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Abstract

Missions for planetary exploration are unique opportunities to provide very meaningful

and high-valuable data about the analysed celestial bodies. These missions can charac-

terize many aspects of them, thanks to the different remote sensing instruments included

in their science payload. However, the observations in this context are influenced by

complex constraints (e.g., limited resources, environment characteristics) and limitations,

thus limiting the availability of acquisition opportunities. Hence, an accurate planning and

scheduling of the acquisition operations by the science payload instruments of a Planetary

Exploration mission is a crucial task in the mission design. This requires the development

of automatic methodologies to aid this delicate phase, which are capable of considering all

the different constraints, the science requirements and the characteristics of the instru-

ments in order to produce feasible observation schedules that are optimized with respect to

the acquisition quality. In this context, this thesis provides two main contributions related

to: i) the analysis and the scheduling of the acquisitions by a single instrument and ii)

the extension of the study to the simultaneous scheduling of the observations by multiple

instruments.

The first novel contribution presents a methodology for the automatic scheduling of the

acquisition operations of a single instrument for planetary exploration missions. The pre-

sented methodology is based on 2 main phases and it uses a multi-objective optimization

technique to produce an acquisition schedule, optimized with respect to the scientific re-

quirements and the characteristics of the considered sensor and the mission constraints.

The second contribution addresses the complexity of automatically generating and har-

monizing observation schedules for multiple instruments simultaneously. The proposed

method models the problem as a bilevel optimization task. At the lower level the acquisition

schedule for each sensor is produced and evaluated, considering all the instrument-related

requirements and limitations. At the upper level the harmonization of the individual sen-

sor schedules is performed, considering all the mission- and resource-related constraints

and maximizing the overall quality and science return.

The proposed methods have been applied considering in detail the operations of radar

sounder instruments. In particular, the first methodology has been tested on the observa-

tions by RIME, radar sounder of the JUICE mission and the second considered RIME and

three other instruments of the same missions. The obtained results show the effectiveness

of the proposed techniques, which aim at increasing the level of automation in the data

acquisition planning and scheduling phase in Planetary Exploration missions.
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Introduction

This Chapter provides an introduction to the PhD thesis. In the first part the main

motivations of the thesis are provided. The second part reports the main objectives of this

thesis with a brief description of each proposed novel contribution. Finally, the structure

of the thesis is schematized.

Motivations of the Thesis

Missions for planetary exploration have attracted a large interest. These missions repre-

sent quite unique opportunities to provide very meaningful and high-valuable data about

the analysed celestial bodies, characterizing many different aspects of them, such as their

surface, the composition of their atmosphere, their geology and geophysics characteristics,

their magnetosphere, etc. This kind of analysis allows to improve our knowledge about

how planetary systems are generated and how they evolve, but it can also permit to verify

the existence of habitable environments other than the Earth. Many different features

can be evaluated, associated to the different aspects and peculiarities of the investigated

planets, natural satellites or asteroids and they can lead to very important discoveries.

The numerous and diversified aspects to analyze on a considered celestial body are

usually studied by the different instruments included in science payload designed for them.

This is for example the case of ESA’s JUpiter ICy moons Explorer (JUICE) mission [1].

JUICE is planned to be launched in 2022 and represents the first European mission to

the gaseous giant planet. Its key science goals are the characterisation of Ganymede,

Europa and Callisto, three of the Galilean satellites, as planetary objects and the study

of their potential habitability, together with the exploration of the whole Jovian system as

model for the structure of planetary systems beyond the Asteroid Belt. The study of the

three icy moons is of major interest after the discovery, thanks to the Galileo mission [2]

(the first detailed orbital exploration of the Jovian system), of evidence for the existence

of liquid water oceans, hidden under their icy surface, but also due to their geological

features and activity, depending on their position with respect to Jupiter. The mission

science objectives will be achieved thanks to its science payload composed of 11 different
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instruments.

However, such diversity in the on-board instruments and in their associated objec-

tives does not only give the opportunity for a very detailed analysis of the features of

the analyzed celestial bodies, but it also makes it very challenging to define and handle

the data acquisition strategies for each considered sensor. Indeed, in order to generate

an acquisition strategy capable to exploit as much as possible the performances of the

instruments defined for a given mission, we need to consider a very large number of dif-

ferent requirements, specifications and limitations. These include the instrument-specific

requirements and observation capabilities, the characteristics of the environment in which

data acquisitions should be carried (which could severely limit the acquisition capabilities

for some sensors), but also the characteristics of the mission itself, such as the trajectory

that the spacecraft will follow during the time span of the mission. Moreover, a funda-

mental aspect to take into account is the availability of resources on board the spacecraft,

such as storage memory, energy to power up the instruments or downlink opportunities.

All these resources, which for Planetary Exploration missions are generally quite limited,

of course need to be shared among all the instruments on board the satellite. In this

context, one of the most delicate and important phases of the design of a PE mission is

the planning and scheduling of the operations that have to be performed by the science

payload. The goal of this phase is the determination of the feasible options for the data

acquisitions of each sensor with respect to the above-mentioned constraints, so that for

each of them the associated scientific requirements can be met.

Given the very high scientific relevance that these missions have, an accurate analysis of

the operations and in particular of the observations to be performed by the science payload

instruments of a Planetary Exploration mission is a crucial as well as a very critical task.

The relevance of this task is mainly related to the very complex conditions that need to

be taken into account in order for the instruments on board to correctly operate. The

process to plan and schedule science operations in a mission is thus a very challenging and

long-lasting task. It involves a multitude of different entities concentrating on different

aspects, from the ones more related to the system engineering to those more focused

on the science and the experiments to be carried out. Figure 1 shows the relationships

between the several involved entities.

The authors of [3] provide a detailed description of the operations planning and

scheduling procedures of a typical ESA planetary mission. The main actor in such process

is the Science Ground Segment (SGS), which addresses the scientific aspects of the obser-

vations to be performed by the instruments of the science payload. This entity includes

the Science Operations Center (SOC) and all the Principal Investigator (PI) Teams. The

1Image reproduced from [3].
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Figure 1: Scheme 1illustrating different components the complexity of the operation planning

and scheduling process and the different entities taking part in it.

role of the PI Teams, besides the study of the instrument design and performances, is

that of providing inputs to the SOC on their instrument’s operational requirements and

limitations. The SOC in turn is in charge of armonizing all these inputs and generate

global observation schedules based on them. These schedules and their associated ob-

servation operations are then analyzed in depth by the operators of the Mission Control

Segment (MCS) and of its main component, the Mission Operation Center (MOC). The

tasks of the MCS are mainly related to the overall mission operations and in particular

to the spacecraft health, its status and its operations. They are in charge of studying the

scheduled observations from an engineering perspective and breaking them down into the

series of tasks and the related commands, which have to be fulfilled by the platform and

by the instrument in order to perform a given data acquisition.

The planning and scheduling process is a very long and iterative task that takes place

over different cycles, which have different length and also different level of detail ([3] [4]

[5]). They are usually divided in:

• Long-term planning cycle: The first planning cycle is devoted to both the analysis

of the overall objectives of the mission (given the spacecraft trajectories) and their

feasibility with respect to the general and instrument specific constraints. It allows

to define the observation opportunities for each instrument and also to determine a

preliminary profile of the observation plans from the point of view of the required

resources and of the quality of the observations.
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• Medium-term planning cycle: The second planning cycle is usually shorter and

has the goal to define in more detail the required resources and to allocate them to

each instrument on board the spacecraft and the experiments they need to perform.

• Short-term planning cycle: The final cycle is devoted to the high detail planning

of the science activities and to the definition of the operational command sequences

to be executed to realize them.

As shown in detail in Chapter 1, the literature related to the automatic planning

and scheduling of observations by remote sensing instruments is mainly focused on the

definition of tools for the EOS scheduling problem. It shows significant gaps regarding

methodologies and applications devoted to the Planetary Exploration context. Indeed, the

tools designed to aid the planning and scheduling phase in PE missions and developed up

to the current date have very limited capabilities in the automatic generation of optimized

observation schedules. The P&S process itself is iterative, time-consuming and it still

requires an extensive presence of human operators and their expertise. Moreover, the

methodologies developed in the EO context are usually referred to the acquisitions by a

single remote sensing instrument or (in multiple-platform case) by different instruments

of the same kind, with almost equal acquisition capabilities and limitations.

Therefore, it is very important to design and develop fully automatic techniques to support

the planning and scheduling task, through the detailed study of the observation operations

by instruments on board Planetary Exploration missions. These techniques would be

valuable during the mission design, since they could significantly reduce the time required

to produce operation schedules for each payload instrument and the complexity of this

task, while also providing analyses and evaluations on the produced schedules.

Objectives of the Thesis and Novel Contributions

Given the high complexity of the task and the gaps in the literature on this topic, the

main goal of this thesis is to study the problem of planning and scheduling operations

for Planetary Exploration satellite missions, in order to make it less time-consuming and

challenging, by developing and providing methods that increase the level of automation

to perform this task. In particular, the steps considered to reach our goal are:

• The definition of a method for analyzing and scheduling observations for a single

instrument in the science payload of a PE mission;

• The extension and the generalization of the method for the single instrument to

many different instruments of the same mission simultaneously;
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• The analysis and the application of these methods to the real case of the observations

to be performed by the radar sounder RIME (Radar for Icy Moons Exploration) and

other instruments on board the JUICE mission.

Thus, the steps listed above are dealt with in the main contribution of this thesis, which

are:

1. A methodology for the analysis and the optimized planning and scheduling (P&S)

of data acquisition operations for a single sensor on board a Planetary Exploration

(PE) mission;

2. A methodology considering all kinds of constraints for the simultaneous optimized

P&S of multiple sensors of Planetary Exploration missions.

A brief description of the two contributions is hereby provided.

An Approach Based on Multi-Objective Genetic Algorithms to Schedule Observa-

tions in Planetary Remote Sensing Missions

Observation operations are conditioned by a large number of complex environmental, re-

source and instrument-specific constraints. This impedes to perform observations at any

given time during the mission and with any of the sensors composing the scientific payload

for the considered mission. Moreover, due to the complexity of the context, the task of

defining a suitable acquisition strategy for a given instrument is still largely performed

by human operators. Moreover, for Planetary Exploration missions only a few semiauto-

matic tools to aid the planning and scheduling phase have been studied and developed,

with very limited capabilities of automatic observation schedules generation. Thus, in this

work we propose an approach to the automatic scheduling of the acquisition operations of

a remote sensing instrument composing the scientific payload of a mission. The presented

methodology works by first determining the time intervals in which the acquisitions with

the considered instrument are feasible with respect to its operational capabilities and

constraints. It then subdivides the determined observation time intervals into shorter

segments that are easier to handle. Among this set of observation segments, the proposed

system selects a subset, for producing an acquisition schedule, which is optimized with

respect to the considered scientific requirements for the instrument, its features and the

mission constraints. This scheduling problem (the observation segment selection) is mod-

eled as a multi-objective optimization problem and it is tackled using techniques based on

Genetic Algorithms (GAs). GAs have indeed very good capabilities in efficiently explor-

ing the solution space by considering different competing objective functions and reaching

high quality solutions. These solutions are observation schedules representing different



6 Introduction

optimized tradeoffs among the considered instrument-specific quality metrics. The ap-

proach is demonstrated on the operations of RIME (Radar for Icy Moons Exploration), a

radar sounder onboard JUpiter ICy moons Explorer (JUICE). The obtained results show

the high potential of the proposed methodology.

A Novel Method based on Nested Optimization for the Simultaneous Schedul-

ing of Multiple Instruments Acquisitions in Planetary Exploration Missions

The complexity of the problem addressed in the previous contribution is here extended

to the management of the observations to be performed by multiple sensors of the science

payload of a PE mission. Indeed, the characteristics, the limitations and the objectives

of all the considered experiments on board a mission should be considered in order to

produce a unified observation schedule for all of them. The individual instrument oper-

ation schedules need to be harmonized and combined with each other, so that the final

plan allows all the considered sensors to meet their requirements in an optimized way and

without violating any constraint defined at any level. To this purpose a method for the

simultaneous scheduling of the observations to be performed by multiple instruments of a

mission is proposed. In this method, the scheduling problem is modeled as a bilevel opti-

mization problem. At the lower level the acquisition plans for each sensor are individually

generated, exploiting the methodology proposed for the planning and scheduling of the

operations of a single sensor. The individual schedule generation is performed with the

objective of maximizing ad-hoc observation quality metrics. At the upper level, instead,

the system is meant to harmonize the combination of the acquisition plans generated for

each sensor. The schedule harmonization considers all the mission- and resource-related

constraints and its purpose is to guide the lower level instances toward a unique, feasible

and optimized schedule. The final acquisition plan is produced by using Particle Swarm

Optimization (PSO) at the upper level, with the goal of maximizing a metric representing

the overall aocquisition plan quality of the joint observation schedule over the considered

time frame. The approach is demonstrated considering the data acquisition operations of

4 sensors onboard JUpiter ICy moons Explorer (JUICE).

Structure of the Thesis

This Chapter provided a brief introduction to the concept of planning and scheduling

acquisition operations in the context of Planetary Exploration missions. It described at

high level both the objectives and the main contributions of this thesis. The rest of the

thesis is organized in four chapters. Chapter 1 provides an analysis of the state of the art

regarding the planning and scheduling task in PE missions and in EO missions, underlining
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the differences between the 2 scenarios. Chapter 2 focuses on the features of the acquisition

operations performed by radar sounders, which have been especially taken into account

for the development of the 2 main contributions. The first contribution is presented in

Chapter 3, which describes the proposed methodology for the scheduling of the operations

for one single instrument composing the science payload of a PE mission. Chapter 4

describes instead the proposed approach to simultaneaous planning and scheduling of the

observations to be performed by multiple instruments of a PE mission. Finally, the last

Chapter draws the conclusions of this thesis and provides a brief analysis on the possible

future developments of the presented contributions.
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Chapter 1

Fundamentals and Background:

Planning and Scheduling in

Planetary Exploration and Earth

Observation Missions

This Chapter1 presents a review of the fundamental concepts and of the literature in

the context of operation planning and scheduling in satellite missions. The first part

provides an overview of the tools used during the acquisition planning and scheduling

tasks in Planetary Exploration missions. The second part is devoted to the analysis of

the literature on methods and tools for the automatic creation of schedules for remote

sensing instruments in Earth Observation missions, which are an interesting inspiration

for applications in the Planetary Exploration context.

