of emotional intelligence: employees should learn to 

recognize the emotional state of the (virtual) conversation partner, 

and choose the communication style that suits this emotional state. 

More specifically, when it comes to aggressive behaviour, it is 

important that employees learn to recognize the nature of the 

aggression. Here, two main categories can be distinguished: 

aggression can be either emotional (or reactive) or instrumental (or 

proactive) [15]. In case of emotional aggression, the aggressive 
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behaviour typically is caused by an angry reaction to a negative 

event that frustrates a person’s desires [3]. Such a person is likely 

to be angry with respect to whatever stopped him from achieving 

his goal. An example in the public transport domain is a traveller 

getting angry because the tram is late while he has to attend an 

important meeting. When dealing with an emotional aggressor, 

supportive behaviour from the de-escalator is required, for example 

by ignoring the conflict-seeking behaviour, calmly making contact 

with the aggressor, actively listening to what he has to say, 

showing empathy, and suggesting solutions to his problems. 

In contrast, in case of instrumental aggression, the aggressive 

behaviour is only used ‘instrumentally’, to achieve a certain goal. 

Such behaviour is not a direct response to a negative event and is 

less strongly related to heavy emotions. A well-known example in 

the domain of public transport involves someone who wants to 

travel without paying for his ticket. This type of aggression often 

starts with an attempt to persuade the conversation partner, e.g. 

“Oh, I forgot my wallet, can I just come along for two stops?”. 

Often, in case the employee does not give the aggressor what he 

wants, the aggressive behaviour will reveal itself through more 

threatening remarks like “I’ll be back tomorrow with my friends”. 

To de-escalate instrumental aggression, a directive response is 

assumed to be most effective. It is necessary to show the aggressor 

that there is a limit to how far he can pursue his aggressive 

behaviour, and to make him aware of its consequences [10]. 

To conclude, the presented training environment is centred 

around two main learning goals, namely 1) recognizing the type of 

aggression of the conversation partner (i.e., emotional or 

instrumental), and 2) selecting the appropriate communication style 

towards the conversation partner (i.e., supportive or directive). To 
assess the type of aggression, employees need to carefully observe 
the verbal and non-verbal behaviour of the aggressive virtual 
character. In general, reactive aggressors will show more arousal 
(e.g., flushed face, emotional speech) than proactive aggressors. 
Also, the context should be taken into account (e.g., someone who 
just finds out that he lost his ticket will be more emotional that 
someone who knew this all along, and just tries to intimidate the 
tram driver to ride for free). 

3 TRAINING SYSTEM 

The main aim of the STRESS project is to develop an intelligent 

training system that is able to analyse the trainee’s behaviour 

during confrontations with aggressive individuals, and provide 

appropriate feedback, enabling trainees to improve their 

performance. During the training, users will be placed in a virtual 

scenario in a particular domain (e.g., selling tram tickets, or issuing 

parking tickets), which involves one or more virtual agents that at 

some point in time start behaving aggressively (e.g., insulting the 

tram driver because he is late). The user’s task is to de-escalate the 

aggressive behaviour of the virtual agents by applying the 

appropriate communication techniques. An important asset of the 

system is that it can adapt various aspects of the training (e.g., 

scenarios, difficulty level, feedback) at runtime on the basis of its 

estimation of the trainee’s physiological state and performance. 

3.1 System Overview 

Figure 1 depicts the global architecture of the system [6]. The 

rounded rectangles denote components of the system, and the 

arrows denote information flows. The normal rectangles indicate 

clusters of components that have the same function (i.e. the 

analysis and support layer). In the training environment, the trainee 

will be engaged in a virtual reality environment shown on a 

computer screen (or possibly on a head-mounted display), while 

being monitored by an intelligent training agent. The virtual 

scenario is generated by a separate module within the agent, which 

contains knowledge about relevant scenarios in a particular 

domain. The trainee observes the events that happen in the 

scenario, and has to act in the scenario this by selecting the most 

appropriate action (currently this is simply implemented by means 

of a multiple choice menu). During training, the user is connected 

to (non-intrusive) devices that measure physiological states related 

to arousal and stress; in particular heart rate, skin conductance and 

electroencephalogram (EEG) signals. The data measured by these 

devices are then used by the agent as input for a computational 

model that integrates them at runtime, to assess the trainee’s levels 

of stress and (negative) emotions (the affective model). This 

assessment of the trainee’s affective state is combined with 

information about the status of the task (e.g., the actions performed 

by the trainee), and used by another computational model (the 

decision making model) to assess whether (and why) the trainee 

made certain mistakes. The outputs of both models are analyses of 

the trainee’s emotional state (e.g., how much stress does (s)he 

experience?) and decision making behaviour (e.g., are any mistakes 

made?), respectively. This information is used for two purposes: by 

the scenario development module, to modify the running scenario 

(e.g., to repeat a certain scenario that is considered difficult), and 

by the feedback determination module, to provide feedback to the 

trainee (e.g., advice to change the conversation style). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Global architecture of the training system 

3.2 Virtual Reality Environment 

The virtual reality environment is based on the InterACT software 

[30], developed by the company IC3D Media [25]. InterACT is a 

software platform that has been specifically designed for 

simulation-based training of interpersonal skills. Unlike most 

existing software, it focuses on smaller situations, with high 

realism and detailed interactions with virtual characters. True-to-

life animations and photo-realistic characters are used to immerse 

the player in the game. An example screenshot of a training 
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scenario for the public transport domain is shown in Figure 2. In 

this example, the user plays the role of a tram conductor that has 

the task of calming down an aggressive virtual traveller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Screenshot of a training scenario for tram conductors 

 

To enable users to engage in a conversation with an embodied 

conversational agent (ECA), a dialogue system based on 

conversation trees is used. The system assumes that a dialogue 

consists of a sequence of spoken sentences that follow a turn-

taking protocol. That is, first the ECA says something (e.g. “I 

forgot my public transport card. You probably don’t mind if I ride 

for free?”). After that, the user can respond, followed by a response 

from the ECA, and so on. In InterACT, these dialogues are 

represented by conversation trees, where vertices are either atomic 

ECA behaviours or decision nodes (enabling the user to determine 

a response), and the edges are transitions between nodes. 

The atomic ECA behaviours consist of pre-generated fragments 

of speech, synchronised with facial expressions and possibly 

extended with gestures. Scenario developers can generate their own 

fragments using a motion sensing input device such as the 

Microsoft Kinect camera and a commercial software package  

FaceShift [29]. As the recorded fragments are independent from a 

particular avatar, they can be projected on arbitrary characters. 

Each decision node is implemented as a multiple choice menu. 

Via such a menu, the user has the ability to choose between 

multiple sentences. Hence, the emphasis of the current system is on 

the verbal aspects of aggression de-escalation. In most of the 

scenarios, three options are available within every decision node. 

Typically, these options have been created in such a way that one 

of them is clearly supportive, another one is clearly directive, and 

the third option is neutral. Here, the supportive and directive option 

relate to the communication styles explained in Section 2. Figure 2 

illustrates how these three options can be instantiated in terms of 

concrete sentences (where A=neutral, B=directive, C=supportive). 

The user’s choice determines how the scenario continues, by 

triggering a corresponding branch in the tree. 

Although this approach works well, there is a risk that the 

behaviour of the ECAs becomes predictable in the long term. For 

example, in the situation shown in Figure 2, choosing option B (the 

‘directive’ option) will always result in the ECA becoming 

irritated, no matter how often the scenario is played, or what has 

happened before. To overcome this problem, in [11] an approach 

was put forward to endow the agent with internal states that are 

either set beforehand (e.g. whether the agent is a reactive or a pro-

active aggressor) or are the result of earlier interactions (e.g. a state 

of anger that gradually increases during the scenario). This means 

that the agent is equipped with a cognitive model of aggression, 

replacing the direct connections between user choices and ECA 

responses. As shown in [11], the resulting conversations indeed 

provided more variation, and were perceived as less predictable.  

3.3 Physiological Measurements 

Simulation-based training can only be effective if the virtual 

scenarios trigger emotional responses that are comparable to the 

reactions people show to the same stimuli in real world scenarios. 

To investigate to what extent this is the case, in [4] an experiment 

was performed in which the impact of an aggressive virtual agent 

was compared with that of an aggressive human. By randomly 

distributing a group of 28 participants over two conditions (virtual 

and human) and measuring their physiological and subjective 

emotional state before and after an aggressive outburst of their 

conversation partner, the difference between virtual and human 

aggression was studied. The ‘outburst’ was realized by having the 

(virtual or human) conversation partner suddenly get extremely 

angry towards the participant, while shouting and accusing him or 

her of not paying attention. The results showed that both conditions 

induced a substantial stress response, but that the impact of the 

human aggression was stronger than that of the virtual aggression.  