1.1 Methodologies and tools for Planetary Exploration Appli-

cations

The accurate analysis of the operations and in particular of the observations to be per-

formed by the science payload instruments is crucial for any satellite mission. This is

notably true for Planetary Exploration missions, due to the very complex conditions in

which they need to work. The process to plan and schedule operations in such missions

1Part of this chapter appears in:

[J1] S. Paterna, M. Santoni, L. Bruzzone, “An Approach Based on Multiobjective Genetic Algorithms to Schedule

Observations in Planetary Remote Sensing Missions,” in IEEE Journal of Selected Topics in Applied Earth

Observations and Remote Sensing, vol. 13, pp. 4714-4727, 2020, doi: 10.1109/JSTARS.2020.3015284.
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is thus a very challenging and long-lasting task. Executing the planning and scheduling

task still requires an extensive responsibility of human operators. There are a few tools

that have been used for past missions and that are currently used, but the most widely

used ones are mainly devoted to the in-depth analysis of candidate operational schedules

rather than to the automatic and optimized generation of them.

Tools like MAPPS [3] or SciBox [4] are usually exploited especially to aid the medium-

and short term planning cycles. Their main feature is the capability to take as input a

set of mission- and instrument specific constraints (e.g., the instrument pointing, illumi-

nation conditions, particular environmental factors such as the presence of known sources

of interference) and objectives, together with spacecraft trajectory information and pre-

liminary operation schedules, and to provide as output a visualization and a manually

modifiable schedule, in which constraint violations are pointed out. Moreover, they can

transform the set of scheduled science operations into command sequences and activities

that have to be executed to perform the observation. MAPPS is able to simulate the

input schedules, providing a detailed profile of resources consumption versus time caused

by the scheduled science operations. Moreover, it provides 2D projection maps, showing

geometric features of the observations and the associated data with respect to the tar-

get body surface (i.e., the projection of the instrument field-of-view on a surface map).

SciBox provides similar visualization capabilities, but it also implements an automatic

schedule building methodology. The method starts by defining all observation opportu-

nities related to determined objectives and their characteristics. These observations are

then ranked on the basis of the related quality metrics (e.g., illumination of the scene,

resolution of the collected data), which can be extracted from the spacecraft trajectory

and pointing information. Observations are added to the schedule based on their rank

until any constraint gets violated, thus using a so-called greedy strategy in order to gen-

erate a first feasible observation schedule to further manually modify.

Another tool, similar to MAPPS and SciBox, is MAPGEN [6], developed at NASA Ames

Research Center and Jet Propulsion Laboratory. Like the two engines mentioned above,

MAPGEN provides the user with timeline visualization capabilities and is able to produce

feasible schedules of top-level science operations in planetary missions. Thanks to the AP-

GEN engine, the top-level operations defined by the user are translated into lower-level

activities based on an activity dictionary. This means that any observation operation,

initially provided as input just with a start- and an end-time, is broken down to the

whole sequence of operations to be performed by the instrument and by the platform

(e.g., warming up the instrument to be used, adjust the satellite attitude, etc.). This

enables a thorough analysis of both the operations impact on resource consumption and

thus the constraint compliance. Based on the mission global constraints defined in the
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planner domain and on further user-defined limitations, MAPGEN is able to generate

feasible acquisition strategies that can be further manually modified thanks to the GUI

implemented in the planning tool. MAPGEN requires the user to specify the initial plan

state, observation goals and their priority scores, apart from the above mentioned rules

and constraints on the observation sequence construction. In particular, the user-specified

priorities are exploited in order to solve any constraint violation in the generated schedule,

removing partially or totally the observation with lower scores. The tool also offers the

opportunity to the user to manually modify the produced schedules, in order to make

them more appropriate to their requirements. As in the case of SciBox, the methodol-

ogy employed by MAPGEN to build schedules is a simple greedy strategy, which allows

to sort the different observation opportunities based on the metrics listed above (and in

particular a priority score, specified by the user) and select the best ranked opportunities

that allow not to exceed any considered constraint.

Thus, both SciBox and MAPGEN have schedule generation capabilities, using simple

techniques, but their main purpose is the handling of constraints and therefore the gen-

eration of schedules that are feasible with respect to any instrument-related or global

limitation. The goal of building an observation schedule that allows to maximize the

science return for each instrument in the science payload and therefore the quality and

the value of the whole mission is thus usually left to the human knowledge and expertise.

A more advanced methodology, in order to better consider the total schedule quality is

employed in ASPEN [7], developed by the Jet Propulsion Laboratory. Its main goal,

similarly to the tools presented previously, is the handling of mission constraints and the

automated reparation of any violation occurring in an acquisition schedule provided in

input. This task is performed based on a technique introduced in 1993 called iterative re-

pair [8]. Using this methodology, the constraint violations in the input pre-built complete

schedules are detected and individually addressed one-by-one, until a feasible operation

schedule is produced. The operations causing these conflicts are therefore modified (e.g.,

an observation generating an excessive data volume might be reduced in its duration or

some instrument parameters might be changed to ensure a lower storage memory occupa-

tion), moved to another time interval or eliminated from the schedule. ASPEN also has

a submodule dedicated to the improvement of the quality of input operation schedules.

The approach is similar to the one of iterative repair and it exploits preferences, which

are quality metrics associated to the different activities or operations. Activities with

low preference values are thus detected and individually addressed, until the global value

for a given preference is improved with respect to the input plan. The approach used

to complete this task is therefore local and it does not guarantee an optimized overall

observation schedule quality.
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In conclusion, the tools and the methodologies addressed in this section have very limited

capabilities in the automatic generation of optimized observation schedules. Conversely,

this aspect has been widely discussed and tackled in the context of Earth Observation

missions, in which quick planning tools are vital in order to efficiently respond to the

multitude of acquisition requests and accurately plan the daily observations.

1.2 Methodologies and tools for Earth Observation Applications

Given the need of tools being able to provide optimal daily acquisition schedules promptly

and the very large number of satellites monitoring different features of our Planet, the

problem of observation planning and scheduling has been largely addressed, formalized,

modeled and tackled in the context of Earth Observation missions.

However, before the description of the methodologies developed in the EO context, it is

important to point out the main variables that characterize the differences of performing

the P&S task between the EO and the PE cases and most, especially regarding the

methodologies for the automatic generation of observation schedules and the phase of the

mission design in which they are employed:

• The drivers. The main drivers for the acquisition planning and the use of automatic

planning and scheduling techniques in the EO case are acquisition requests of well-

defined targets, that can be represented either as point targets or as areas-of-interest

(AOIs). Indeed, the automatic techniques that will be described in this section are

employed to optimize the satisfaction of acquisition requests that are received daily

and that are characterized by well specified target areas. While AOIs (also called

regions-of-interest, ROIs) can often be defined also in the Planetary Exploration

context, the main objective of the science payload instruments in PE missions is

very often the global mapping of the analyzed celestial body.

• The dimensions of the problem and the moment in which it is addressed. The tools

used to aid the operation planning and scheduling phase for PE missions, as well

as the techniques that we propose in this thesis, are required to perform the op-

eration analysis and scheduling process already well in advance with respect the

mission launch. Furthermore, they should consider long time horizons, in order to

thoroughly analyze and plan observations for long mission phases or over the full

mission extent. As briefly addressed in the previous point, the automatic scheduling

methods designed for EO missions instead usually work at regular intervals, consid-

ering short time windows (usually the contemplated window lasts 24 hours), while

the mission is ongoing, in order to face the daily acquisition requests and thus sched-
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ule the activities over the day. Thus, most of the automatic techniques for EO have

been developed for the short-term planning and scheduling tasks, in order to build

feasible schedules in a fast way, as previously mentioned.

• The complexity of the constraints. The conditions of the environment in which ob-

servations have to be performed in PE missions are usually quite different from

those faced performing data acquisitions on Earth. These may severely constrain

one or more instrument working capabilities, thus limiting the total number of ac-

quisition opportunities and therefore complicating the achievement of the foreseen

scientific requirements for the mission. Moreover, the extremely larger distance of

the platform from Earth critically impacts the resource availability on board the

spacecraft. Indeed this condition seriously decreases the number of opportunities

in which the data can be downlinked to the Ground Stations, making the on-board

memory management more challenging. It also influences the capability of the plat-

form to recharge its batteries, which provides the energy to power the science payload

instruments, further limiting the possibilities of performing observations. This is es-

pecially critical for missions with the objective of studying and analyzing celestial

bodies in the Outer Solar System, due to their very large distance from the Sun. In

the context of EO, constraints to the observations surely need to be specified and

considered, but they are usually less complex and strict, because of the well-known

environment in which the observations are performed.

These reasons make the approaches studied for the Earth Observation case non ideal

to be applied to the PE context. Nonetheless, the formalizations of the planning and

scheduling problem and the observations on it defined in the studies dedicated to the EO

case are relevant and can be extended to any satellite-based remote sensing mission.

A general description of the problem at hand is offered in [9], considering generic surface-

imaging sensors. The authors treat the problem in the multi-platform case, considering

one single type of instrument on board each considered satellite. Acquisition requests

are modeled as sets of tasks that need to be completed during the analyzed time horizon

(24 hours usually). A priority value is usually associated to each request a priori. These

requests are characterized by a well defined region called area of interest (AOI), over

which data have to be acquired, and by a time window during which the observation

should be performed. AOIs are usually defined as point (or spot) regions, which are

very limited surface portions that can be observed in a single shot, or as larger areas

enclosed by a polygon, which instead need multiple acquisition operations to be fully

observed. Given these characteristics, observation opportunities are then determined

based on the characteristics of the sensors on board the considered satellites, their field of
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view, their visibilty span (i.e., if an instrument can slew its angle with respect to the nadir

orientation) and the orbits to be performed during the specified planning horizon. Basic

Figure 1.1: Illustration2representing EOS imaging opportunities determination for small targets

inside the visibility span of the on-board imaging sensor along the satellite orbit.

strips with variable length and fixed width are identified along the satellite ground track

trajectory, intersecting them with the AOI boundary coordinates. This allows to clearly

identify their associated observation start- and end-time and define the time intervals

in which the AOI related to a given request is visible with respect to the considered

platform. These intervals and the associated strips can be further subdivided into shorter

acquisition segments, in order to have more flexibility in the generation of the observation

schedule. The different acquisition segments linked to a given acquisition request identify

the single tasks to be scheduled related to it. Relevant attributes are also associated to

each task, such as incidence angle, task duration and related time window, satellite orbit

and related identifier, and other performance-related metrics (e.g., task AOI coverage,

energy consumption, generated data volume). Thus, given a set of acquisition requests,

their combined priority values, and a set of imaging opportunities (tasks), the problem is to

insert tasks inside the schedule in order to maximize a given acquisition profit metric over

the specified planning horizon. This maximization should consider a set of constraints,

related to different aspects, such as:

• globally available resources, like on-board memory, energy or downlink opportunities;

2Image reproduced from [10].
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• temporal limitations, i.e., if a given request needs to be fulfilled within a given time

window;

• operational limitations, as for example for a passive instrument like a camera the

illumination is fundamental in order to acquire data in a proper way;

• binary constraints on the observations, e.g., if two available observations are associ-

ated to overlapping time intervals but need different slewing angles to be performed,

atmost one among them can be scheduled.

It is very important to mention that very often further types of constraints can be de-

fined, depending on the specific analyzed mission or instrument. This means that after

the determination of all possible observation opportunities, the next step is to select a

subset of them in order to optimize a desired objective.

In [11], the authors provide a categorization of the different types of models used to rep-

resent the Earth Observation Satellite (EOS) observation scheduling problem. Among

them we can find mathematical programming models (which guarantee accurate solutions

but are quite difficult to build and to generalize to different EOS problem instances),

constraint satisfaction problem models (which allow to obtain solutions in a fast way, but

they do not guarantee that solution to be optimal) and graph-based model formulations

(which are able to accurately represent the relationships between the different observa-

tion opportunities, but are not efficient to solve complex problems). Finally, a largely

used model is defined in [12] and analyzed in further detail later also in [13] [14]. This is

based on the multi-dimensional knapsack problem (MKP) [15] formulation. The objective

in general MKPs is to maximize a total profit parameter f(x) associated to a subset of

the available objects oi, given a set of C constraints based on cost coefficients associated

to these objects. Each object is linked to a profit coefficient pi and cost coefficients cj,i
that depend on the i-th object and to the j-th constraint. The problem can be generally

formulated as follows:

max
x
{f(x)}, (1.1)

with f(x) =
N∑
i=1

pixi, (1.2)

subject to
N∑
i=1

cj,ixi < bj, j = 1, ..., C, (1.3)

xi ∈ {0, 1}, i = 1, ..., N ; (1.4)
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The variables xi ∈ x represent if an object oi is included in the subset (1) or not (0).

In this model, the observation operations are represented by the different objects, which

may be included or not in the analyzed observation schedule. The profit coefficients in-

stead can model any of the relevant attributes discussed above, depending on the aspect

of the observation schedule that we need to optimize. Finally, the specified constraints

can be associated to any kind of instrument-related or mission-related limtation (e.g. the

coefficients cj,i, could express the required energy to perform a given acquisition, or the

data volume generated by it).

The MKP is a particular type of combinatorial optimization problem and it is known

to be NP-hard. Even using slightly different models, as in [16], the general observation

scheduling problem is highly combinatorial, even with some simplifications, which means

that no technique could solve it to optimality in polynomial time with respect to the

dimension of the problem at hand. However, this model can efficiently represent the the

P&S problem, both for simple and for larger and more complex instances (as we will show

in Chapters 3 and 4).