Part of these results are illustrated by Figure 3. This figure 

depicts the dynamics of skin conductance (also called 

electrodermal activity, EDA, one of the most common indicators 

for arousal) over time in microSiemens during the relevant part of 

the experiment, averaged over all participants in each condition. 

The horizontal axis denotes a period of 2 minutes, i.e., 1 minute 

before the start of the aggressive outburst and 1 minute after it. The 

vertical line indicates the moment the outburst started. More details 

about the study can be found in [4]. 

Although these results show that there is still a gap between the 

intensity of the stress response caused by a virtual character and by 

a real human, they are nevertheless promising, because they 

indicate that virtual characters can at least elicit responses that are 

comparable to the ones triggered in reality. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Dynamics of electrodermal activity over time 

 

Inspired by these results, an interface was developed to connect 

the training system to two devices that measure physiological states 

related to arousal and stress. In particular, the Plux wireless 

biosensors toolkit [27] is used to measure heart rate and skin 

conductance, and the Myndplay Brainband [31] is used to measure 

EEG signals. Additionally, within InterACT a visualisation 

window was implemented in which the measurements of these 

three sensors can be displayed at run-time during training (see 

upper right corner of Figure 2). From top to bottom, this windows 

shows a user friendly interpretation of the trainee’s current heart 

rate (in beats per minute), skin conductance (in microSiemens) and 

EEG signals (in terms of ‘meditation value’, one of the outputs of 

the Myndplay Brainband that is correlated with a state of 
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relaxation). This allows trainees to receive instant (bio)feedback on 

their physiological state while training, thereby helping them to 

stay calm during aggressive confrontations. 

3.4 Analysis Layer 

As explained in Section 3.1, the purpose of the analysis layer is to 

process data about the user (in particular: physiological data and 

task status information from the virtual environment), in order to 

draw high-level conclusions about the user’s state. It consists of 

two sub-models, the affective model and the decision making 

model, which are described in the following sub-sections. Both 

models have been formalised using the LEADSTO language [9], 

which enables modellers to describe mental processes in terms of 

transitions between states that are expressed in terms of logical 

and/or numerical variables. 

3.4.1 Affective Model 

The affective model was inspired by the work of Gross [16], and is 

explained in detail in [6]. A high-level overview is shown in Fig. 4. 

The circles represent different states, which are all formalised in a 

numerical manner, in terms of a variable with a real value between 

0 and 1. In an actual application, real world data should be mapped 

to values in this interval. For instance, a very threatening stimulus 

in the training system (e.g., an aggressive virtual character) could 

be represented as a world state with value 0.9. Similarly, a mode-

rately intensive feeling of fear (e.g., as measured by the phy-

siological devices) could be represented as a feeling with value 0.5.  

 

 

 

 

 

 

 

 

 

 

Figure 4.  Overview of affective model 

 

Arrows in Figure 4 denote the influence of one state on another 

state. The model that represents generation of emotions is depicted 

by using solid arrows. Additionally, regulation of emotions is 

represented by the control state. Each regular state has a positive 

effect on the control state (representing a monitoring process), but 

can in turn be suppressed by the control state (representing a 

regulation process), as indicated by the dashed arrows. 

3.4.2 Decision Making Model 

The decision making model is explained in detail in [10], and is 

shown graphically in Figure 5. The circles on the left denote 

observations made by the user, the circles on the right (commu-

nicative) actions, and the remaining circles internal states.  

Roughly, the dynamics of the model can be split into three sub-

processes. First, as shown in the lower part of the figure, the 

emotional state of the user is updated based on the observed (verbal 

and non-verbal) behaviour of the conversation partner, and has in 

turn an impact on his or her own non-verbal behaviour. Next, as 

shown in the upper left part of Figure 5, there is a sub-process 

related to the evaluation of (both the nature and the intensity of) the 

conversation partner’s emotional state. More specifically, this boils 

down to deciding whether we are dealing with reactive or proactive 

aggression (or no aggression). Finally, as shown in the upper right 

part of the figure, the evaluation of the conversation partner’s 

emotional state serves as input for a decision about which ‘de-

escalation approach’ to select. For this, domain-specific knowledge 

is used about which approach works best in which situation (as 

explained in Section 2). 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Overview of decision making model 

 

To conclude, the affective model and decision making model 

enable the system to draw conclusions about the user’s emotional 

state and decisions (and errors) made, respectively. Preliminary 

evaluations of the models are discussed in [6] and [10].  In the next 

section we explain how the output of the models can be used to 

provide dedicated support to increase training effectiveness.  

3.5 Support Layer 

Like the analysis layer, the support layer also consists of two sub-

models, namely the scenario development module and the feedback 

determination module. Both modules are described below.  

3.5.1 Scenario Development Module 

The main purpose of the scenario development module is to 

generate interesting training scenarios that fit to the learning goals 

of the trainee. In particular, the concept of adaptive training (or 

scaffolding) is used, where the difficulty level of the scenarios 

adapts to the performance of the trainee. To this end, based on the 

learning goals identified in Section 2, a score was introduced to 

keep track of how well the goals were achieved. This score was 

calculated based on the output of the analysis layer. Next, a number 

of difficulty levels were established, as well as a mechanism to 

navigate up and down between these levels based on the user’s 

score. This mechanism is visualised in Figure 6. As can be seen, a 

separate score is maintained for cases of emotional (or reactive) 

aggression as well as for cases of functional (or pro-active) 

aggression. The main idea is that the user’s score for a particular 

type of aggression needs to be sufficiently high to reach a higher 

level. However, after losing two points, the user falls back a level. 

In the first part of the training (level 1-3), the type of aggression is 

already given. Instead, in the second part of the training (level 4-6) 

the trainee needs to identify the type of aggression by him- or 

herself. Levels are traversed per aggression type separately, with 

one exception: after the first part of the training (i.e., level 1-3), the 

trainee needs to have sufficient knowledge of both types of 

aggression before (s)he can continue. 

Details of this module are presented in [8]. An initial evaluation 

reported in that paper demonstrated that the system successfully 
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adapted its difficulty level to the user’s performance, and that users 

were positive about the effect of this adaptation mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Transitions between difficulty levels 

3.5.2 Feedback Determination Module 

The feedback determination module is described in detail in [11]. 

This model uses the output of the analysis layer to generate 

appropriate feedback on the user’s performance in terms of after-

session hints. Essentially it checks whether the situation was 

successfully de-escalated or not, and in the latter case, it analyses 

what the cause of this unsuccessful de-escalation was. In this 

analysis, several types of mistakes are distinguished such as 1) the 

user failed to judge the type of aggression correctly (i.e. reactive or 

proactive), 2) the user failed to apply the appropriate 

communication style (supportive or directive), and 3) the user 

failed to control his or her own emotional state. The decision tree 

that is used by the module is shown in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Overview of decision making model 

 

Here, a green end state indicates successful de-escalation, 

whereas a red end state indicates unsuccessful de-escalation. Based 

on the specific end state a corresponding feedback message is 

generated, represented by the numbers in the figure. As an 

example, in case a scenario is classified as category (6), the 

following feedback is presented: 

 

6. User applies wrong approach towards a proactive aggressor. 

”You correctly judged the nature of the aggression, but you used the 

wrong verbal approach. A proactive aggressor should always be 

approached in a directive manner. 

To test the module, a specific scenario has been worked out in 

the context of a man who has no cash money to pay for a tram 

ticket. A group of users have extensively played the scenario under 

varying the parameter settings. These user tests pointed out that the 

module indeed offered the desired support at the appropriate times 

(see [11] for more details).  

4 CASE STUDIES 

As explained in the previous section, most components of the 

system were tested separately based on user studies in a laboratory 

setting. As a follow up, additional evaluation studies have been 

performed with potential end users from two domains of interest: 

public transport and law enforcement. In these experiments, the 

focus was on testing these users’ experience with respect to the 

virtual reality environment (and the underlying dialogue system); 

hence, the training agent was disabled during these tests. The two 

experiments are briefly described in the following sub-sections. 

4.1 Public Transport 

For this evaluation study (see [7]), a number of scenarios have 

been developed, in collaboration with (and approved by) domain 

experts of GVB, the public transport company in Amsterdam. All 

scenarios are perceived from the perspective of a tram conductor. 