The numerous different approaches published in the literature can be cathegorized not

only based on the model used to represent the P&S problem, but also with respect to the

type of strategy employed to tackle the EOS observation scheduling problem, which we

will hereby discuss in more detail. Namely, we can find methodologies exploiting exact

algorithms, heuristics (constructive or greedy algorithms), or meta-heuristics (stochastic

optimization techniques).

1.2.1 Exact algorithms

Exact algorithms have the advantage of ensuring to find the optimal observation schedule,

but since they need to evaluate any possible combination of the available feasible observa-

tions constituting a possible acquisition schedule, they are only able to handle small-scale

problems in an acceptable amount of time. An example of this kind of approach can

be the use of depth-first branch-and-bound algorithms, as stated in [12]As underlined

by the authors, this technique is quite efficient in the exploration of the solution space,

as it iteratively subdivides it in subspaces and stops exploring the ones for which it es-

timates a lower bound of the employed objective function (considering a minimization

problem) which is higher than the best known objective function value of the solutions

explored up to that point. Thus, it does not need to explicitly evaluate the whole set of

possible solutions, even if, depending on the first evaluated solutions and the subsequent

subdivisions of the solution space, it might still need to enumerate a large portion of it.

Another work in which this technique is used is [17]: first the acquisition opportunities
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Figure 1.2: Illustration 3of the projection of the sensor field of view on the ground, the subdi-

vision in segments and the intersection of them with a target AOI.

among which to perform the selection are identified by intersecting the areas-of-interest

with the swaths formed by projecting the field-of-view of the considered instrument on

the Earth surface, then the target AOIs are subdivided into so-called shards, which are

subsections of the targets that can be acquired. They can be easily formed by intersect-

ing the edges of the swath segments and the target polygons, as shown in Figure 1.2.

Each of the shards has an associated reward value (which, for example, can be the area

covered by the shard), while the segments (the time intervals in which a given shard can

be imaged) carry with them the information about their cost (for example, the memory

capacity required to store the data associated to that segment). This formulation allows

one to update the available capacity depending on the selection or rejection of a segment.

The node ordering heuristic, starting from an empty solution, takes a partial solution R’

and the available segments s ∈ R (where R includes all the segments associated to their

downlink opportunity), s 6∈ R’ and orders them accordingly. The basic approach is to

calculate the reward/cost associated to the inclusion of each set not yet included in the

solution.

Other approaches include the search of the multiple criteria optimal path in a graph,

as in [18]. Here the nodes of the graph (called feasibility graph) are the observations to be

performed in one day (previously defined, similarly to the approaches discussed above) and

the arcs represent the precedence relationships between the possible observations. The

optimal paths are found following criteria such as the maximization of satisfied requests

and of the number of high-priority acquisitions performed in the candidate schedule, as

3Image reproduced from [17].
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well as the minimization of the satellite resources utilization. A further method is de-

scribed in [19] and applied to general Valued Constraint Satisfaction Problems (VCSPs,

another type of model used to describe the EOS P&S problem). It uses an extention of

the approach in [17], the Russian Doll Search. Indeed in this methodology the depth-first

branch and bound technique is employed n times on n nested subproblems, where n is the

number of variables (in our case, the available acquisition opportunities). The subprob-

lems are formed iteratively, after a sorting of the variables, starting from the last variable

alone and adding the variables one by one until the first one is reached, so that the i-th

subproblem contains the variables from the (n− 1 + 1)-th to the last.

1.2.2 Heuristics

The second category includes the approaches using heuristics to solve the EOS observa-

tion scheduling problem. Techniques such as constructive or greedy algorithms appear

very appealing especially due to their reduced required computational time even dealing

with large-scale instances of the problem. In these approaches the observation schedules

are iteratively built by following one or more problem-specific metrics that need to be

optimized and usually adding the observation operations that best improve the consid-

ered metrics to the candidate acquisition schedule. This is done until any constraint (e.g.,

resource-related limitations) is violated. Two very similar approaches to the scheduling

problem using heuristics are presented in [20], regarding the acquisitions with ASTER

(on board NASA EOS-AM1 satellite), and in [21], regarding the observations with the

synthetic aperture radar on board DLR’s TerraSAR-X satellite. In both cases, as usual,

the AOIs are intersected with the swathes determined by the observation capabilities of

the sensing instruments during the orbit of the spacecraft. This intersection defines the

observation opportunities, associated with determined time intervals, that the scheduling

algorithm can select. For both mentioned algorithms, the selection of the opportunities

is based on a priority score. In [20], observation opportunities are first subdivided into

shorter parts, called scenes, each of which is characterized by a score, determined by the

quality of the observations over that particular portion of the surface and by the degree of

priority of the related acquisition request. The overall priority score for the opportunity

is then calculated by summing the scores of all its scenes. In [21], instead, the priority of

an opportunity is defined by assigning a score between 0 and 9 to the related acquisition

request. The opportunities are ranked based on the priority score. Both algorithms iter-

atively select the opportunity with the highest priority, assess its resource consumption

and add the opportunity to the schedule, following therefore a so-called greedy approach.

A constraint check is performed and if any resource constraint is violated by adding the
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considered acquisition opportunity to the schedule, the opportunity is deleted and will no

longer be considered for the following steps. Both methods consider a scheduling time-

frame of one day, but the algorithm described in [21] is executed every 12 hours.

A further very interesting approach in this category is the one shown in [22], devoted to

the acquisition operations of the satellite constellation COSMO-SkyMed, mounting SAR

sensors. Here, in a similar fashion, all the available acquisition opportunities (called Data

Take Opportunities - DTOs) are previously determined with respect to the data acqui-

sition requests, provided with a priority score (high, medium, or low), defining for each

of them well specified starting and end time and the observable portion of the surface.

The method also takes into account Down-Link Opportunities (DLOs) in the schedul-

ing process. The employed methodology is a constructive technique based on time with

both look-ahead and back-tracking capabilities, exploited in order to control and main-

tain the constraint compliance of the resulting observation schedule. First, the satellite

that has to be active at a given time is selected among the four platforms composing the

COSMO-SkyMed constellation. Then the type of activity to be performed at that time

is singled out among the three possible activities (acquisition, transmission on Channel 1

and transmission on Channel 2, since the COSMO-SkyMed satellites are provided with

two possible communication channels), based on the characteristics of the available DTOs

and DLOs. If an acquisition operation is selected and if the analyzed DTO is deemed

feasible with respect to local constraints (possible conflicts due to overlapping DTOs), the

system has to decide whether that observation should be performed or not. This decision

is taken based on the objective of maximizing the total number of satisfied acquistion

requests, considering also that there might be AOIs associated to some requests (called

split requests), which need a given number of DTOs in order to be completely observed.

This process is executed until the whole analyzed time-horizon (which can last up to

16 days, differently from most of the available algorithms) has been planned. During

the process, the look-ahead capability is used in order to early detect the presence of a

DTO related to a high-priority request and avoid any conflict between it and a down-

link operation of a low priority acquisition. The back-tracking capability instead is used

when an acquisition schedule under construction violates any resource-related constraint,

preventing the satisfaction of a high-priority or a medium-priority request. The plan is

thus checked in reverse chronological order, in order to remove the last scheduled DTOs

associated to low-priority requests until the higher-priority request satisfaction becomes

feasible. After that a further check is performed to see if re-inserting one or more of the

previously removed acquisitions could cause any conflict.

Another more recent example of method using constructive techniques is the one presented

in [23]. As usual, the set of acquisition opportunities is obtained by determining the time
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windows in which the target areas defined by the acquisition requests are observable.

Then, given the priority associated to each task, observation schedules are sequentially

constructed trying to maximize the total priority score and considering constraints on the

maximum exploitable memory storage space and on the maximum total working time.

The approaches using heuristics are usually able to reach a feasible schedule in quite a

short time. However they are not able to guarantee that the reached solution is opti-

mal with respect to an overall quality metric considering the whole analyzed observation

schedule. For this reason, meta-heuristics and stochastic optimization techniques have

been often contemplated, both in the Satellite Observation Scheduling context and for

other generic combinatorial optimization problems.

1.2.3 Meta-heuristics

Given the combinatorial nature of the general EOS planning and scheduling problem,

stochastic optimization techniques have been extensively applied to the problem at hand.

These techniques have been used both in their standard form and considering modifi-

cations to their operators, but even combining them in order to exploit the best char-

acteristics of each employed method. Among the meta-heuristics employed in the EOS

P&S problem we can find Tabu Search (TS) [24][25], Evolutionary Algorithms (EA) like

Genetic Algorithms (GAs) [26], Particle Swarm (PSO) [27], Ant Colony (ACO) [28] and

Simulated Annealing (SA) [29].

Tabu Search has been among the first employed meta-heuristic techniques, because

it is easily applicable to problems such as the EOS observations P&S. Its use started

from the pioneering work presented in [12] and it was applied in many further works such

as in [13][14][30]. Another example is the one shown in [31]. Starting from an empty

schedule, the search for the optimal solution is performed inside a neighbourhood. The

neighbourhood of a solution is determined by all the elementary modifications to the

current solution, like the insertion, the removal or the substitution of a task. In this

work also requests indicating stereo observations (two observations need to be done at

the same location, at different angles) are considered, so for them a task (or job) identifies

both observations. The algorithm moves at every iteration to the best solution/schedule

present in the neighbourhood, given the objective that is required to be optimized (in

this case, the total profit of a given solution). A tabu list, avoiding the reinsertion of

a task that was previously removed for a given number of iterations, is also used. A

penalty value is computed if a given schedule violates a constraint and subtracted from

the objective function. Moreover, also the solutions in the neighbourhood, which do not

improve the current best value of the objective function, are penalized so that a higher

diversification in the solution search is possible.
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ACO has been quite widely employed, mostly with some modifications to avoid stag-

nation in local optima as for example in [32][33][34]. An example of application of ACO

to the EOS planning and scheduling process is shown in [23]. In this approach, the avail-

able observation opportunities can be seen as the edges of a graph, similarly to what is

presented in [18]. As in the other approach presented in the same paper, the resulting

observation schedules are generated in a constructive manner starting from an empty

solution and building therefore a path representing a feasible schedule, since the process

stops if no more resources or no more tasks are available. The tasks and the time win-

dows in which to perform the given task are selected with a probability value based on

the associate pheromone level (calculated with respect to the total priority score of the

path) and on the impact of a given observation on the available resources.

SA has been used in a few cases, like [35] or in [36], where the problem of Ground

Station Scheduling for EOS is addressed. An example of approach using SA is the one

presented in [37], where a set of Rtasks requested tasks to be performed on the considered

day is taken into account. A set of Orb orbits over which the different tasks can be

accomplished is examined. The different acquisition opportunities associated to each task

over the different orbits are identified and described by several metrics that define the

energy and memory consumption, but also the required sensor slewing angle. In addition

to the metrics, constraints on the cost of performing the different data acquisitions are

considered: for example, the energy consumption due to the acquisition and the sensor

slewing operations over a certain orbit shall not exceed a well defined amount. A very

similar constraint is also expressed regarding the memory consumption over a certain

orbit. These metrics are then combined in a parameter that expresses the weight of

completing the considered task at a particular orbit. The final goal is to construct the

schedule that maximizes the total profit associated to the set of tasks scheduled for the

considered day, without violating any constraint. The objective function to be optimized

is defined as follows:

max{
Orb∑
j=1

Rtasks∑
i=1

yi,jwi}, (1.5)

where yi,j ∈ {0, 1} expresses if the i-th task is scheduled to be performed on the j-th

orbit and the weight wi expresses the above-mentioned combination of metrics describing

the score of the acquisition opportunity. The effective selection of the observations to be

scheduled on the considered day is performed using a stochastic optimization algorithm

based on an Adaptive Simulated Annealing (ASA) with a Dynamic Task Clustering (DTC)

rule. The DTC allows to group multiple tasks (this work considers requests with point

targets observable in a single shot) if they require the same slewing angle to be observed



22
Fundamentals and Background: Planning and Scheduling in Planetary Exploration and Earth

Observation Missions

and if the total length of the task cluster observation does not exceed a given length

threshold. The sense of the task clustering is to reduce the total resource consumption.

Thus the clustering of two or more tasks can happen if the resources (energy and memory)

used by the clustered tasks are less than the sum of the resources used by the tasks

performed individually. Moreover, in this work SA is made adaptive by using an adaptive

temperature control, where the temperature parameter rules the search capability of SA,

in order to avoid to get stuck in local (which is a common problem for the plain SA

algorithm).

Due to the combinatorial nature of the problem, which contrasts with the character-

istics of PSO, this technique is not so widely used, but in [38] a discrete valued variant

of Particle Swarm is employed. An important variation with respect to the standard

PSO procedure is the integration of Russian Doll Search (RDS) to improve the particles’

ability of local refinement. In order to use the RDS technique, the variables (as usual,

the available acquisition opportunities) are first sorted based on their associated weight

or importance. An interesting aspect about this approach is how constraints are handled.

Indeed, the fitness function to be optimized (which is in the form of 1.2, maximizing the

total weight) is completed with a penalty function emphasizing by how far constraints of

any sort are violated.

Finally, among the most extensively used meta-heuristics, we can find the Genetic

Algorithms. They have been employed in many different modalities, both using the single-

objective ([9][10][39][40][41][42][43][44][45]) and the multi-objective set-up ([46][47][48][49]).

Moreover, they have been exploited also to control the scheduling of ground stations for

the downlink operations of EO satellites, as in [50][51][52][53]. An example of applica-

tion of GAs to the EOS scheduling problem is the one reported in [39]. Here, a plain

single-objective GA (whose process is explained in 3 in 3.2.2) is utilized to optimize a

fitness function in the form of Eq. 1.2, handling binary variables representing if a given

observation is included in the schedule or not. The profit parameter associated to each

elementary observation here synthesizes the ratio of covered surface with respect to the

total surface of the analyzed AOI, the priority associated to the acquisition request (both

in terms of importance and of the time window in which the request must be fulfilled) and

a profit in monetary terms (a parameter exploited for private satellites). The same profit

parameter also incorporates penalty factors related to energy and memory consumption

and also a coefficient related to the probability of cloud coverage of the observed area (this

is mainly related to passive sensors). Thus, constraints, which are expressed as in Eq. 1.3,

are handled in similar way as in [38]. A more interesting and complex methodology ex-

ploiting GAs is presented in [9]. In this work, after the usual determination of all available

observation opportunities for the considered planning horizon, the acquisitions related to
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each orbit are grouped and represented as a directed acyclic graph (see Fig. 1.3), similarly

to what proposed in [18]. So, for each orbit a path crossing this graph has to be selected.

Figure 1.3: Illustration4of the directed acyclic graph structure employed to represent the feasible

opportunity transition (black arrows) between the different identified observation opportunities

in one orbit. The green arrows indicate a possible selected observation sequence, representing a

part of the resulting acquisition schedule.

In this way the constraints related to mutually exclusive observations or to not feasible

image transitions are easily dealt with, imposing conditions on the imaging opportunity

transition variables. The objective to be optimized is given by the priority score of each

request totally or partially satisfied by the resulting schedule, weighted by the ratio of the

covered surface over the total surface of the AOI related to the given request and by the

combined probability of successful observation for each scheduled acquisition operation

related to the given request. In the proposed Hybrid Genetic Algorithm (HGA) each

individual (candidate schedule) is represented by a binary variable string containing both

variables representing the insertion of a given imaging opportunity in the schedule and

those representing the transition from a given opportunity to another.

The basic genetic operators (crossover and mutation) are modified to make the solution

space more efficient (implementing a local search in the mutation operator) and to adapt

to the graph representation. Moreover, in this approach 2 populations are coevolved.

The first one uses a fitness function based on the objective described above and for each

individual computes the ratio between the individual objective value and the average

objective value over the population. The second instead uses the same fitness function,

incorporated with the computation of the average resource exploitation by the individuals

(schedules) of the second population. At each iteration the best individuals of each

population are migrated in the other, in order to enhance the diversity in the solution

4Image reproduced from [9].
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search.

A further approach using GA is reported in [10], which addresses the Integrated EOS

Scheduling (IEOSS) problem that is the scheduling of both acquisition and downlink

operations simultaneously. The problem includes not only the satellite (or the satellite

constellation) provided with an imaging sensor, but also further satellites acting as relays

for the communication of the acquired data to the ground. Once again the problem is

represented through a DAG in order to handle many different constraints in a simple

way and to represent the feasible schedules as paths crossing the graph. What is really

interesting is the type of employed optimization approach. Namely, if in the previously

described work some modifications to the basic operators and to the population structure

were applied, this time the ability of rapidly exploring new solutions in GA is combined

with the characteristics of SA. Thus, a first search in the solution space is performed using

GAs and after that, with a rule specifying when to switch algorithms, the neighbourhood

of the population generated by the GAs is further explored with SA. The algorithm

switching rule is based on the improvement rate, which in GAs is usually very high in the

first iterations, but starts declining after a while. The inverse usually happens using SA.

The improvement rate, which is quite stable in the first iterations for SA, is computed and

when the initial search with GAs reaches the same improvement rate as SA, the algorithms

are switched. A multi-objective GA is instead used in [47]. The considered objectives

are the total profit of the selected acquisitions related to a set of acquisition requests, as

usual, and the fairness between users, which are the entities that materially formulate

the acquisition requests. The fairness is expressed as a function of the difference of the

profits associated to the requests related to a pair of users. What in this approach differs

from the commonly used multi-objectives versions of GAs, is use of local search at each

iteration. More in detail, at each iteration of the multi-objective GA, the non-dominated

solution set is determined. After that, for each member of the non-dominated set a local

search step is conducted (based on the 2 objectives) to see if the non-dominated set can

be improved, in order to improve the hill-climbing capability of GAs and thus avoid to

get stuck in local optima. If so, the non-dominated set is updated with the improved

solutions and the successive iteration can start.

In conclusion, meta-heuristics are very valid techniques to solve general satellite ob-

servation scheduling problems and represent a very promising alternative to heuristics

and exact methods thanks to their flexibility and easy application to different problems.

When the dimensions of the problem at hand become too large, some modifications to

the basic execution of these techniques often succeed in making the solution search more

efficient and lead to better results with small additional effort.
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Almost all the different contributions described in this previous subsections consider

the EOS planning and scheduling (P&S) problem with the availability of different satel-

lites. However, these different platforms all carry the same types of instruments, where

the only difference is often the image quality that they can acquire. Considering instead

the P&S problem for Planetary Exploration missions, multiple different types of instru-

ments need to be taken into account, with their own limitations and characteristics and

all their different associated requirements. Ideally, all of these aspects should be taken

into account simultaneously, carefully handling the resources, in order to maximize the

global science return and that of the single experiments and sensors. This, together with

all the aspects listed at the beginning of Section 1.2 in the context of PE missions, greatly

increases the complexity of the definition of a framework being able to plan and schedule

the acquisitions of multiple instruments (ideally a full science payload) at the same time.
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Chapter 2

Acquisition Operations of Radar

Sounder Instruments in Planetary

Exploration Missions

This Chapter 1 introduces radar sounder instruments and analyzes their operations in

Planetary Exploration missions. In the first part a brief introduction to radar sounders

and their working principles are presented. In the second part indications on how to define

and estimate the acquisition quality for the observations performed by these instruments

are provided.

2.1 Introduction

In recent years, radar sounding systems are more and more considered as relevant sensors

to be included in the science payload of Planetary Exploration missions. Many missions

included or will include a radar sounder in their scientific payload. Examples of such

systems are MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding)

on the ESA Mars Express mission [54] and SHARAD (SHAllow RADar) on the NASA

Mars Reconnaissance Orbiter [55], which are employed to survey the subsurface of Mars.

Another important radar sounder system is LRS (Lunar Radar Sounder) on board the

1Part of this chapter appears in

[J1] S. Paterna et al., “An Approach Based on Multiobjective Genetic Algorithms to Schedule Observations in

Planetary Remote Sensing Missions,” in IEEE Journal of Selected Topics in Applied Earth Observations and

Remote Sensing, vol. 13, pp. 4714-4727, 2020, doi: 10.1109/JSTARS.2020.3015284

and in

[C2] L. Bruzzone, F. Bovolo, S. Thakur, L. Carrer, E. Donini, C. Gerekos, S. Paterna, M. Santoni, E. Sbalchiero,

“Envision Mission to Venus: Subsurface Radar Sounding”, 2020 IEEE International Geoscience and Remote

Sensing Symposium (IGARSS), Waikoloa, HI, USA, 2020, doi: 10.1109/IGARSS39084.2020.9324279.
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JAXA Kaguya/SELENE mission [56] [57]), which has been used to investigate the sub-

surface of the Moon. Moreover, sounders like RIME (Radar for Icy Moons Exploration)

on the ESA JUICE mission [58], REASON (Radar for Europa Assessment and Sound-

ing: Ocean to Near-surface) on board the NASA Europa Clipper mission [59] and SRS

(Subsurface Radar Sounder), part of the science payload of the ESA recently selected

EnVision mission [60] will be used to probe the Jovian Icy Moons (Ganymede, Europa

and Callisto) and Venus in the next years. The growing interest about this kind of radars

is due to their unique features and capabilities. These features allow them to investi-

gate the characteristics of the subsurface of the analyzed celestial bodies and study their

stratigraphy and their geological structure, with direct and non-invasive measurements.

Given their particular operative characteristics and the growing presence of sounders in

Planetary Exploration missions science payloads, it is important to understand how these

instruments work and how to determine the quality of both a single observation and a

full acquisition campaign.

2.2 Fundamentals of Radar Sounding

Figure 2.1: Illustration of the radar sounder acquisition geometry. Radar sounders are nadir-

pointing pulsed radars. The transmission of a single pulse and the related response from the

surface and subsurface layers interfaces are qualitatively depicted. The different subsurface

layers are identified through their relative dielectric permittivity (εr,i), which affects the radar

response.
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Radar sounders have a particular acquisition geometry and specific observation ca-

pabilities, as illustrated in Fig. 2.1 and 2.2. They are nadir-looking pulsed radars that

are able to penetrate the ground and therefore to perform direct measurements on the

subsurface of the observed body. The penetration capabilities are strictly connected to

the relatively low frequency of the electromagnetic pulses that they emit, which is in the

range between 1 and 300 MHz. The characterization of the subsurface structures is ob-

tained by measuring the reflections caused by interfaces between targets or layers with

different dielectric properties and representing them as radargrams.

Figure 2.2: Illustration of the radar sounder data acquisition process2. Radar sounders produce

tomographies of subsurface features (B), below the regions identified in the figure as ground

tracks (A), exploiting the platform movement. Points C and D are off-nadir sources of non-

desired echoes, which might interfere with the characterization of subsurface features placed

long the nadir direction.

A single radargram represents a vertical profile of the subsurface of the illuminated

area on the body’s surface. This is obtained by acquiring consecutive columns along the

direction of movement of the platform on which the radar is mounted. In the produced

image, the backscattered signals are mapped on the vertical direction, transforming the

information relative to the time interval between the pulse transmission and the signal

reception into the distance of the scattering object from the platform. By performing

multiple acquisitions on different ground tracks over a certain area on the ground, it is

possible to collect a detailed information on the subsurface of the observed body and on

the subsurface features distribution. The ground tracks are identified by nadir-projecting

the position of the satellite in time on the celestial body surface and they identify the

target positions that are observed in the acquired data. In order to better understand the

2Image reproduced from [61].
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features and the parameters that determine the quality of a single continuous observation

and then of an entire acquisition campaign, we need to address and summarize some

fundamental quantities that are associated to the radar sounder working principles.

2.3 Acquisition Parameters and Data Quality

The first performance parameter that we consider is the amount of power that is received

by the radar antenna from each of the subsurface layer interfaces. This quantity and

its expression are very important, as they underline the capability of the instrument of

detecting the different subsurface layer interfaces and of recognizing the depth and the

material composing each subsurface layer. The power received from each layer interface

is expressed as follows [62]:

Pss,j =
PtG

2λ2Γ2
j,j+1Aill

∏j−1
i=0 (1− Γ2

i,i+1)
2e−4αzj

(4π)3(h+ zj)4
, (2.1)

The meaning of each parameter is here reported:

• Pt represents the power associated to the transmitted pulse. This is a crucial design

parameter, strictly linked to the instrument energy consumption and thus it has

to be accurately defined also with respect to the energy availability on board the

spacecraft;

• G is the antenna gain due to its particular radiation pattern;

• λ is the wavelength associated to the central frequency fc of the transmitted pulse;

• Γj,j+1 is the reflection coefficient at the interface between layer j and layer j + 1,

where layer 0 is usually free space or the planet atmosphere. It determines the

amount of power that is reflected towards the radar antenna, with respect to the

incident power at the interface. It is strictly related to the ratio between the relative

dielectric permittivities εr,j+1 and εr,j associated to the two interfacing materials;

• Aill is the illuminated area, corresponding to the radar antenna footprint on the

ground (shown in yellow in Fig. 2.2);

• α is the attenuation constant of the material, which strictly depends on the pulse

frequency and on the dielectric properties of the material;

• h is the orbit altitude of the platform (spacecraft) on which the sounder is mounted

with respect to the ground. This quantity greatly impacts on the received signal

power and therefore on the radar sounder performances. Thus, during the design
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of the trajectory to be performed by the spacecraft on which the considered radar

sounder is mounted, this variable has to be accurately taken into account, also with

respect to the acquisition capabilities of other instruments included in the science

payload;

• zj is the depth at which we can find the interface between layer j and j + 1.

Based on the above defined parameters, it is possible to express a fundamental per-

formance metric, which is one of the main drivers of the instrument design: the Signal

to Noise Ratio (SNR). Given the noise power, indeed, through this quantity we can esti-

mate the performances of the radar, for example in terms of maximum penetration depth.

Moreover, it determines how well it is possible to detect and recognize the surface and

subsurface structures through radar sounder observations. Following the definition of the

power received from each subsurface layer interface Pss,j, it can be expressed for each

interface as follows [62]:

SNRj =
Pss,j
Pn

, (2.2)

where Pn is the noise power. In general, the main sources of noise that should be consid-

ered and that can interfere with radar sounder observations are the thermal noise caused

by the radar receiver and the isotropic galactic noise, which can be characterized simi-

larly to the thermal noise. Thus, in general Pn = kbTB [62], where kb is the Boltzmann

constant, T = Tr +Tg is the overall noise temperature obtained as the sum of the receiver

noise temperature Tr and the galactic noise temperature Tg, and B is the transmitted

pulse bandwidth. However, if a high-quality receiver is designed for the radar system, we

have that the temperature Tg is order of magnitudes larger than Tr, thus we can approx-

imate the overall noise temperature as T ≈ Tg.

Besides the modification of the design parameters (e.g., Pt, B, fc,...), which are limited by

technical or budget constraints, different techniques can be employed in order to improve

the SNR. Indeed, the use of a linear frequency modulated pulse (also called a chirp)

allows to apply a processing technique on the received signal called range compression,

which produces an SNR gain that directly depends on the transmitted pulse bandwidth

B and its duration Tp. Moreover, the motion of the platform during the data acquisition

performed by the radar sounder can be exploited in order to apply a synthetic aperture

processing on the received echo signal. This procedure allows to obtain a further SNR

gain that depends on the transmitted signal wavelength λ, the platform height h, the

radar system pulse repetition frequency (PRF) and the spacecraft speed with respect to

the ground vs. This type of processing also allows to enhance the data resolution in the

along-track direction (i.e., the flight track).
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Despite the application of these signal processing techniques there are cases in which fur-

ther sources of intense interferences strongly influence the SNR, potentially destroying

the information content of the acquired data. An example of such strong interference is

the radiation emitted by Jupiter (the Jovian Decametric Radiation) [63], which has been

carefully taken into account in the design of the radar sounders RIME and REASON

on board the JUICE and Europa Clipper missions, in the evaluation of its performances

[64] and, later, in the determination of the available observation opportunities. As briefly

explained in Chapter 3, Section 3.3.1, the JUICE mission will include a phase called

GCO-500, in which the spacecraft will perform a circular orbit around Ganymede with

an altitude of about 500 Km from the surface. The presence of this source of powerful

noise reduced the possibility of subsurface mapping of Ganymede during the GCO-500

phase only to the time intervals in which Jupiter is eclipsed by Ganymede with respect

to the JUICE spacecraft. Given the orbital characteristics of Ganymede, this results in

a limited operational area over which data acquisitions are feasible, as shown in Figure

2.3. Only a small number of observations are foreseen outside this operational area, due

to the sporadic nature of these emissions.