In total, they address 9 different situations in which a conflict may 

arise, such as ‘traveler is not allowed to take hot coffee on board’ 

and ‘tram arrives 10 minutes late’. Moreover, for each scenario, 

different variants have been written: some in which the virtual 

character shows emotional aggression, and some in which it shows 

instrumental aggression. In total, there were 40 scenarios. 

Twenty-four people participated in the experiment (13 male and 

11 female), all of which were employees of GVB. Their average 

age was 45,4 (σ = 12.0). The experiment was executed in a 

computer room at GVB. Participants had to play all 40 scenarios 

during 4 different sessions distributed over 4 weeks (i.e., 10 

scenarios per session). After the last session, the participants were 

asked to fill out a usability questionnaire, consisting of 20 

statements about which the participants had to express their 

opinion on a 5-point Likert scale. The questionnaire was inspired 

by Witmer and Singer [24], and included statements about issues 

such as user experience, presence, and perceived effectiveness. In 

the end, the statements were grouped into 4 categories, namely 

content, interaction, engagement, and effect, to obtain an average 

score on these aspects. The content category contained statements 

about the perceived realism of the scenarios and the characters 

(e.g., ‘the scenarios were representative for real world situations’). 

The interaction category contained statements about how natural it 

was to interact with the characters (e.g., ‘I felt that my answers had 

an influence in the behaviour of the virtual characters’). The 

emotional category addressed the perceived sense of presence of 

the participants (e.g., ‘during training I felt engaged in the 

scenarios’). Finally, the effect category contained statements asking 

the participants for their opinion about the effectiveness of the 

training (e.g., ‘I think this type of training is a useful addition to 

real world training’). 

The aggregated results are summarised in Figure 8 (on a scale 

from -2 to 2). As shown there, participants were generally positive 

about the content of the scenarios, the interaction possibilities of 

the system, and (in particular) about its perceived learning effect, 
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but were less enthusiastic about the system’s emotional impact. 

More details can be found in [7]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  User experience results for the Public Transport case 

4.2 Law Enforcement 

To investigate how stable these results are across different appli-

cation domains, a second evaluation study was conducted (see [5]), 

in the domain of law enforcement. This experiment was executed 

in collaboration with the Dutch Police Academy, and focused on 

the module ‘Noodhulp’ (Emergency Assistance), which is part of 

their education program. As part of this module, students have to 

learn to correctly handle the so-called ‘Door Scene’. This is a 

situation in which a police officer has just been informed about an 

incoming emergency call. For the current experiment, we focused 

on the domain of domestic violence (e.g., a call from a crying 

woman who claims that her boyfriend is abusing her). The scenario 

starts at the moment that the police officer (together with his or her 

partner) arrives at the address in question, and rings at the door.  

The setup of this experiment was very similar to the previous 

one, with some minor differences: instead of 40 scenarios, only 4 

(slightly longer) scenarios were used. Moreover, these scenarios 

were not played during 4 different sessions, but during one single 

session. The experiment was executed in a computer room at the 

Police Academy. Also the demographics of the participants were 

different: in total, 41 Police Academy students participated in the 

experiment (31 male and 10 female), and their average age was 

27.1 (σ = 6.5). The questionnaire consisted of the same 20 

statements as the previous one; however, instead of a 5-point Likert 

scale, a 7-point scale was used. 

The aggregated results of this study are summarised in Figure 9 

(on a scale from -3 to 3). As shown, the outcomes are similar to 

those for the public transport domain, with the main difference that 

the participants were more positive about the system’s interaction 

possibilities, but believed a bit less in the effectiveness of the tool. 

More details of this study can be found in [5]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  User experience results for the Law Enforcement case 

5 DISCUSSION 

The current paper introduced a prototype of an intelligent simula-

tion-based training system that enables professionals in the public 

domain to practice their verbal aggression de-escalation skills 

during face-to-face conversations. The system has been designed in 

a modular fashion, and integrates various AI-related techniques, 

including simulation, virtual agents, sensor fusion, model-based 

analysis and adaptive support. The various modules have been 

tested separately in a lab setting. Additionally, case studies in two 

real world domains have been used to obtain feedback on the 

virtual reality environment from potential end users.  

The presented system has similarities with several recent 

approaches to train social skills through conversations with virtual 

humans. These projects have addressed a variety of tasks in 

different domains, including job interviews [2], police interviews 

[13], leadership training for naval officers [17], medical 

consultations [18], negotiation exercises [12, 19], and manager-

employee conversations [22]. The current system differs from these 

systems in the sense that it focuses on a domain (aggression de-

escalation) in which the stimuli from the virtual environment are 

mainly negative. As a result, more effort was put into creating 

visually and behaviourally believable characters, and into 

measuring the users’ physiological response to the behaviour of 

these characters. Additionally, the system was enhanced with an 

intelligent ‘training agent’ that gives adaptive personalised 

feedback based on the user’s state and behaviour (cf. [20, 23]). 

The results from the case studies indicate that with respect to 

user satisfaction, participants were generally positive about the 

content of the virtual scenarios, the mechanisms to interact with the 

characters, and the potential of the system as a learning tool. 

Nevertheless, also a number of points for improvement were 

identified, which mainly have to do with the emotional aspect of 

the system: for several participants, the perceived sense of presence 

was limited because they did not ‘feel’ the emotion in the virtual 

conversation partner. One interesting way to improve this situation 

is to combine the scenarios with haptic feedback. Another possible 

extension would be to use a head-mounted display instead a flat 

video screen. Our expectation is that such extensions will lead to a 

more engaging, and therefore more effective training tool. 
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A Practical Approach to Fuse
Shape and Appearance Information

in a Gaussian Facial Action Estimation Framework
Teena Hassan1 and Dominik Seuss1 and Johannes Wollenberg1 and Jens Garbas1 and Ute Schmid2

Abstract. In many domains of computer vision, such as medical

imaging and facial image analysis, it is necessary to combine shape

(geometric) and appearance (texture) information. In this paper, we

describe a method for combining geometric and texture-based evi-

dence for facial actions within a Kalman filter framework. The geo-

metric evidence is provided by a face alignment method. The texture-

based evidence is provided by a set of Support Vector Machines

(SVM) for various Action Units (AU). The proposed method is a

practical solution to the problem of fusing categorical probabilities

within a Kalman filter based state estimation framework. A first per-

formance evaluation on upper face AUs demonstrates the practical

applicability of the proposed fusion method. The method is applica-

ble to arbitrary imaging domains, apart from facial action estimation.

1 INTRODUCTION

Two important types of information commonly used in computer vi-

sion are shape and appearance. For example, in medical imaging,

shape and appearance information have been used for automatic clas-

sification of cells [18]. In this paper, we focus on combining both

sources of information for facial expression analysis. Facial expres-

sion is accompanied by deformation of the shape of facial features

and by changes in facial texture. Changes in shape of facial features–

such as eyes, nose, eyebrows, or lips–constitute geometric informa-

tion. Changes in facial appearance–such as wrinkles, furrows, edges,

or bulges–constitute texture information.

The emergence of robust face detection algorithms [31] in early

2000s accelerated research on automatic analysis of faces recorded

in images and videos. Automatic analysis of facial expressions is

one of the research fields that received increased attention since then

[27, 35, 10]. Research in this field is pursued mainly in two direc-

tions [35]: One of the directions focuses on an objective analysis of

basic facial movements based on the Facial Action Coding System

(FACS) [9]. The other focuses on detecting a set of prototypical fa-

cial expressions of emotions.

Since more than ten years, the Intelligent Systems group at Fraun-

hofer IIS has been developing the Sophisticated High-speed Object

Recognition Engine SHORE
TM 3, which is a general framework for

various object detection tasks in images and videos, with a focus on

face detection and analysis [25]. SHORE
TM

detects and tracks faces

1 Fraunhofer Institute for Integrated Circuits IIS, Germany, email:
teena.hassan@iis.fraunhofer.de

2 Faculty of Information Systems and Applied Computer Science, Otto-
Friedrich-Universität Bamberg, Germany

3 http://www.iis.fraunhofer.de/shore

in real-time [20], estimates age and gender, and identifies four ba-

sic expressions of emotions, namely happiness, sadness, anger and

surprise.

In collaboration with the GfK Verein (a think tank for market

research and majority shareholder of Europe’s largest market re-

search company GfK SE), the software EMOScan was developed

by customising and extending SHORE
TM

for valence detection [12].

EMOScan is currently deployed in nine European, three Asian and

two American countries. It is used in online and offline studies

for analysing viewers’ facial responses to advertisements. Currently,

SHORE
TM

is also being applied to several other application areas

of automatic facial expression analysis, such as affective computing,

pain detection and autism research.