Figure 2.3: RIME acquisition scenario at Ganymede. The red circular area defines the portion

of the surface in which acquisitions with the radar sounder RIME are not affected by Jupiter

radio emissions.

However for the case of RIME, by thoroughly studying the characteristics of the Jovian

Decametric Radiation, the possibility of exploiting this radiation as an illumination source

has been studied [63] [65]. Thus passive sounding acquisitions could be implemented, in
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order to expand the observable area on Ganymede and the number of available acquisition

opportunities for RIME.

Another example is related to the acquisitions to be performed by SRS on board the

EnVision mission to Venus. In this case, the main source of interference intensively influ-

encing the acquisitions SNR is due to the bursts of solar radio emissions, which becomes

critical at relatively short distance from the Sun. Moreover, besides the problems related

to the direct radiation from the Sun to the SRS antenna, the solar emissions also have an

impact on the ionosphere of Venus depending on the incidence angle between the iono-

sphere and the zenith direction (Solar Zenith Angle - SZA). Indeed, radio propagation

through the ionosphere can distort the received signal by introducing echoes’ time delays

and causing a loss of peak power and range resolution (the capability of discriminating

different targets along the depth direction for radar sounder systems). This depends on

the ionosphere Total Electron Content (TEC) that is affected by the solar radio emissions.

For this reason, the observations to be performed by SRS on Venus are preferred to be

on the night side, when the EnVision spacecraft is shadowed by Venus from the Sun, in

order to maximize the detection performances.

Another source of disturbance of the acquired data is the clutter, which for radar

sounder observations is represented by off-nadir surface echoes, caused by the large foot-

print that characterizes the type of antenna usually employed for radar sounder systems,

the dipole. However, this variable won’t be considered in detail as it is not the main focus

of this thesis.

Further parameters need to be taken into account to characterize the resource ex-

ploitation associated to each data acquisition operation, especially from the point of view

of the generated data volume. The requirements of the data volume, indeed, are one

of the most delicate variables to consider when dealing with missions that have a large

number of science instruments, since all of them need to exploit and share the available

memory and telemetry resources. In order to determine the data volume associated to

each observation, we first need to define the length of the time window during which the

received echo signal is recorded (SWL) after each pulse transmission. The SWL can be

expressed as follows:

SWL =
2

c0
(σ1 + σ2 + σh + zmax

√
εr,av) + 2Ms + Tiono + Tp. (2.3)

The meaning of the different terms of this expression is hereby reported:

• c0 is the speed of light in vacuum;

• σ1 and σ1 represent a positive and a negative margin related to the topographic
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Figure 2.4: Illustration of the variables associated to the acquisition scenario influencing the

radar sounder acquisition generated data rate.

characteristics of the surface of the area to be analyzed respectively, given a reference

quota, calculated based on the ellipsoid used to represent the considered celestial

body;

• σh is associated to the position uncertainty related to the spacecraft trajectory,

which has an impact on the actual height of the platform from the ground. Around

the trajectory defined for the considered spacecraft, an uncertainty ”tube” can be

defined based on the probability of the spacecraft to be in a given position with

respect to the nominal trajectory and σh is the diameter of this ”tube”;

• zmax is the estimation of the expected maximum penetration depth that the analyzed

radar sounder can reach, based on the design variables values and on the hypotheses

of the subsurface composition;

• εr,av is the average dielectric permittivity of the subsurface materials along the depth

direction. It is useful to estimate the pulse propagation velocity and thus the pulse

travel time through the subsurface layers;

• Tiono is the estimated delay in the transmitted pulse travel time, caused by the

propagation through the ionosphere;
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• Tp is the transmitted pulse length in time;

• Ms is a further security margin that is applied to the receiving window length SWL

to ensure that important unforeseen features can still be detected.

The components related to the particular acquisition scenario are depicted in Figure 2.4

After the definition of the SWL, it is possible to express the data rate DR associated

to the acquisitions to be performed by the considered radar sounder system, which simply

represents the amount of data per second that a given data acquisition generates. DR

can be formulated as follows:

DR =
2SWL · fs · PRF ·Nbit

Np

, (2.4)

where:

• fs is the frequency at which the receiver of the considered radar sounder system

samples the received analog echo signals;

• PRF is the pulse repetition frequency designed for the the considered radar sounder

system;

• Nbit is the number of bits that are employed to represent each sample of the received

echo signal;

• Np is the so-called presumming factor.

The presumming operation is a lossy compression that can be employed in order to reduce

the data rate of an observation at the cost of a reduced quality of the resulting radargram.

It sums Np consecutive echo signals. However, given that the echo signals are complex

(they have an in-phase and an in-quadrature component), it is very important that the

echoes that get summed in the presumming operation are coherent. A large phase dif-

ference could induce a high loss on the information content of the echo signals. Thus,

this operation can be performed only on acquisitions over areas where the topography

does not have a high variability, reducing the total amount of data to be recorded on the

spacecraft memory storage and to be downlinked to the ground stations.

As briefly addressed before, the data rate and data volume reduction, where feasible,

becomes particularly important in missions with a large science payload.
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2.4 Quality Parameters in Radar Sounder Acquisitions

Once we have defined the parameters to describe the performances of a radar sounder for

a single observation, we need to analyze the characteristics of a full acquisition schedule

or strategy, which is the way to completely assess the compliance with the mission science

requirements associated to this type of instrument. In order to define the quality of the

acquisition strategy of planetary radar sounders in general, given the available observation

opportunities, the following variables can be considered:

1. Uniformity in space of the data acquisitions. In general, given the acquisition ge-

ometry and capabilities of radar sounder instruments, the observations performed

by this sensors do not have a 2D surface coverage. Indeed they provide a vertical

tomography of the subsurface in correspondence of the ground tracks, as shown in

Figure 2.2. Thus, in order to globally sample the subsurface of the analyzed celestial

body in the best possible way, the ground tracks associated to the different scheduled

observations should be uniformly distributed. This is done because in general it is

not possible to have a priori a direct information on the subsurface structure, even

if different hypotheses can be made, which help in the operations design. To control

the spatial uniformity of the observations, the distance between the different asso-

ciated ground tracks should be checked. Moreover the desired distance between the

ground track should be defined. This distance is a trade-off between the resources

exploitation by the radar sounder and the achievable level of detail of the charac-

terization of the subsurface, which of course is higher if a lower distance between

ground tracks is defined, thus requiring a larger number of observations;

2. Number of intersection points between the ground tracks and their position and dis-

tribution on the surface. A more detailed analysis of the subsurface structure of the

investigated celestial body can be done by acquiring data over intersecting ground

tracks. The intersections allow for an improved calibration of the acquired data but,

more importantly, they provide an additional dimension to the set of acquisitions

thanks to the data acquired along different directions. The more intersection points

we can reach with the observations we include in the acquisition schedule and the

more uniformly they are distributed on the celestial body surface, the more accu-

rately we can characterize and reconstruct its subsurface structure and stratigraphy.

3. Presence of regions of interest (ROIs). The acquisitions to be performed over par-

ticular selected target areas have to be managed with specific attention. In order to

support the interpretation of the data acquired over them, uninterrupted observa-

tions of these target areas are desired. Moreover, a higher acquisition density could



Conclusion 37

also be required, in order to better analyze and characterize the subsurface. This

objective could be pursued, for example, also by increasing the bandwidth (where

possible) of the transmitted pulses, thus improving the radargram resolution along

the depth direction.

In specific missions, additional variables might constrain the acquisitions, as for example

environmental conditions or the compatibility with the observations performed by other

instruments included in the science payload of the considered mission.

In the case of PE missions, the above-mentioned variables need to be carefully harmonized

with the requirements of all other instruments composing the science payload, increasing

the complexity of the definition of a feasible and high quality acquisition strategy for any

sensor.

2.5 Conclusion

In this chapter we have briefly summarized some of the most important features and

parameters involved in radar sounder acquisition, in order to provide useful metrics to

describe the quality of their observations, given their unique observation geometry and

capabilities.

The parameters to describe the quality of a single observations can be obtained and

designed deterministically, even if some uncertainties, mostly regarding the subsurface

structure, still need to be faced. The determination of the quality of a full acquisition

strategy and schedule and their optimization for planetary radar sounder observations

instead, as well as for other instruments, is a very complex combinatorial problem. It

is based on a very large number of variables, especially if we need to take into account

the acquisitions to be performed by all other instruments composing the science payload

of the considered PE mission. For this reason, the methodologies presented in Chapters

3 and 4 have been studied and developed to deal with the complex and multifaceted

problem of automatically plan and schedule observations of science payload instruments

for Planetary Exploration missions.
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Chapter 3

An Approach Based on

Multi-Objective Genetic Algorithms

to Schedule Observations in

Planetary Remote Sensing Missions

This chapter1 presents an approach to the automatic scheduling of the acquisition opera-

tions of a remote sensing instrument included in the scientific payload of a mission. The

presented methodology first subdivides the long available observation time intervals into

shorter segments and then performs a selection of them, producing an acquisition schedule,

optimized with respect to the scientific requirements, the instrument characteristics and

the mission constraints. The scheduling problem is modeled as a multi-objective optimiza-

tion problem and solved by using Genetic Algorithms (GAs). GAs are able to efficiently

explore the solution space by considering different competing objective functions, reaching

high quality solutions. These solutions represent different optimized tradeoffs among the

considered instrument-specific quality metrics. The approach is demonstrated on the op-

erations of RIME (Radar for Icy Moons Exploration), a radar sounder onboard JUpiter

ICy moons Explorer (JUICE). The obtained results show the high potential of the proposed

methodology.

1Part of this chapter appears in

[J1] S. Paterna et al., “An Approach Based on Multiobjective Genetic Algorithms to Schedule Observations in

Planetary Remote Sensing Missions,” in IEEE Journal of Selected Topics in Applied Earth Observations and

Remote Sensing, vol. 13, pp. 4714-4727, 2020, doi: 10.1109/JSTARS.2020.3015284,

and in

[C1] S.Paterna, M. Santoni, L. Bruzzone, “An Automatic Planning and Scheduling Method Based on Multi-

Objective Genetic Algorithms for Planetary Radar Sounder Observations,” 2020 IEEE International Geoscience

and Remote Sensing Symposium (IGARSS), Waikoloa, HI, USA, 2020, doi: 10.1109/IGARSS39084.2020.9324270.
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3.1 Introduction

As stated in the introductory Chapter, remote sensing instruments provide high-valuable

data, characterizing the surface, composition and structure of the analyzed celestial body.

This is possible by exploiting the data acquired by the science payload designed for the

considered mission and the related spacecraft. The science payload is usually composed

of different instruments, each one devoted to the analysis of a particular variable (or a set

of variables) of the considered environment. This often results in a challenging handling

of the data acquisition strategy. Indeed, as illustrated in Chapter 1 the management of

acquisitions requires to consider a large number of complex constraints and specifications.

These include the scientific objectives associated with each instrument and the related

requirements, the environmental conditions that may limit the observation capabilities of

certain types of sensors, and the resources that are available on board the spacecraft (e.g.,

power, memory storage space, downlink data rate) that have to be shared among all the

instruments composing the payload. In general, the resources available for a mission and

the trajectory to be followed by the spacecraft in the different phases of the mission are

defined on the basis of the science objectives and the related operational requirements of

the payload in the early stages of the mission design. Nonetheless, technological issues

and cost boundaries limit the resources available to each single instrument. This results

in constraints on both the total acquisition time allowed to each instrument and the time

distribution of the acquisitions, with the risk to affect the mission science return.

In this context, one of the most important phases of the mission is the scheduling of the

operations of the science payload. It is aimed at determining the possible options for data

acquisitions with respect to the above-mentioned constraints. A very important input to

this phase is the planned mission trajectory that defines and characterizes the feasible

observation opportunities of a certain sensor over a well defined portion of the target

body.

The planning and scheduling phase is therefore aimed to produce a scientific payload op-

erations schedule, over a well-defined time frame, which is feasible with respect to both

global limitations and the constraints concerning the acquisitions of single sensors. This

schedule should optimize the performances of the different instruments in terms of data

acquisition quality, resources consumption and compliance to the scientific requirements.

In particular, for missions that comprehend orbital phases, this means that during the

planning and scheduling process it is mandatory to select a subset of the many observation

opportunities. The selection has to be based on a set of metrics that express the quality

of the data collection operations performed in each specific time window and in the whole

considered time frame.
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In the general context of data acquisitions planning and scheduling for planetary explo-

ration missions, the typical planning procedures are described in [3] [4]. The process is

usually quite long and complex and requires multiple iterations (or cycles) to progressively

increase the level of detail of the planning and finally converge to an overall schedule. Dur-

ing these cycles, the instrument teams provide inputs in terms of acquisition requirements

and constraints to a mission planning team, which is in charge of collecting the inputs

and define the acquisition scenarios for the whole scientific payload. Both the overall

schedule and the requests from the instrument teams are iteratively refined during the

whole process. Thus, the planning phase requires a high percentage of human interaction

in the definition of the science operations schedules, even if tools like MAPPS or SciBox

(described more in detail in Chapter 1) are available, which can support:

1. the definition of the observation strategy;

2. the constraint checking phase;

3. the translation of the schedules into command sequences to be executed by the

spacecraft and its payload.

Further steps towards the development of automatic methods for the planning and

scheduling process have been done on Earth Observation missions, which, however, are

significantly different from planetary missions in terms of both constraints and scale of

the problem. These methods, as we showed in Chapter 1, can be used as an inspiration for

addressing the challenges of planetary missions under the assumption of major adaptation

and refinements.