While the focus of SHORE
TM

was primarily on emotion detection,

our current research focuses on FACS-based analysis, where image

sequences are processed for detecting facial motion and coding it in

terms of FACS Action Units (AU). This approach enables detection

of more subtle facial expressions. The detected AUs and their inten-

sities could be used in a subsequent processing step for a detailed

analysis of human affective behaviour. This is planned as an exten-

sion of SHORE
TM

with a similar deployment strategy.

In the next section, previous research on the fusion of geometric

and texture information in the domain of facial expression analysis

is reviewed. Afterwards, an overview of the main components of our

AU estimation framework is provided. This is followed by a detailed

description of the proposed fusion approach within a Gaussian state

estimation framework. We present a performance evaluation of the

fusion approach based on a dataset collected in a private study con-

ducted by GfK Verein. Finally, we conclude with an outlook to future

work.

2 RELATED WORK
Recently, fusion of shape (geometric) and appearance (texture) fea-

tures has shown to give promising results in the field of AU detec-

tion and emotion recognition. Geometric features are usually com-

puted using the location of facial landmarks defined according to a

deformable face model. Typical approaches for landmark localiza-

tion include Active Appearance Models (AAM) [5] and Constrained

Local Model Fitting (CLM) [26]. Texture features encode visual tex-

ture information using, for example, histograms of oriented gradi-

ents (HOG) [6], histograms of local binary patterns (LBP) [13] or

histograms of local Gabor binary patterns (LGBP) [2].

When it comes to fusion of geometric and texture features, ma-

chine learning approaches for facial expression analysis have em-
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ployed different strategies, namely, feature-level fusion, decision-

level fusion, and fusion based on multiple kernel learning. Feature-

level fusion is usually done by concatenation of all features into one

large feature vector, which is then passed to a machine learning algo-

rithm [3, 34, 33, 23, 36]. Decision-level fusion usually trains separate

classifiers with geometric or texture features, and later combines their

scores. For example, [17] uses a variant of artificial neural networks,

and [16] uses an SVM to fuse scores from classifiers. Multiple ker-

nel learning based fusion approaches use separate kernels for geo-

metric and texture features. In [22], a multi-kernel SVM is used for

feature fusion. A Gaussian kernel is used for geometric and gradient-

based texture features, and an intersection kernel is used for higher-

dimensional Gabor-based texture features. A multi-kernel SVM is

also used in [28] for feature fusion, where kernels of the same type

are applied to geometric and texture features.

Fusion of geometric and texture information can also be viewed

as a sensor fusion problem. Traditionally, state estimation methods

are used to perform sensor fusion, for example, in applications like

robot navigation and satellite tracking. State estimation methods fuse

a stochastic model of the temporal dynamics of the state of a system,

and the stochastically distributed measurements provided by multi-

ple sources. Dynamic state estimation methods such as Kalman filter-

ing, particle filtering, Hidden Markov Models (HMM), and Dynamic

Bayesian Networks (DBN) have been used for facial expression anal-

ysis [29, 8, 14, 37], in order to estimate intensities of AUs [8, 14, 7]

and facial expressions of emotions [8, 37], as well as to infer the

temporal phases of AUs [29]–such as onset, apex and offset.

AU intensity estimation is a continuous state-space estimation

problem. Therefore, Kalman and particle filtering based approaches–

such as [8, 14]–have been applied. These methods commonly use

deformable face models that encode the semantics of the different

facial expressions to be estimated, and use physics-based models to

describe the temporal dynamics of facial motion. The parameters of

pre-defined temporal models are learned from annotated data. Ge-

ometric or texture features constitute the measurements. These are

fused by defining a measurement model that provides the likelihood

of observing the geometric or texture features, given the current state

estimate. The advantages of such approaches are their lower data re-

quirements, and their simple and intuitive way of combining seman-

tic, spatial and temporal aspects of facial motion.

However, the performance of these state estimation methods de-

pends on the accuracy of the models and the correctness of the

stochastic assumptions. For example, precise modelling of all pos-

sible variations in the shape, appearance and dynamics of facial

expressions is not possible. To overcome these limitations, outputs

from data-driven machine learning approaches could be used to im-

prove the discriminative power of state estimation based approaches

[24, 29, 30, 19]. The integeration of probability outputs from SVMs

in an HMM-based discrete state estimation framework has been ex-

plored in application domains such as speech recognition [19] and

recognition of temporal phases of AUs [29, 30]. However, their inte-

gration in a continuous, Gaussian-distributed state estimation frame-

work appears to be unexplored.

The use of a state estimation method allows the possibility of fil-

tering noisy measurements and enables the use of a dynamic model

that approximates the mechanics of facial muscles. It provides a tem-

poral smoothing effect on the output estimates that is usually lacking

in machine learning approaches. Temporally smooth estimates im-

prove the chances of finding good thresholds for discretisation, if

needed. State estimation frameworks also provide an inherent mech-

anism to integrate information from multiple modalities or sources.

In the light of these arguments, we use a state estimation based ap-

proach for estimating continuous-valued AU intensities.

We use anatomically-inspired models to capture the relevant

spatio-temporal aspects of facial motion, such as the facial defor-

mations resulting from the motion and the biomechanics of facial

muscles that produce the motion. Since the state space is high dimen-

sional, a Kalman filter based framework is used. To improve the dis-

criminative capacity of the system, we use SVMs that are trained on

texture features to discriminate between two or more AU classes. The

Kalman filter assumes the state and measurements to be Gaussian-

distributed. This gives rise to the problem of integrating categorical

probabilities from SVMs into a Gaussian-distributed continuous state

estimation framework. In this paper, we propose a practical approach

to solve this problem. The applicability of the proposed approach is

demonstrated within our AU estimation framework.

3 SYSTEM OVERVIEW
Estimating action unit intensities under real conditions, without the

need for explicitly adapting the system to the monitored person, is

very challenging. Our system tackles variations in lighting, head pose

and interpersonal facial shape with the help of robust face detection,

face normalisation and an online face calibration. The flowchart of

our system is shown in Figure 1.

Figure 1. Flow chart of the system. The extracted face mesh is shown in
(a). Exemplary texture features extracted from the forehead region using

vertical and horizontal edge filters are shown in (b).

• Face Detection: The face detection unit processes the image

frames provided by a video capture device. It uses SHORE
TM

[20]

to locate the person’s face in the image and obtain the region of

the face. In addition, SHORE
TM

provides the location of eyes, nose

and mouth corners, in case a face could be found. If more than one
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face is present, the face detector selects the most prominent face

on the basis of the face size in the image.

• Face Normalization: The face normalization unit rotates and

scales the person’s face using the five facial feature points pro-

vided by SHORE
TM

as reference points. Thus, the normalized im-

age always has the same resolution and pose. In this way, some

of the variations in the appearance of the face that are caused by

head rotations and movements of the person in front of the video

capture device, are mitigated.

• Facial Feature Point Detection: This unit determines the location

of additional facial feature points within the detected face region

(Figure 1.a). These points (face mesh) cover the whole face and

track the location of prominent spots on the human face, such as

lip boundaries, eye brows, chin, etc. Changes in the location of

these points from one frame to another provide geometric infor-

mation about facial motion and the activated AUs.

• Texture Classification: However, it is not possible to detect all

AUs just by observing motion in these facial feature points, since

some of them are more prominently expressed by wrinkles. Such

AUs are easier to recognise from the transient changes in the ap-

pearance of the face; for example, the combination of AU01 (In-

ner Brow Raiser) and AU04 (Brow Lowerer) is easily recognised

from the appearance of wrinkles on the forehead region (Figure

1.b). So, in addition to the facial feature points, the facial texture

is analysed. SVM classifiers trained on texture features are used

for detecting specific AUs and AU combinations.

• Action Unit Intensity Estimation: The Kalman filter based ac-

tion unit intensity estimator fuses the outputs from the facial fea-

ture point detector and the texture classification unit to get a final

estimate of the intensity of each AU in a pre-defined set of 22

AUs. A biomechanical model of facial muscles is used to model

the dynamics of the AUs. The intensities of AUs are modelled as

the parameters of an anatomically based deformable face model.

In addition to estimating AU intensities, this unit also simultane-

ously performs an online dynamic calibration of the person’s neu-

tral face. This online calibration is neccesary because it is often

not possible to acquire a neutral face on demand.

4 FUSION APPROACH
In our system, we fuse observations (measurements) from two types

of sources, namely geometric and texture, within the Kalman filter

framework to estimate the intensities of various AUs. The geomet-

ric measurements are the positions of facial feature points and the

texture measurements are the class-wise success probabilities from

SVMs trained on texture features extracted from the image.

The Kalman filter [15] is a special form of dynamic Bayesian net-

work that is applied to continuous state spaces with Gaussian transi-

tion and observation probability density functions. Kalman filtering

involves two steps: predict and update. In the predict step, a dynamic

process model is applied to the previous state to predict the current

state. The predicted estimate is called the apriori state estimate. In

the update step, one or more measurements are used to correct the

apriori state to obtain the filtered or aposteriori state estimate. The

noise in the measurements are assumed to follow the (multivariate)

zero-mean Gaussian distribution.

In the update step, the Kalman filter allows to fuse measurements

from multiple sources, provided each source has a Gaussian noise

model. The fusion is performed on the basis of the uncertainties in the

measurements. The more reliable measurements contribute more to

the state update than the less reliable measurements. To incorporate

a measurement into the Kalman filter, two components are required:

1. A measurement model that maps the state variables to the mea-

sured variables.

2. A covariance matrix that describes the Gaussian noise in the mea-

sured variables.

The following subsections describe how to model these two compo-

nents for the geometric and texture measurements used in our system.

4.1 Geometric measurements

The geometric measurements include the positions of 68 facial fea-

ture points detected by the facial feature point detection unit. These

are detected using a face alignment method. The measurement model

for geometric measurements is given by a 3D 68-point deformable

shape model that is similar to the CANDIDE face model [1]. The

covariance matrix for the noise associated with the geometric mea-

surements is determined empirically by applying the face alignment

method to an annotated dataset, such as the Extended Cohn-Kanade

dataset [21]. The differences between the detected positions of facial

feature points and their annotated positions are normalised relative

to the annotated eye distance. The variances and covariances of these

normalised errors constitute the elements of the covariance matrix.

The noise in each point measurement could be assumed to be inde-

pendent of that in others. In this case, the matrix would be block-

diagonal. Alternatively, the noise in each point measurement could

be assumed to be correlated to that in every other. In this case, the

matrix would be a full matrix. At runtime, the covariance matrix is

scaled by the square of the measured eye distance.

4.2 Texture measurements

The texture measurements include the probability outputs for differ-

ent AU classes provided by SVMs trained on texture (appearance-

based) features such as HOG or LBP. These measurements are pro-

vided by the texture classification unit of the system. The open source

software library LIBSVM [4] is used to realise the texture classi-

fiers. The probabilities of AU classes are interpreted as the inten-

sities of corresponding AUs. This is under the assumption that the

higher the intensity of an AU, the stronger the textural changes and

the greater the class probability, and viceversa. Therefore, the mea-

surement models for texture measurements are the identity functions

involving the corresponding AU intensity parameters. This directly

maps the probability of an AU class to its intensity of expression.

The probability of an AU class is determined in different ways,

depending on the output configuration of SVM (two-class or multi-

class). LIBSVM provides the probability of each SVM output class

using the method based on pairwise coupling [32]. These are con-

verted into AU class probabilities according to the output class defi-

nitions. Three cases are discussed below.

• Case A: A two-class SVM that detects the presence or absence of

an AU A. This is the simplest case, where the probability output

for class A provided by the SVM is used as-is.

• Case B: A multiclass SVM that detects all possible boolean com-

binations of occurrence of two or more AUs. In Table 1, an ex-

ample involving two AUs A and B is given. In such cases, the

probability of each AU can be obtained through marginalisation.

From Table 1, the probability of A is computed as p+ q, and that

of B is computed as p+ r.
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• Case C: A multiclass SVM that detects several individual AUs.

For example, a four-class SVM for A, B, C and rest. The proba-

bility of A is the output of the SVM for class A. The probability

of absence of A is the sum of the probabilities for the other three

classes. This is a generalisation of Case A.

Table 1. Table listing the four boolean combinations of occurrence of two
AUs: A and B, and notations for the probability outputs from a

corresponding four-class SVM.

Boolean Combinations Probability Notations

A and B p
A and not B q
not A and B r

not A and not B s

p, q, r and s add to 1 (exhaustive)

The probabilities of AU classes so computed define a Bernoulli

distribution for individual AUs. For a Bernoulli distributed AU vari-

able A, the outcome ‘1’ indicates the presence of A and the out-

come ‘0’ indicates the absence of A. If the probability of presence

of A is p, then the first moment or expected value μ is computed

as μ = 0(1 − p) + 1(p) = p. The expected value is therefore

identical to the probability of presence of A. The second moment

or variance σ2 is given by p(1 − p). Figure 2 illustrates how the

variance varies according to the probability p (a.k.a probability of

success). As the probability approaches the extremities 0 or 1, the

variance decreases, which indicates increasing confidence in the tex-

ture measurements. As the probablity approaches 0.5, the variance

increases, which indicates decreasing confidence in the texture mea-

surements. The skewness of the Bernoulli distribution of A is com-

puted as (1− 2p)/
√

p(1− p). As a rule of thumb, normality could

be assumed when the skewness varies between −2 and 2. This cor-

responds approximately to the probability range [0.146, 0.854] for

p. For simplicity and practical convenience, we assume normality

throughout the probability range [0, 1]. Therefore, we use the sec-

ond moment σ2 of the Bernoulli distribution as the variance of the

Gaussian noise associated with the texture measurement for A.

5 EVALUATION AND RESULTS
5.1 Dataset
We use an undisclosed dataset provided by GfK Verein for evalua-

tion of the system and the proposed fusion approach. This dataset

contains 301 videos of 93 different subjects (female and male). Sev-

eral short advertisement clips were shown to the subjects and their

facial reaction was recorded using a webcam, which was placed on

top of the display screen. Each recording lasts approximately eight

seconds and was recorded at 25 frames per sec. The subjects were

recorded in a light-controlled setting and were instructed to act natu-

rally. The responses often comprised of very subtle changes in facial

expressions when exposed to the specific stimuli in the advertise-

ment. Each frame is annotated by FACS experts with a list of active

AUs.

5.2 Performance measure
We measure the performance of our system by creating the Receiver

Operating Characteristic (ROC) curve [11] for each AU. ROCs illus-
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Figure 2. Variance of a Bernoulli distributed random variable

trate the performance of a binary classifier system as its discrimina-

tion threshold is varied. The curve is a plot of the true positive rate

against the false positive rate for various thresholds. Since ROCs are

graphical plots, we compute the Area Under Curve (AUC) for each

curve to get a single numerical metric. This makes comparison of

performance of different configurations easier. A value for AUC that

is closer to unity would indicate better performance.

5.3 Evaluation
We evaluate the proposed fusion approach on three upper face AUs,

namely AU01 (Inner Brow Raiser), AU04 (Brow Lowerer) and AU06

(Cheek Raiser). As an illustration of Case A mentioned in Sec-

tion 4.2, we use a pre-trained SVM for detecting the presence of

AU06. As an illustration of Case B mentioned in Section 4.2, we use

a pre-trained multiclass SVM for detecting the four possible Boolean

combinations of AU01 and AU04 as mentioned in Table 1. Case C
is a generalisation of Case A, and therefore, it is not separately eval-

uated. Tuning of system parameters as well as training and cross-

validation of SVMs were performed using images selected from the

CK+ dataset and an internal dataset of actors performing different

AUs. The dataset provided by GfK Verein was not used for these

purposes.

Table 2. AUC values for AU01, AU04 and AU06 for the fused,
geometry-only and texture-only configurations.

Configuration AU01 AU04 AU06

Fused 0.82 0.84 0.73
Geometry-only 0.77 0.79 0.64
Texture-only 0.78 0.79 0.66

In Table 2, the AUC values obtained after fusing geometric and

texture information are provided. The corresponding ROC curves are

shown in Figure 3. The improvement in performance obtained over

(a) using only geometric information (geometry-only configuration),
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and (b) using SVM probability outputs independently of Kalman fil-

ter framework (texture-only configuration), is illustrated in Figure 4.

The evaluation shows that fusing geometric and texture information

is better than using either of them alone. This indicates that, for

AU01, AU04 and AU06, shape and appearance provide complemen-

tary information that helps in improving their recognition rates.
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Figure 3. ROC curves for AU01, AU04 and AU06, for the fused,
geometry-only and texture-only configurations.
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6 CONCLUSION
In this paper, we proposed a method to fuse categorical probabilities

within a Kalman filter framework. This was illustrated in an applica-

tion for facial action estimation by fusing geometric measurements

of facial feature points with AU probabilities from SVM based tex-

ture classifiers. The results show that fusion of geometric and tex-

ture information using the proposed method clearly outperforms the

geometry-only and texture-only configurations. This also illustrates

the practical applicability of the proposed fusion method.