In this chapter, we present an approach to the automatic observation planning and

scheduling based on multiobjective Genetic Algorithms to be used in complex plane-

tary remote sensing missions. The main goal of the proposed approach is to provide a

tool being able to speed up the usually time-consuming observations scheduling process

for planetary missions by automatically generating optimal (or nearly-optimal) schedules,

considering the mission and the instrument-specific constraints. The proposed technique

consists of two main stages, i.e. the segmentation and the selection stages, during which

all feasible acquisition intervals (with respect to the considered instrument capabilities)

are determined, analyzed and evaluated to generate the observation sequence for a given

sensor over the input time horizon. The segmentation splits the input time horizon into

well-defined shorter acquisition intervals, following a time-based or a target-based crite-

rion (namely, the start- and end-time of the interval are determined as the window in

which the whole considered target is visible). In the selection phase, an NSGA-II-based

engine explores the space of the solutions related to the combinations of the acquisition
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segments, by analyzing different objectives expressed by competing metrics. A similar

approach was used also in the context of Earth Observation missions, as shown in Chap-

ter 1. However, with respect to the technique presented in [47], we here tackle a problem

of larger scale and we do it by directly working on the genetic operators that characterize

the GAs. Indeed, two slightly modified versions of NSGA-II [66] have been considered:

one exploits the mission constraints so that no unfeasible solutions can be generated and

evaluated to minimize the computational time; the other implements a local-search-based

strategy to better guide the solution space exploration. At convergence, the system pro-

vides operation schedules that are optimized (in the Pareto front sense) with respect to

different objectives like data acquisition quality, resources consumption and compliance

to the scientific requirements. To validate our approach, we studied the real case of the

operations planning and scheduling for the JUpiter Icy Moons Explorer (JUICE) mission

of the European Space Agency (ESA), which is focused on the analysis of the Jovian Sys-

tem and of Jupiter’s Icy Moons. In detail, we focused our attention on the observations

of the Radar for Icy Moons Exploration (RIME), the radar sounder designed for JUICE.

This chapter is structured as follows. Section 3.2 illustrates the proposed methodology

in general considering neither any specific instrument nor any specific mission. Section

3.3 presents the application of the proposed methodology to RIME in the context of

the JUICE mission, the experimental setup, the specific choices in terms of constraints

and objective functions and the results are shown and discussed, given the indications

presented in Chapter 2. Finally, Section 3.4 draws the conclusions of this Chapter.

3.2 Proposed Planning and Scheduling Approach

The methodology that we propose to automate the planning and scheduling process con-

sists of two main phases (see Figure 3.1) : the segmentation and the selection. The

segmentation phase takes as input the whole set of feasible acquisition time intervals (con-

tained in the total considered time interval Φ), splits them into shorter segments, following

a user-defined criterion, and extracts a set of significant metrics describing each of the

acquisition segments. These metrics are then exploited in the selection phase, in which

they are combined in suitable cost/fitness functions that express the acquisition schedule

quality. The selection phase is aimed at building an optimized acquisition schedule. This

result is obtained by using an optimization algorithm, which efficiently explores the so-

lution space and selects an appropriate subset of acquisition segments, given the science

and instruments requirements, the acquisition quality metrics and the mission constraints.
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Figure 3.1: Illustration of the steps of the proposed methodology: here Φ represents the total

time interval that we are taking into account (i.e. a particular phase of the considered mission)

and Φf ⊂ Φ is the set of time intervals φfi ∈ Φ in which the data acquisition with the specified

instrument is feasible. S is the result of the subdivision of Φf in shorter time segments si ∈ S
which are easier to handle and analyze. Finally, S∗ ⊂ S represents an optimal subset of S with

respect to the instrument specific quality metrics and general constraints.

3.2.1 Segmentation Phase

As shown in Figure 3.1, the inputs to the whole system are the total considered interval

Φ and the description of the trajectory that the spacecraft will follow during its orbit

around the target celestial body. The latter is defined using kernel files that contain

the state vector (describing position and speed) of the satellite in time, using a format

that is the standard de facto for the description of the trajectories of spacecrafts. The

interface to these kernel files is provided by dedicated libraries, which allow to extract

all the useful information about the spacecraft motion around the celestial body to be

investigated and about the acquisition scenario. An example of these libraries are the

ones created by NAIF (NASA’s Navigation and Ancillary Information Facility), called

SPICE [67] [68]. On the basis of the orbit data, it is possible to perform a first filtering

of the time intervals, removing all the time intervals in which the acquisitions with the

analyzed instrument are not feasible due to the characteristics of the instrument with

respect to the environmental conditions (e.g., an optical camera can only acquire images

on the illuminated side of the considered celestial body) and to other mission-related lim-

itations that might prevent any instrument from performing acquisitions. This filtering

can be done by exploiting the dedicated function libraries (e.g., SPICE) mentioned above.

Indeed, using those conditions and limitations as input to these functions, it is possible
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Figure 3.2: Example of segmentation grid of the ”operative” zone for the orbital phase at 500

km altitude around Ganymede (GCO-500) of the JUICE mission. The borders of the higher-

relevance areas are shown in red, while the rest of the surface is subdivided in latitude bands

(in blue). This grid is used to segment the whole set acquisition opportunities, once that their

relative position on Ganymede’s surface has been determined.

to easily recognize the time intervals in which they are verified and remove them from

the time horizon Φ. After this filtering phase that produces the set Φf of time intervals

in which the acquisition operations of the considered instrument are feasible, the next

step is to determine the area that we can observe at each time instant. If we consider

an instrument with fixed pointing, this is possible by simply projecting the position of

the spacecraft on the surface of the target body along the pointing direction. Figure 2.3

shows how this operation is performed for the case of the radar sounder RIME, which is

the study case we consider in this work (see Section 3.3 for more details).

The resulting opportunities and the ground tracks related to the time intervals Φf are

often too long to be acquired in a single continuous observation. Therefore the successive

step is to subdivide them into shorter acquisition segments s, which can be more easily

managed during the mission operation. We can define these segments as single uninter-

rupted time intervals in which different desired conditions are verified. These conditions

for the segmentation should be given as input to the framework, as shown in Figure

3.1. An easy condition, following which we might want to subdivide the long acquisition

time intervals in Φf , could be the duration, creating therefore a set of segments with

equal or similar time span. Moreover, once the pointing of the instrument is fixed (also
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the information regarding the pointing is contained in the kernel files), it is straightfor-

ward to translate the time instants in Φf into observable positions on the target’s surface

(expressed as latitude and longitude coordinates). Thus, it is possible to perform the

segmentation directly on the related ground tracks to take into account high-interest ar-

eas on the target body’s surface. Indeed, it is convenient to perform the acquisitions over

these important areas in a continuous way, to ease the interpretation and the extraction of

information from the acquired data. After the identification of these high-interest areas

and the determination of their coordinates, the remaining portion of the surface to be

observed can be further subdivided in a uniform way. Thus, we can create a particular

mapping of the analyzed celestial body surface that we call a segmentation grid. Figure

3.2 shows an example of a segmentation grid as applied to the test case described in

Section 3.3. The single areas in which the surface to be observed is subdivided (both

the target areas and the other remaining surface portions) are called cells and the long

acquisition tracks are split at the edges of them. Therefore, in this case the conditions to

be verified are spatial: we define the acquisition segments as the individual time intervals

in which the observable portion of the surface is delimited by a particular cell. Thus,

the start- and end-time of each segment are determined as the time instants in which the

observable portion of the surface crosses the border of one of the cells.

The output of the segmentation stage is a set of acquisition segments S = {s1, s2, ...sN},
where N is the total number of resulting segments.

These acquisition segments, are then described by a set of metrics. The most important

and general segment metrics are as follows:

• st(si) and et(si) identify the beginning and the end of the acquisition segment si
from the temporal point of view. They are defined as a result of the temporal or

spatial segmentation described above;

• time(si) = et(si) − st(si) is derived from the previous metrics and determines the

temporal duration of segment si;

• a(si) is the portion of surface covered by segment si. It is obtained by merging the

projection of the instrument field of view on the surface in correspondence of the

spatial coordinates between the instants st(si) and et(si);

• e(si) and m(si) represent the energy and the memory consumption associated to the

acquisition operation of segment si, respectively. They are defined on the basis of

the instrument characteristics in terms of energy and memory consumption rates.

Further metrics to describe the acquisition segment could be specifically created and ex-

tracted, based on the charateristics of the considered instrument, of the analyzed mission
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Figure 3.3: Binary vector representation of the scheduling problem in the phase of selection of

acquisition segments

and of the environment in which the instrument should operate.

3.2.2 Selection Phase

Following the definition of the metrics that describe each acquisition segment and the

whole acquisition strategy (based on the segment metrics), in the selection phase the

subset S∗ of segments that satisfies the scientific requirements in the best possible way

should be selected without violating any constraint. We can represent a possible schedule

as a binary vector x (x = {x1, x2, ..., xN}), in which every position i identifies one of the

acquisition segments si, and the value xi (xi ∈ {0, 1}) of the i-th position of the solu-

tion vector x expresses if that particular acquisition is inserted in the schedule (1) or not

(0). This is a combinatorial problem that can be modeled as a particular type of multi-

dimensional 0-1 knapsack problem [37], as also shown in Chapter 1. Multi-dimensional

knapsack problems [15] are a very good example of combinatorial problem in which the

objective is to maximize a total profit parameter associated to a subset of the available

objects, given a set of constraints based on cost coefficients associated to these objects.

Each of these objects has associated both a profit coefficient and costs coefficients that

depend on the different constraint.

In general, different metrics to be optimized can be considered simultaneously. However,

often these metrics express objectives that might be conflicting between each other. Ac-

cordingly, in the proposed approach we address this issue by exploiting a multi-objective

optimization approach.

The result of such optimization is a set of different solutions that represent the Pareto

front, i.e., the set of the non-dominated solutions [69]. For a multi-objective maximiza-

tion problem, a given solution x1 of the optimization problem dominates another solution

x2 if fj(x1) ≥ fj(x2) (∀j = 1, 2, ..., O) and fk(x1) > fk(x2) at least for one objective
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fk(x) (k = 1, 2, ..., O) [70], where fj(x), fk(x) are different objectives that are taken into

account and O is the total number of analyzed objectives. It is worth noting that a

single-objective approach can not ensure the control on all the metrics that describe the

quality of the acquisition campaign, even if we combine different quality metrics in one

single cost/objective function. The multi-objective approach, instead, has the advantage

of producing solutions that represent multiple optimal tradeoffs between the different ob-

jectives. In the case of the segment selection problem, this results in a set of optimal

acquisition schedules, which are all non-dominated solutions with respect to the consid-

ered quality metrics. Thus, any of these solutions could potentially be selected as the final

observation schedule for the considered instrument. The final choice is only guided by the

desired trade-off between the selected quality factors. Moreover, since we are taking into

account the acquisition operations of a single instrument in missions that usually have a

large scientific payload, having different optimal solutions with different tradeoffs can be

very useful to choose the strategy that better adapts to the acquisition requirements and

schedules of other instruments.

Let x = {x1, x2, ..., xN} be the vector of the decision variables, F (x) = {f1(x), ..., fl(x), ..., fO(x)}
be the set of objectives/fitness functions that are related to the quality metrics we need

to optimize, fl(x) ∈ F be one of the functions indicating the quality of the schedule iden-

tified by x, and qi be a generic quality metric associated to the segment si. In the case

we are analyzing, a possible quality metric qi could be the parameter a(si). We formulate

the segment selection problem as follows:

max
x
{F (x)}, (3.1)

with fl(x) =
N∑
i=1

qixi, (3.2)

subject to
N∑
i=1

cj,ixi < bj, j = 1, ...,M, (3.3)

xi ∈ {0, 1}, i = 1, ..., N ; (3.4)

The cost coefficient cj,i (j = 1, 2, ...,M , i = 1, 2, ..., N) is associated to the j-th constraint

and to the i-th position of the solution vector (i.e., to the i-th acquisition segment si).

The parameter bj is a component of the vector b (b = {b1, b2, ..., bM}), which contains the

values of the bounds associated to each of the M constraints. Moreover, we have a set of

multiple global constraints that should guide us in the selection of the correct subset of

segments also based on their associated metrics. The global quality function f(x) can in

general be more complex than the one shown in Eq. 3.2, but that formulation is a good

representation for many acquisition schedule quality metrics.
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In order to solve this kind of problem, given that in general the number of acquisition

segments is very high, we use stochastic optimization techniques that can explore the

solution space in an efficient way, without the need to explicitly evaluate the whole set

of possible combinations of acquisition segments. A suitable option is to use a technique

based on Genetic Algorithms (GAs), which have been used in a variety of applications

(i.e., [71]), providing very good results.

GAs have also been applied to specific satellite scheduling problems, for scheduling the

downlink from the satellite to a ground station, given the visibility intervals and the pos-

sible ground stations on Earth [51] [50]. Note that the structure used to represent the

different solutions in GAs, the chromosome, is intrinsically suitable to the representation

of our problem in form of a binary vector. Another important property of GAs is that

genetic operators, crossover and mutation, allow for a good exploration of the solution

space by generating new solutions combining the current ones or slightly modifying a

small number of variables of them. In general, the mutation operator randomly modifies

one or more of the components xi of the solution vector x to a certain extent, in the case

of a binary solution vector it simply changes the value of xi from 0 to 1 or from 1 to 0.

In our case this results in adding the related segment si to the schedule we are building,

or removing si from it, respectively. The crossover operator instead produces new solu-

tions taking in input pairs of solution vectors of the previous iteration. It subdivides the

input solution vectors into two or more components in correspondence with the crossover

points. Considering to have one crossover point, two new solution vectors are generated.

The first solution is made by joining the first component of the first input solution vector

and the second component of the second input solution vector. The first component of

the second input solution vector and the second component of the first input solution

vector constitute the second new solution generated by crossover.