The proposed fusion method currently assumes normality across

the entire range of probability output. However, the skewness of the

distribution increases rapidly when the probability output approaches

the extremities 0 and 1. Therefore, possible future work could include

strategies for dealing with the skewness of the Bernoulli distribution

of texture information.
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Planning Tourist Agendas for Different Travel Styles

Jesus Ibañez and Laura Sebastia and Eva Onaindia1

Abstract. This paper describes e-Tourism2.0, a web-based
recommendation and planning system for tourism activities
that takes into account the preferences that define the travel
style of the user. e-Tourism2.0 features a recommender sys-
tem with access to various web services in order to obtain
updated information about locations, monuments, opening
hours, or transportation modes. The planning system of e-
Tourism2.0 models the taste and travel style preferences of
the user and creates a planning problem which is later solved
by a planner, returning a personalized plan (agenda) for the
tourist. e-Tourism2.0 contributes with a special module that
calculates the recommendable duration of a visit for a user
and the modeling of preferences into a planning problem.

1 INTRODUCTION

ARecommender System (RS) [13] is a personalization tool
aimed to provide the items that best fit the individual tastes
of people. A RS infers the user preferences by analyzing the
available user data, information of other users and of the en-
vironment. The target of the extensively popularized Tourism
RSs (TRSs) is to match the user preferences with the leisure
resources and tourist activities of a city [15] by using some
initial data, usually explicitly provided by the user. The rel-
evance of TRSs relies in their capacity of automatically in-
ferring the user preferences, through an explicit or implicit
feedback of the user, as well as providing the user with a
personal tourist activity agenda. Typically, TRSs use a hy-
brid approach of recommendation techniques such as demo-
graphic, content-based or collaborative filtering [2] and they
are confined to recommendations within a delimited area or
city since tourism infrastructure is usually developed to pro-
mote the tourism demand in particular spots [6, 11].

The latest developments in TRSs share a common main-
stream, that of providing the most user-tailored tourist pro-
posal. Hence, some tools like SAMAP [3] elicits a tourist
plan with recommendations about the transportation mode,
restaurants and bars or leisure attractions such as cinemas
or theaters, all this accompanied with a detailed plan ex-
planation. Scheduled routes presented in a map along with
a timetable are nowadays a common functionality of many
TRSs, like e-Tourism [6], which also include context informa-
tion such as the opening and closing hours of the Points Of
Interest (POIs) to visit and the geographical distances be-
tween POIs to compute the time to move from one place
to another. Some other tools allow the user to interact with
the plan or develop interfaces specifically designed to be used

1 Universitat Politècnica de València, Valencia, Spain, Email:
{jeibrui, lstarin, onaindia}@dsic.upv.es

in mobile devices ([12, 16]). Personalization is interpreted in
CT-Planner [9] as emphasizing the concept of interactive as-
sistance between the user and a tour advisor, where the advi-
sor offers several plans, learns the tourist preferences, requests
feedback from the users and customizes the plans accordingly.
CT-Planner also accounts for user preferences like the walk-
ing speed or reluctance to walk, in which case the planner will
suggest short walking distances in the plan.

Recent advances in TRSs go one step ahead towards per-
sonalization and propose to adapt the duration of the visits
to the user preferences. For instance, PersTour [10] calcu-
lates a personalized duration of a visit to POI using the POI
popularity and the user interest preferences, which are au-
tomatically derived from real-life travel sequences based on
geotagged photos. And the work in [14] considers user pref-
erences based on the the number of days of the trip and the
pace of the tour, that is, whether the user wants to perform
many activities in one day or travel at a more relaxed pace.

In this paper, we present e-Tourism2.0, a TRS that draws
upon the recommendation model and planning module of e-
Tourism [6] and significantly enhances the personalization of
the recommendations. e-Tourism2.0 improves e-Tourism in
two main aspects:

• context-aware tool : it establishes a connection to several
web services to capture up-to-date context information
such as opening hours of POIs to visit, location of POIs,
ratings of users, modes of transport in the city, etc.;

• preference temporal planning : it handles a full range of user
preferences such as the user interest in visiting a POI, the
pace of the tour (relaxed vs busy) and variable durations of
the visits within a temporal interval; all these preferences
represent the user travel style. e-Tourism2.0 uses OPTIC
[1], a state-of-the-art planner that addresses the full set of
preferences defined in PDDL3.0 language [7].

This paper is organized as follows. Section 2 summarizes
the main aspects of e-Tourism. Section 3 explains the pro-
cedure to calculate the recommended duration of an activity
for a given user and section 4 details the construction of the
planning problem and the encoding of the user preferences
within the planning problem. Section 5 shows several cases of
study to test whether the defined preferences are taken into
account correctly by the planner and last section concludes.

2 e-Tourism2.0 TOOL

e-Tourism [6] was developed as a web application to generate
recommendations about personalized tourist tours in the city

ECAI 2016
G.A. Kaminka et al. (Eds.)

© 2016 The Authors and IOS Press.
This article is published online with Open Access by IOS Press and distributed under the terms

of the Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC 4.0).
doi:10.3233/978-1-61499-672-9-1818

1818



Figure 1. e-Tourism2.0 Architecture

of Valencia (Spain). It was intended to be a service for foreign-
ers and locals to become deeply familiar with the city and plan
leisure activities. e-Tourism makes recommendations based
on the user’s tastes, her demographic classification, the places
visited by the user in former trips and, finally, her current visit
preferences. One of the main components of e-Tourism is the
planning module, aimed at scheduling the recommended ac-
tivities. Thus, the output of e-Tourism is a real agenda of
activities which not only reflects the user’s tastes but also
provides details on when to perform the recommended activ-
ities. Specifically, the construction of the agenda takes into
account duration of the activities to perform, the opening
hours of the places to visit and the geographical distances be-
tween places (time to move from one place to another). All
this information is compiled into a planning problem that can
be formulated as a Constraint Satisfaction Problem or as an
Automated Planning Problem [8].

Let us take three tourists, Rose, Mark and David, interested
in visiting Valencia. Rose and Mark like visiting museums, but
Rose likes museums more than Mark. Both decide to visit
the National Museum of Ceramics. Rose wishes to visit the
museum for 2h30min, whereas Mark only wants to be there
for about 1h30min. Moreover, since this is Mark’s first time
in Valencia, he would like to include quite a few POIs in his
agenda, namely 5 POIs, and not to have much spare time
between activities. Rose, however, visited Valencia last year
and she would like to explore in depth two museums that
she already visited last time. Therefore, she would like her
agenda to contain only these two visits over a full day and
no much free time between them. In contrast, David has been
in Valencia several times and he would rather include in his
agenda two or three quick visits and spare time to walk around
and sit in a terrace to have a beer. These three examples show
different travel styles around two preferences: the number of
visits and the time spent in each visit. e-Tourism2.0 handles
taste preferences of the user as well as this new type of travel
style preferences.

The e-Tourism2.0 architecture is composed of five subsys-
tems (Figure 1): the control node, responsible of coordinating
the whole recommendation-planning process, the web appli-
cation, the recommender system, the intelligent planner and
the database.

Figure 2. e-Tourism2.0 system: agenda preferences.

2.1 Tourist agenda

We developed a new web-based interface which can be ac-
cessed through different devices such as computers, smart-
phones, tablets, etc. The first step in the construction of the
tourist agenda is to build the user model. The user regis-
ters in the system and enters her personal details and general
preferences. With this information the system builds an ini-
tial user profile. Besides, each time the user enters the system
for a new visit she will be requested to introduce her specific
preferences for the current visit, shown in Figure 2: the date
of the visit date, her available time slot (T tour

s , T tour
e ), the

time interval reserved for lunch (T lunch
s , T lunch

e ), the mode
of transport she prefers - walking, driving or public trans-
port -, her initial location locationinitial and final destina-
tion locationfinal. Moreover, she also indicates her prefer-
ences related to her travel style: pref#visits indicates if the
user prefers to include many or few visits in the tour or has
no preference over it; and prefoccupation indicates if the user
prefers to obtain an agenda with a high or a low temporal
occupation or has no preference over it.

The second step is to generate a list of activities that
are likely of interest to the user by means of the Gen-
eralist Recommender System Kernel (GRSK), which uses a
mixed hybrid recommendation technique. A detailed descrip-
tion of GRSK can be found in [5]. The intelligent planner is in
charge of calculating the tourist agenda, scheduling the
activities recommended by the GRSK according to the restric-
tions of the environment and user preferences with respect to
the configuration of the agenda. Figure 4 shows two agendas
computed for a particular user and a map with the path she
should follow. When the user logs again in the system, she is
asked to rate the activities in the last recommended plan
(through the option Rate in the top bar menu of Figure 2).
The information obtained from these ratings is further used
to improve the user profile and provide more suitable recom-
mendations.
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2.2 Database

The database schema of e-Tourism2.0 is shown in Figure
3. We manage two sets of tables: those used for the recom-
mendation process and those used for the planning process.
Table places stores information about the POIs to recom-
mend such as the name or the geographical coordinates. Ta-
ble users contains personal details of the user, such as the
name and other demographic data (this is neglected in Fig-
ure 3 for the sake of clarity). These two tables are used in both
processes. The information used by the GRSK is: (1) tables
preferences, places preferences and users preferences,
which store the characteristics of the POIs to recommend and
the user preferences inferred by the GRSK, respectively2; (2)
tables history and history data, which store the past in-
teraction of the user with the system. The planner uses the
information in table timetables, which stores a list of open-
ing hours for each POI, and movements time, that keeps the
estimated and actual travelling time between two locations
according to the value of travel mode (see Figure 3).

2.3 External data sources

As explained above, e-Tourism2.0 accesses various web ser-
vices in order to obtain some up-to-date information about
location of restaurants and POIs, opening hours, transporta-
tion modes, etc. For obtaining this information, we selected
the Google location and mobility web services, specifically:

• Google Directions3 for obtaining a route (path) between
two given coordinates, addresses or name of places. It is
also possible to add some intermediate points in the path
and to select the travel mode (walking, cycling, driving or
with public transport)

• Google Places4 for obtaining information about a given
place. In e-Tourism2.0, this service has been used to elicit
the opening hours of the places to visit and to find restau-
rants close to an specific place.

• Google Maps5 for the visualization of the map along with
the route provided to the user with the recommended places
to visit.

Information like the catalog of POIs or the route between
two places is stored in the database, which allows us to accel-
erate the process of calculating the recommendations and the
plan. However, since information can become obsolete and
needs to be updated, Google web services are periodically
queried to update the data (see section 4 for more details).

3 RECOMMENDATION OF THE VISIT
DURATION

The GRSK of e-Tourism2.0 elicits the list of POIs or activ-
ities to include in the travel agenda of the user according to
her preferences. This list is an ordered set of tuples of the

form:
〈
a, Pra

〉
, where a denotes the recommended activity

2 A more detailed explanation about the domain ontology can be
found in [4].

3 https://developers.google.com/maps/documentation/directions/
4 https://developers.google.com/places/
5 https://developers.google.com/maps/documentation/javascript/

Figure 3. e-Tourism2.0 system: database.

and Pra ∈ [0, 300] is the estimated degree of interest of the
user in activity a.

For each activity a, we assign a duration in average, de-
noted by μa, which represents the recommendable duration
of a for a typical tourist. The value of μa joint with σa define
a normal distribution X(μa, σ

2
a). This is used by the GRSK

to return a time interval that encompasses the minimum and
maximum recommendable duration of a for the user according
to Pra. Following the definition of the normal distribution, σa

is computed as μa divided by α, so that, 68% of tourists spend
[μa − μa/α, μa + μa/α] minutes in visiting a, whereas about
4% of the tourists spend less than μa−2 ∗μa/α or more than
μa + 2 ∗ μa/α minutes. In our experiments, we set α = 5 and
we empirically tested that consistent durations are returned.
Our future objective is to estimate this distribution by study-
ing the actual behaviour of tourists by means of an analysis
of Twitter interactions, similarly to the analysis described in
[10].

Once the normal distribution X(μa, σ
2
a) for each activity is

defined, the recommended interval (duramin, dur
a
max) is com-

puted as (X(Pra/300/2), X(Pra/300)). That is, the values of
probability that leave an area of the corresponding argument
on the right. For example, let’s assume that the a=National
Museum of Ceramics has μa = 180 and, therefore, σa = 36,
meaning that a typical tourist would spend 180 minutes vis-
iting this museum, and the dispersion for the other tourists
is 36 minutes. Then, by the normal distribution, 68% of the
tourists spend between [144,216] minutes in this visit and ap-
proximately 4% of the tourists spend less than 108 or more
than 252 minutes. If the GRSK determines a degree of inter-
est of 100 out of 300 for a given user, the duration interval
will be [145, 164], whereas if Pra is 260, the duration interval
will be [174, 220].

In [10], the visit duration is adjusted with the category
of the activity a and the interest of the user in the category.
However, durations in eTourism2.0 are more accurate because
we consider the degree of interest of the user in a, not in the
category of a. Moreover, since the GRSK returns a tuple of

the form
〈
a, Pra, duramin, dur

a
max

〉
for each a, the planner can

select the most appropriate duration within the interval the
according to the travel style preferences of the user.
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4 PLANNING PROBLEM SOLVING

The Control node receives the list of the recommended activ-
ities along with the recommended duration interval from the
GRSK and generates the planning problem. Planning a set of
recommended activities for a tourist requires some function-
alities: (1) temporal planning and management of durative
actions (e.g., duration of visits, time spent in transportation,
etc.); (2) ability of reasoning with temporal constraints (e.g.,
scheduling the activities within the opening hours of places,
planning the tour within the available time slot of the tourist,
etc.) and (3) ability of reasoning with the tourist preferences
(e.g., selecting the preferred activities of the user for planning
the tour). Reasoning with time constraints and preferences si-
multaneously is a big challenge for current temporal planners.

Among the few automated planners are capable of han-
dling temporal planning problems with preferences, we opted
for OPTIC because it handles the version 3.0 of the popular
Planning Domain Definition Language (PDDL) [7], including
non-fixed durations and soft goals. Soft goals are preferences
that we wish to satisfy in order to generate a good plan, but
that do not have to be achieved in order for the plan to be
correct. We need to identify and describe the preferences in
PDDL3.0 as well as stating how the satisfaction, or violation,
of these constraints affects the quality of a plan. Thus, the
violation costs (penalties) associated to the preferences are
considered at the time of selecting the best tourist plan; i.e.,
the plan that satisfies most tourist preferences and thereby
minimizes the violation costs. This section describes the au-
tomatic generation of the corresponding planning problem in
PDDL3.0.

4.1 Initial state

The specific values of the variables of a problem are described
in the initial state by means of predicates and functions. The
predicates and functions for an activity are:

• The interval duration of an action (activity) a is de-
fined through the functions (min visit duration ?a) and
(max visit duration ?a). They will be assigned the val-
ues duramin and duramax returned by the GRSK, respec-
tively.

• An activity a has an opening hour and a closing hour that
are specified by a timed-initial literal: (at topen (open a))
and (at tclose (not (open a))), to indicate when the ac-
tivity is not longer available.

The duration of moving from one location pj to another
location pk is defined by the function (travelling time pj
pk) that returns the time in minutes needed to travel from pj
to pk by using the travel mode indicated by the user. If the
duration of this action is not available in the DB from a past
user, an estimated duration is calculated with the Haversine
formula, used for calculating Earth distances, and the classi-
cal uniform linear motion formula, where speed depends on
the mode of transport, and adding a small correction θ for
awaiting times:

EstimTime(A,B) =
Haversine(A,B)

speed
+θ∗Haversine(A,B)

The predicate (person at ?l) is used to represent the lo-
cation of the user and the function (total available time)

returns the available time of the user, which is initially set to
Tfinish = T tour

e − T tour
s .

We must note that web services are queried to obtain the
initial data of the planning problem and that most of these
data (timetables, distances between monuments) are stored
in the database in order to keep the number of queries as low
as possible and quickly retrieve the data during planning. In
case a particular distance is not found in the database during
the construction of a plan, we estimate the distance with the
Haversine formula explained above, thus avoiding access to
web services at planning time. Estimated times will be then
updated after the planning process with the actual values by
querying the corresponding web services.

4.2 Goal and preferences

We handle two types of goals: hard goals, that represent
the realization of an activity that the user has specified
as mandatory (e.g., the final destination at which the user
wants to finish up the tour (person at id hotelastoria));
and soft goals or preferences, that represent the realiza-
tion of a desirable but non-compulsory activity; e.g., vis-
iting the National Museum of Ceramics: (preference p1

(visit location id museumceramics)).
The objective is to find a plan that achieves all the hard

goals while minimizing a plan metric to maximize the prefer-
ence satisfaction. This is expressed in the form of penalties,
so that when a preference is not fulfilled, a penalty is added
to the metric. Specifically, we define three types of penalties:
for non-visited POIs, travelling times and the non-fulfillment
of other configuration parameters of the agenda.