Since we formulated the acquisition segment selection as a multi-objective optimization

problem, a suitable algorithm to solve it is NSGA-II [66], which is one of the most effec-

tive multi-objective versions of GAs. The algorithm is initialized either with a randomly

generated or with a custom population of candidate schedules, modeled as binary vec-

tors. At iteration h, for each member of the current population Poph the values of all

the cost/objective functions are computed. The members of Poph are sorted following

the non-domination criterion based on the values of the considered quality metrics, as-

signing a rank to each member based on its non-domination front (or level). A further

metric controlling the density of the population members in the objective function space

(which is the crowding distance) is also computed for each candidate acquisition schedule

in Poph. The offsprings (new candidate schedules) Oh are created by selecting members

from Poph via binary tournament selection and using them as input to the crossover and
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mutation functions. The binary tournament selection is based on the rank (the lower, the

better) and in case two members with same rank are picked, the one with larger crowding

distance will be selected, to ensure that the final solutions of the optimization will be

well distributed along the Pareto front. Moreover, NSGA-II implements the concept of

elitism: indeed, in order to create Poph+1, the offsprings Oh are considered together with

the members of Poph. The members of Poph∪Oh are ranked following the non-domination

criterion, after the evaluation of the objective functions for the members of Oh. Poph+1

is created by picking the best |Poph| candidate schedules from Poph ∪Oh based on their

rank (non-domination level) and using the crowding distance as a tie-breaker to decide

between candidate solutions with the same rank.

However, given the dimension of the problem, NSGA-II would not be able to easily con-

verge to a good set of solutions close to the Pareto front, despite the potentialities given

by its features. Thus we need to modify the algorithm, implementing hybrid strategies to

improve the way in which we explore the solution space. A possible strategy is to modify

the way in which new candidate solutions are generated, implementing constraints inside

the evolutionary operators (crossover and mutation), so that only feasible solutions are

generated. In general, constraints can be represented in matricial representation as:

Cx < b, (3.5)

where C ∈ RM×N is the matrix that represents all the cost coefficients associated to each

variable of the solution vector x and each constraint that we need to apply (e.g., energy,

memory, time). The cost coefficient cj,i defined above represents the generic component

of the matrix C. The constraints that can be introduced in the scheduling process should

be carefully designed, depending on the characteristics of the mission, of the considered

instrument and of the acquisition environment. However, as an example of constraint that

could be useful in general we can use the segment metric m(si) that has been described

in the previous section, regarding the memory consumption. We can define the vector cj
(being cj a row of the matrix C) as:

cj,i = m(si), (3.6)

and formulate the constraint as:

N∑
i=1

cj,ixi < Mem, (3.7)

where Mem identifies the amount of storage memory that is available between two con-

secutive downlink windows and thus the amount of data that can be downlinked in a

specific downlink window. We can easily associate each segment si to the downlink win-

dow in which the datavolume generated between st(si) and et(si) (m(si)) is effectively
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transmitted to the ground station. Thus, given this association, the constraints on the

memory consumption can be defined for each downlink window and therefore considering

only the segments related to the specific downlink window. This allows to better control

the state of the memory storage on board the spacecraft throughout the whole considered

time frame. This formulation is inserted in the genetic operators, in order to check the

generated solutions and, if any constraint violation is detected, to correct the non-feasible

solutions changing the value of some of the associated variables from 0 to 1 or from 1 to

0, accordingly. This introduces a first limitation on the exploration of the solution space.

Another possibility to increase the efficiency of the exploration is to further modify the

mutation operator in order to perform a smarter exploration of the solution space. The

operator should modify the input solution vectors such that this modification is guided

towards solutions that are better from the point of view of the specified objectives.

This should be done by exploiting our knowledge of the problem and of the characteristics

of each segment si ∈ S. In particular, inspired by the local search strategy proposed in

[16], by maintaining the randomness of the GA, a higher weight (and therefore a higher

probability to be selected) can be given to the variables/segments that improve the con-

sidered solution/schedule if added or removed from it. Based on the metrics that can

be extracted for each acquisition segment, further metrics can be calculated based on

the scenario represented by the input solution vector. More in detail, we can identify 3

possible actions:

• Adding segments to the schedule;

• Removing segments from the schedule;

• Replacing a segment in the schedule (a mixture of the previous two actions).

For modeling this last case it is useful to define two additional sets of segments:

• Sin = {si ∈ S : xi = 1}, which is the set of segments included in the input sched-

ule/solution vector;

• Sout = {si ∈ S : xi = 0}, which is the set of segments not included in the input

schedule.

Initially the action to be performed is randomly selected. Given the action to perform,

one should focus on either Sin (for the removal action) or on Sout (for the addition action)

and compute metrics that guide the search towards better solutions. These metrics are

then used in order to implement a roulette wheel selection mechanism, to decide which

segments should be added, removed or substituted to improve the characteristics of the

input observation schedule. For example, in our case we can extract the information
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regarding the area a(si) covered by each acquisition segment. Considering an acquisition

schedule modeled as the binary vector x as input to the modified mutation operator, if

the selected action is to add a segment to the schedule, the goal can be to increase the

total surface covered by the segments si ∈ Sin. We can define A as the total surface that

has to be covered and As as the surface covered by the current solution:

As =
⋃
i

{a(si) : si ∈ Sin}. (3.8)

We can therefore define for each sj ∈ Sout a metric of ”surface improvement” as follows:

t(sj) = a(sj) ∩ (A− As),∀sj ∈ Sout. (3.9)

The higher the value of t(sj), the higher the probability of sj to be included in the

output schedule. The values of t(sj) are calculated for each of the segments in Sout and

then used to pick the segments to be added to the output acquisition schedule. A similar

situation happens if the selected action is to remove segments from the input schedule: in

this case the goal might be to reduce the overlapping between all the a(si) with si ∈ Sin.

For this case we can therefore define the total overlap area Ao as:

Ao =
⋃
i,j

{a(si) ∩ a(sj) : i 6= j, si, sj ∈ Sin}. (3.10)

We can therefore define for each si ∈ Sin a metric of ”overlap reduction” as follows:

r(si) = a(si) ∩ Ao,∀si ∈ Sin. (3.11)

Again, the higher the value of r(si), the higher the probability of si to be excluded from

the output schedule. The values of r(si) are calculated for each of the segments in Sin and

used to pick the segments to be removed from the output acquisition schedule. Further

details on how this modified mutation operator is used and on the metrics that have been

exploited are given in Section 3.3.

3.3 Experimental Results

For the validation of the proposed approach we considered the planning and scheduling

of the acquisitions of a planetary radar sounder, analyzing a real case. We used as test

case the operations of the radar sounder RIME [64] [58] onboard the JUICE mission [1].

The JUICE mission, which includes 11 instruments in its scientific payload, is aimed to

study the Jovian System. Its main objectives are the analysis of the Icy Moons of Jupiter:

Ganymede, Europa and Callisto.
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Figure 3.4: Scheme representing the concept of influence area for radar sounder acquisition

opportunities. The area ”covered” by each identified continuous observation opportunity (si) is

here represented as a dense set of points. This representation helps simplifying the calculation

of the total area covered by all the scheduled observation opportunities inserted in a given data

acquisition schedule.

3.3.1 Test Case Considered: RIME and the GCO-500 phase

In our experiments we considered the GCO-500 phase of the mission. During this phase

the JUICE spacecraft will be in a nearly polar circular orbit around Ganymede at 500

Km altitude (the real altitude ranges from 470 to 530 Km). This part of the mission will

last 130 days. The acquisitions of RIME are constrained by an important environmental

factor. Indeed, Jupiter is a source of radio emissions, which can strongly interfere with the

acquisitions and reduce the SNR of the acquired data, thus damaging their information

content. For this reason, the acquisitions of RIME should be performed when the JUICE

spacecraft is occulted by Ganymede with respect to Jupiter. Moreover, Ganymede is in

tidal locking with Jupiter, meaning that its rotation period and its revolution period are

almost the same. Thus, Ganymede always has the same side directed towards Jupiter.

These conditions reduce the analysis to about a 30% of Ganymede’s surface, which is still

large.

The analysis of the RIME observation operations has been carried out using the proposed

approach. The main requirements for the solution of this problem are:

• To achieve uniform coverage of the surface of Ganymede in the investigated area;

• To select segments of acquisition tracks spaced among each other of about 50km.

A further guideline to take into account is to try to limit bursts of resources consumption,

which may limit the acquisitions performed by the other instruments. Thus, an additional

variable that has been considered in the definition of the scheduling is the daily duration

of the acquisitions, with the objective to obtain an almost uniform distribution of this

time in the full orbital phase.
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Regarding the uniformity in space of data acquisitions, this requirement can be con-

sidered by slightly modify the concept of the area a(si) covered by the segment si, since

the instrument does not produce an image of the surface but rather a tomography of the

subsurface. a(si) can be obtained by enclosing each of the ground tracks related to the

acquisition segments si in areas that have the same length of the ground tracks and a

width equal to the desired distance between tracks. For the radar sounder case, a(si) is

therefore called influence area, and the concept is depicted in Figure 3.4. Thus, using

this formulation, we can express the uniformity requirement as a surface ”coverage” re-

quirement, similarly to what one can do for other imaging systems, for which a(si) can

be defined in a more straightforward way considering their imaging capabilities.

3.3.2 Set-up of experiments

The first phase (segmentation) starts by taking as an input the trajectory that the space-

craft will perform during its orbit around Ganymede and the time span of the GCO-500

phase as our Φ. As explained in Section 3.2, the trajectories are defined in a set of kernel

files (those of the JUICE mission can be found at [72]) that contain the state vector (made

of position and speed) of the satellite in time. For what concerns the JUICE mission,

these files are defined by the Operation Center of ESA (ESOC) based on the Consolidated

Reports on Mission Analysis (CReMA). We consider the file reported in [73]. The input

time interval Φ goes through the assessment of all the feasible observation opportunities:

all the time intervals in which the acquisitions with RIME are not feasible are removed.

These intervals correspond to instants in which the JUICE spacecraft is not shadowed

from Jupiter by Ganymede and thus acquisitions might be affected by the interference

produced by the Jovian electromagnetic noise. Moreover, the intervals related to the

downlink windows (the information about them is also contained in one of the kernel

files mentioned above) are removed. In these intervals the ground segment (situated in

Malargüe) is in line-of-sight with the satellite and therefore the resources of the satellite

are dedicated to the transmission of the data. No acquisition is possible during these

time windows. After the assessment of all the practical observation opportunities we

have a set Φf of time intervals in which the acquisition with RIME are feasible. Accord-

ingly, we identify the related positions on Ganymede’s surface, obtaining the possible long

acquisition tracks.

Considering the set of high-interest targets provided by the RIME Science Working

Team (SWT) on the analyzed area and subdividing the remaining surface in 10 latitude

bands (as shown in Figure 3.2), we could split the acquisition tracks and the related time

intervals, thus obtaining the set S of segments to use in the next phase. We also defined

a set of uniformly distributed points P = {p1, p2, . . . , pM} on the area over which acquisi-
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tions are feasible, which represent a quantization of the surface. Indeed, exploiting P , we

can simplify the calculation of the covered surface, keeping also track of the coordinates

of the points that are covered by each acquisition segment and of those that are not.

We similarly defined a set Pt ⊂ P that identifies the points on the surface included in

the high-relevance areas. After the segmentation phase, we obtained a set S with more

than 5000 segments. For each of them we generated the influence areas a(si) (whose

width has been set at 50 km) and extracted data such as the number of points covered

by each influence area {pk ∈ a(si)}, the duration (time(si)) of the acquisition and the

day day(si) in which the acquisition defined by each segment should be executed. We

assumed that the acquisitions performed by RIME during the GCO-500 phase have a

constant generated datarate (DR) and a constant power consumption (Pacq). Thus we

have m(si) = DR · time(si) and e(si) = Pacq · time(si). Therefore, we can easily analyze

the resource consumption through the evaluation of the acquisition time.

We applied the proposed approach by using the NSGA-II algorithm. We expressed the

quality metrics in terms of cost, i.e., better solutions correspond to smaller values of

the metrics. Accordingly, the global metrics used for the evaluation of the solutions are

defined as follows:

• unif(x): the tracks distribution uniformity, expressed as the percentage of points

of the set P that are not covered one and only one time. We can formalize it as

follows:

unif(x) =
|P | − L
|P |

, (3.12a)

where:

L =

|P |∑
j=1

hj, (3.12b)

hj =

1, if
∑N

i=1 kj,ixi = 1

0, otherwise
, (3.12c)

kj,i =

1, if pj ∈ a(si)

0, otherwise
(3.12d)

with pj ∈ P ;

• unift(x): the tracks distribution uniformity on areas of higher interest, expressed

in a similar way as the previous metric, but focusing on the set Pt. We define it as
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follows:

unift(x) =
|Pt| −Q
|Pt|

, (3.13a)

where:

Q =

|Pt|∑
l=1

vl, (3.13b)

vl =

1, if
∑N

i=1wl,ixi = 1

0, otherwise
, (3.13c)

wl,i =

1, if pl ∈ a(si)

0, otherwise
(3.13d)

with pl ∈ Pt;

• σ(x): the uniformity in time of the acquisitions. This parameter allows to distribute

the acquisitions as evenly as possible on different days. It is possible to define it as

follows:

σ(x) = std[D(x)] =

√√√√ 1

Ndays − 1

Ndays∑
d=1

[datd(x)− µ(x))2], (3.14a)

where:

D(x) = {dat1(x), dat2(x), ..., datNdays
(x)}, (3.14b)

datd(x) =
N∑
i=1

gd,itime(si), (3.14c)

gd,i =

1, if xi = 1 and day(si) = d

0, otherwise
(3.14d)

µ(x) =
1

Ndays

Ndays∑
d=1

datd(x); (3.14e)

with Ndays being the total number of days.

The requirement on the intersection points between the acquisition tracks was not used

in these tests because the considered orbit and the related acquisition tracks present very

few intersection points.
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3.3.3 Results

We carried out different tests by considering different configurations for the selection stage.

For the first tests we implemented the constraints in the proposed solution generation

operators, mutation and crossover. Thus, no unfeasible solutions are explicitly evaluated,

limiting the search space as explained in Section 3.2. By associating each segment to one

of the latitude bands or to one of the higher-interest areas (the cells of the grid used to

segment the acquisition opportunities), we defined a set of constraints on the number of

segments for each of these areas, so that the uniformity requirement can be more easily

achieved:
N∑
i=1

cj,ixi ≤ bj (3.15)

where xi is the i-th component of the binary solution vector x (as shown in figure 3.3),

cj,i = {0, 1} is in this case the weight associated to the i-th segment and the j-th constraint,

while bj expresses the value of the upper bound in terms of number of chosen segments

per area.