The penalty for non-visited places, aimed to help the plan-
ner to select the activities with a higher priority for the user,
is calculated as the ratio between the priority of the activities
not included in the plan Π and the priority of the whole set
of recommended activities RA:

Pnon visited =

∑
a∈RA−Π Pra∑
a∈RA Pra

The penalty for movements forces the planner to reduce
the time spent in travelling from one location to another, so
that closer activities are visited consecutively. This penalty is
calculated as the duration of the move actions of Π, Πm:

Pmove =
∑

a∈Πm

dur(a)

Initially, the user defines her travel style preferences (see
section 2): pref#visits represents the preference for the num-
ber of visits and prefoccupation denotes the user preference for
the time to be spent in the visits or, conversely, for the free
time between activities. The idea of combining both prefer-
ences is to give response to the different travel styles described
in section 2. For example, Rose would set pref#visits to ”few”
and prefoccupation to ”high”. In order to take into account
these preferences, two penalties are included.

P#visits is the penalty that considers the user preference
for the number of visits. It takes into account the number of
visits in the plan with respect to the number of recommended
activities:
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⎧⎪⎨⎪⎩
(|RA|−|Πv|)

|RA| ∗ Tfinish : pref#visits = many
|Πv|
|RA| ∗ Tfinish : pref#visits = few

0 : pref#visits = indifferent

Poccupation is the penalty that considers the user preference
for the temporal occupation. Similarly to P#visits, Poccupation

takes into account the time that remains available in the plan
with respect to the total time of the user.⎧⎨⎩

Tfinish −
∑

a∈Π dur(a) : prefoccupation = high∑
a∈Π dur(a) : prefoccupation = low

0 : prefoccupation = indifferent

Both penalties return a value in the interval [0, Tfinish].
The combination of all these penalties defines the plan metric
or optimization function to minimize by the planner:

Ptotal = Pnon visited + Pmove + P#visits + Poccupation

4.3 Actions

Three different types of actions are defined in this tourism
domain. Due to space restrictions, we will only focus
on the visit action. The input parameters of this ac-
tion are the activity to perform ?a and the user ?y.
The duration of the action is defined within the interval
(min visit time ?a) and (max visit time ?a). Moreover,
this duration must be smaller than the remaining available
time (total available time). The planner will choose the
actual duration of the action according to these constraints.
The conditions for this action to be applicable are: (1) the
user must be located in ?a during the whole execution of the
action; (2) the POI ?a is open during the whole execution
of the action and (3) the activity ?a has not been performed
yet. The effects of the action assert that (1) the activity is
done, (2) the number of visited locations is increased and (3)
the user available time is updated according to the activity
duration. The action to perform the activity of having lunch
is similarly defined to the action visit. The action of moving
between locations essentially modifies the current location of
the user, the available time of the user and the time spent
in travelling from one location to another according to the
duration stored in the database.

Regarding the periodical update of the information, only
the location of restaurants and distances between restaurants
and monuments are not retrieved beforehand because the list
of restaurants is rather changeable. The planner deals with a
’dummy’ restaurant, which is instantiated to a real restaurant
that matches the user’s tastes after planning.

5 CASES OF STUDY

In this section, we show some cases of study and we analyze
whether the resulting plans of the OPTIC planner are compli-
ant with the user preferences. We use two metrics to measure
the plan quality:

OΠ =

∑
a∈Π dur(a)

Tfinish
UΠ =

∑
a∈Πv

(Pra ∗ dur(a))∑
a∈Πv

dur(a)

OΠ is the occupation rate of the plan; i.e., the total time
during which the user is performing some action (visiting,

Figure 4. Plan generated for case studies C1 and C2

moving or having lunch). UΠ is the utility of the plan, defined
as the rate between the priority of the activities performed in
a given interval and the total duration of such activities. UΠ

returns a value in [0, 300].
First, we performed a comparison to see how the selection

of the mode of transport affects the final plan. Figure 4 shows
the paths obtained for two cases: C1 and C2. C1 represents a
basic case, where the user only specifies he would rather walk.
In this case, the focus of the planner is on finding the best
route taking into account the degree of interest of the user in
the POIs, the opening hours and the reduction of the walking
time. The resulting plan is an agenda with OΠ = 90.625% and
UΠ = 217.22. The case C2 differs from C1 in that the user
can either walk, or use the public transport when the distance
between two consecutive places is greater than a threshold.
In this case, the system generates routes that include POIs in
which the user is highly interested but are far away from each
other, returning an agenda with a higher utility. For example,
the user is advised to use the public transport to visit Museo
Principe Felipe, given that this POI is not within walking
distance of the previous visited POI in the plan. In this case,
OΠ = 64.57% and UΠ = 251.62.

In the next experiment, we selected a fixed initial and final
locations, the available time slot, time reserved for lunch and
transportation means, and we generated a set of cases with all
the possible combinations of pref#visits and prefoccupation.
The results are shown in Table 1. Columns #visits and
occupation indicate the value of the preferences pref#visits

and prefoccupation, respectively. Column #POIs shows the
number of POIs included in the agenda, whereas columns
move and visit indicates the percentage of the time devoted to
move and visit actions, respectively. Finally, columns OΠ and
UΠ indicate the occupation rate and the utility of the plan.

The results show that the preferences indicated by the user
are effectively reflected in the agenda. We can observe that
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#visits occupa #POIs move visit OΠ UΠ

Indiff Indiff 3 7.2 28.7 52.59 220.96
Indiff High 4 21.6 61.64 99.97 242.35
Indiff Low 2 9.81 15.37 42.22 216.74
Many Indiff 4 10.37 41.11 68.14 246.74
Many High 4 21.66 61.64 99.97 242.35
Many Low 4 10.37 37.59 64.62 217.68
Few Indiff 2 6.6 19.44 42.77 236.66
Few High 3 21.66 60.9 99.23 242.01
Few Low 2 9.81 15.37 42.22 216.74

Table 1. Cases of study with different travel styles

when only one preference is set, clearly the other preference
influences the final result of the agenda. For example, when
pref#visits is set to ’Indiff’, the difference in OΠ is more than
57%. This also happens when prefoccupation is set to ’Indiff’,
where the number of visited POIs goes from 4 to 2, depending
on the value of pref#visits.

When pref#visits is set to ’Many’, the number of POIs is
the highest (4), but we can observe a clear difference in OΠ

depending on the value of prefoccupation: if it is set ’High’, OΠ

almost reaches 100%; and if it set to ’Low’, then the value of
OΠ is lower than the value obtained when prefoccupation is ’In-
diff’. We can find a similar situation when the number of visits
is ’Few’, where the only difference is that number of POIs to
include in the agenda increases in 1 when prefoccupation is set
to ’High’.

In the resulting plans, that we do not show due to space re-
strictions, we have observed that when prefoccupation is’Low’,
irrespective of the number of visits, the duration of the ac-
tivity is usually set to the minimum value of the duration
interval returned by GRSK. This is reflected in that the time
of visit when prefoccupation is ’Low’ is always lower than the
visit times when prefoccupation is ’High’ or ’Indiff’. Obviously,
UΠ is also the lowest in these cases and the highest utility is
always obtained when OΠ is also the highest.

The percentage of the time devoted to travelling ac-
tions is usually around 10%, except in the cases where the
prefoccupation is ’High’. This is because, in this particular case
of study, the user must travel to a distant POI to obtain a
high value of occupation.

The tourist-tailored plans obtained in the cases of study are
the result of the planner’s performance and of a faithful and
consistent modeling of the user preferences and corresponding
penalties.

6 CONCLUSIONS

This paper describes e-Tourism2.0, an enhanced recommen-
dation and planning system for tourist activities in the city of
Valencia (Spain). e-Tourism2.0 offers a personalized recom-
mendation of the duration of the visits suited to the interest
of the user in the place to visit. It also handles user prefer-
ences related with the configuration of the agenda, particu-
larly travel style preferences in terms of the number of places
to visit and the desired temporal occupation of the tour.

We tested the adaptiveness of the plans to the user prefer-
ences through some cases of study. From the results we can
conclude that an accurate modeling of the user preferences is

very relevant to obtain plans that effectively reflect the tastes
and travel style preferences of the tourist.
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