For the successive tests, we implemented the modified mutation operator (the guided

mutation), without introducing the constraints defined before. The metrics used to guide

the generation of new schedules/solutions are the ones described in Section 3.2.2, i.e.,

t(si) and r(si).

Figures 3.5, 3.6 and 3.7 show some examples of the results of the tests obtained with the

2 described configurations. The circular area in Figures 3.5a) and 3.6a) is the one that we

considered for our analysis. The white edges identify both the high-interest areas on the

investigated area on Ganymede and the other portions of the surface considered during the

segmentation phase. The different colors show an example for a specific solution, for both

test configurations, of how well and how uniformly the considered portion of surface is

covered. Figures 3.5b) and 3.6b) show instead the results in terms of daily acquisition time,

while Figures 3.5c) and 3.6c) summarize the characteristics of the considered solutions.

Both test configurations considered a population size (the number of different solutions

evaluated at each iteration) of 100 elements. They took about 3.5 days to reach 50000

generations on a single computing cluster node (24 cores running at 2.4 GHz, 96 GB of

RAM). The solutions displayed in Figs. 3.5 and 3.6 obtain very good scores especially in

terms of spatial uniformity of the selected segments. Indeed, this is evident both from

the graphical representation and from the solution feature summary: for the constrained

optimization result we obtain a total coverage of 94.41% of the total investigated area with

just a 4.85% of ”overcovered” surface. These metrics are even slightly better for the result

of the optimization implementing the modified mutation operator: 94.7% coverage of the

considered surface with 4.65% of overcovered surface. Very similar percentages of coverage



Experimental Results 57

Figure 3.5: Example of a solution of the multiobjective optimization achieved implementing the

constraints on the number of segments to be active for each cell. This solution is the best in

terms of spatial uniformity of the selected acquisition segments (GCO-500 case). In green, the

points that are covered by one and only one of the influence areas of the selected segments. In

blue, the points that are covered more than once. In red the points that are not covered.
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Figure 3.6: Example of a solution of the multiobjective optimization achieved implementing

the proposed mutation. This solution is the best in terms of spatial uniformity of the selected

acquisition segments (GCO-500 case). In green, the points that are covered by one and only one

of the influence areas of the selected segments. In blue, the points that are covered more than

once. In red the points that are not covered.
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Figure 3.7: Comparison of the 2 sets of solutions obtained after the selection phase with the

implementation of the constraints on the number of segments per cell (in yellow) and with the

guided mutation (in red). Here one can see how the different solutions are distributed, consid-

ering the 2 most important objectives of the experiment: unif(X) and σ(X). The solutions

obtained with the second method are in general better as they dominate the solutions obtained

with the first method

have been obtained for what concerns the high-relevance areas. Interpreting these results

in terms of spatial distribution, they mean that on more than 90% of the analyzed surface

we obtained the correct distribution of the ground tracks with the required distance.

On the remaining portion of the surface, the selected tracks were either slightly too far

(causing lack of coverage) or too near (causing the overlap of the considered influence

areas and therefore overcoverage) from each other. Moreover, it is possible to see from

Figs. 3.5a) and 3.6a) that these conditions are not concentrated in a particular region,

but they associated with very small regions, distributed on the investigated area. This

emphasizes the fact that the obtained results involve only a small irregularity in the spatial

distribution of the selected segments, which is mostly due to the slight difference in the

inclination of the available acquisition tracks.

The analysis of the daily acquisition time profiles for the 2 considered solutions also shows

that the modified mutation was able to distribute the acquisition time more evenly, but

both the analyzed solutions have obtained good and very similar values in terms of daily

acquisition time standard deviation. These results should be interpreted considering the

different daily constraints on the acquisition time in the time frame we are analyzing,

which depends on the satellite orbit characteristics.

Examples of Pareto fronts (i.e., the non dominated solutions of the multi-objective op-
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timization) obtained with the two different optimization set-ups are reported in Fig.3.7.

These show the obtained solutions in terms of two of the considered objectives, i.e.,

unif(x) and σ(x). Part of these solutions do not show satisfactory results for the ana-

lyzed test case. In particular, this is the case of the ones on the right side of the 2 fronts.

Nonetheless, the 2 sets of obtained solutions demonstrate that using a multi-objective

technique, we can find a good number of candidate acquisition schedules related to multi-

ple different optimal tradeoffs between the specified quality metrics describing the whole

acquisition campaign. Moreover, the representation of the two Pareto fronts shows that

the one obtained with the proposed guided mutation method is better than the one re-

sulting from the configuration in which we explicitly implemented the constraints on the

number of acquisition segments to be selected for each macrocell. Indeed all the solutions

of the first front dominate the ones of the second front. This shows the efficiency of the

proposed mutation operator for the exploration of the solution space and its potentiality

in finding very good solutions for a large-dimensional problem.

3.4 Conclusions

In this chapter we have presented an approach to the automation of the planning and

scheduling process for planetary exploration missions. In particular, we have considered

the study of the acquisition operations of a single instrument included in the scientific

payload of a mission. We have defined and presented an approach based on 2 main steps:

the segmentation and the selection, showing its application to the particular case of radar

sounder observations.

For the segmentation phase we defined a way to subdivide the long available acqui-

sition time intervals into shorter segments based on a spatial criterion that allows the

ground tracks not to be split over high-relevance targets. The resulting schedules are

then produced in the selection phase, in which an optimized subset of the previously

defined acquisition segment set is derived by using metrics that express the quality of

the related acquisition schedule. For the selection phase, we considered two different

configurations that use NSGAII-based multi-objective optimization techniques. The first

configuration exploits the mission-specific and user defined constraints to limit the oth-

erwise very large search space. The second configuration, instead, implements a modified

mutation operator, which performs a local search to more efficiently guide the exploration

of the solution space towards high-quality solutions. We analyzed the proposed approach

by considering its application to the real study case of the planetary radar sounder RIME

on the JUICE mission.

The obtained experimental results are very promising and show the potentialities of the
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proposed approach. From the achieved results we can conclude that both configurations

can produce high quality solutions. With the first configuration, in fact, it was possible

to efficiently limit the search space, avoiding non-satisfactory solutions. With the second

one, instead, we could reach a set of solutions that dominates the one obtained with

the first configuration, and therefore represents a collection of better tradeoffs of the

considered objectives. This was obtained considering the same number of iterations and

almost the same computational time. The results also show the importance of using

a multi-objective technique, when multiple conflicting objectives are analyzed. Thus,

the presented approach represents a good tool to produce optimized schedules for each

instrument composing the scientific payload of a planetary exploration mission. Results

like the ones presented allow us to further study and apply this approach also in the

multi-instrument planning scenario. Of course some modifications are required in order

to properly take into account a given number of instruments simultaneously. As shown

in Chapter 4 though, many of the concepts and methods developed and shown in this

chapter can be easily adapted for the simultaneous acquisition scheduling of multiple

science payload instruments with just slight changes in their definition or in their specific

application.
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Chapter 4

A Novel Method based on Nested

Optimization for the Simultaneous

Scheduling of Multiple Instruments

Acquisitions in Planetary

Exploration Missions

This Chapter presents a novel method for the simultaneous scheduling of the observations

to be performed by multiple instruments in a Planetary Exploration mission. The schedul-

ing problem is here modeled as a nested/bilevel optimization problem. At the lower level

the optimized observation schedule for each sensor is individually produced and evaluated,

following the structure described in Chapter 3 and trying to maximize ad-hoc observation

quality metrics. At the upper level the harmonization of the individual sensor schedules

takes place, considering all the mission- and resource-related constraints and guiding the

lower level instances toward a unique, feasible schedule. The final acquisition plan is pro-

duced by using Particle Swarm Optimization (PSO) at the upper level, trying to maximize

a metric representing the overall quality for the mission over the specified time horizon.

The approach is demonstrated on the operations of a set of instruments onboard JUpiter

ICy moons Explorer (JUICE). The obtained results show the potential of the proposed

methodology.
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4.1 Introduction

In the previous chapters we have emphasized the importance of planetary remote sens-

ing. Indeed, thanks to the different remote sensing instruments that usually compose the

science payload, PE missions are able to analyze different important characteristics of the

considered celestial body, e.g., the composition of the atmosphere, the surface properties

and the structure of the subsurface. This diversity in the mission objectives and in the

capabilities and limitations of the on-board sensors underlines the importance and the

complexity of managing each experiment. As observed in Chapter 3, this complexity

deeply affects the handling of the strategies and plans for the data acquisition by each

instrument. Thus, the definition of the observation schedules of these sensors should con-

sider a variety of constraints, requirements and objectives, at different levels. Limitations

and objectives related specifically to the single instruments can include conditions caused

by specific environmental features, which impede the observations (as for example in the

case of the operations of RIME, illustrated in Chapter 3), as well as the requirements on

the way acquisitions should be performed in order to achieve the specific science goals.

Similar indications are also defined regarding the mission in general, from the high-level

science objective to the limitations imposed for example by the availability of resources

such as energy, memory and acquisition time. Moreover, in the previous chapters we

have underlined the importance of the management of the resources on board the space-

craft and how their limited availability also can considerably contribute in limiting the

total acquisition opportunities for each instrument. Therefore, given these limitations,

the observation opportunities that can be effectively exploited by each sensor are signif-

icantly bounded and considerable effort should be made in order to make it possible for

each instrument to meet its associated requirements without penalizing the acquisitions

by other sensors. Consequently, as observed in the previous Chapters, one of the most

critical phases of the mission design is the analysis, the planning and the scheduling of

the operations of the science payload. The planning and scheduling task must take into

account all the constraints and the requirements discussed above to generate a feasible

general acquisition plan over the considered time horizon, which allows each instrument

to achieve their objectives and does not violate any general or instrument related con-

straint. The choice of the observation opportunities to exploit for each sensor on board

the mission has to be based on a set of specific measures representing the quality of the

data collection operations performed in each specific time window and over the whole con-

sidered time frame. As mentioned in Chapter 1 the planning and scheduling procedure

for Planetary Exploration missions is a long iterative and complex process. At each iter-

ation the level of detail of the planning is increased thanks to the inputs provided by the
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teams developing each instrument to a mission planning team. This long process requires

a high percentage of human involvement, even if some methodologies (described in detail

in Chapter 1) are available to support the observation schedule generation. However,

these methodologies have limited capabilities with respect to the automatic generation of

observation schedules. Automatic methods for the planning and scheduling process have

been extensively studied in the context of Earth Observation missions. However these

missions, as shown in Chapter 1, differ considerably from PE missions in terms of type

and entity of constraints and dimension of the problem.

In this chapter we present an approach to the simultaneous automatic observation plan-

ning and scheduling for multiple sensors, based on a hybrid nested bilevel optimization

structure, to be used in complex planetary missions. The goal of the proposed approach

is twofold: a) to provide a framework being able to consider the acquisition operations

of more than one sensor simultaneously, and b) to automatize and speed up the usually

time-consuming observation scheduling process for planetary missions. This objective is

pursued by generating nearly-optimal schedules for each instrument, which are then com-

bined in a total acquisition plan considering the characteristics and limitations of each

examined instrument and the mission features and constraints. The proposed technique

consists of two main stages, i.e. the segmentation and the schedule optimization and

harmonization stages, during which all feasible acquisition intervals (with respect to the

considered instruments capabilities) are determined, analyzed and evaluated to generate

the observation sequence for the examined sensors over the input time horizon. The

segmentation splits the input time horizon into well-defined shorter acquisition intervals,

following a time-based or a target-based criterion (namely, the start- and end-time of

the interval are determined as the window in which the whole considered target is vis-

ible). In the schedule optimization and harmonization phase, a hybrid GA-PSO nested

optimization engine is employed to complete 2 tasks. At the lower level a GA-based op-

timizer explores the space of the solutions related to the combinations of the acquisition

segments associated to each instrument to find the observation schedule with the best pos-

sible instrument-specific quality metric value and science requirement compliance. At the

upper level, instead, the schedules produced for each instrument are combined in a single

global acquisition schedule and evaluated. Here a PSO-based engine has the objective of

iteratively guiding the search performed at the lower level assigning weights to the acquisi-

tion segments associated to each sensor, to avoid any possible violation of mission-related

constraints and thus enhance the global schedule acquisition quality. Thus, the output

of this technique is a unique acquisition plan over the considered time horizon, which is

optimized with respect to the combination of all instrument-specific quality metrics and

is ensured to be feasible with respect to any local (instrument-related) or global (usu-
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ally resource-related) constraint. To study and validate our approach, we analyzed the

real case of the operations planning and scheduling for the JUpiter Icy Moons Explorer

(JUICE) mission of the European Space Agency (ESA), which is focused on the analysis

of the Jovian System and of Jupiter’s Icy Moons. In detail, we focused our attention on

the observations of 4 sensors composing the science payload of this mission:

• the radar sounder RIME (Radar for Icy Moons Exploration);

• the laser altimeter GALA (GAnymede Laser Altimeter);

• the visible camera JANUS (Jovis, Amorum ac Natorum Undique Scrutator);

• the visible and near infrared imaging spectrometer MAJIS (Moons And Jupiter

Imaging Spectrometer);

This chapter is structured as follows. Section 4.2 illustrates the proposed methodology

with particular attention to the modeling of the P&S problem as a bilevel optimization

problem. Section 4.3 presents the application of the proposed methodology to the 4

instruments of the JUICE mission, the experimental setup, the specific choices in terms

of constraints and objective functions and the obtained results. Finally, Section 3.4 draws

the conclusions of this chapter.

4.2 Proposed Methodology

The methodology that we propose to automate the simultaneous planning and schedul-

ing process for multiple sensors is an extension of the one presented in Chapter 3. A

schematization of it is shown in Figure 4.1. Also this method includes the segmenta-

tion phase, which is performed for each considered sensor. It takes as input the sets

Φf,j ⊂ Φ with j = 1, ..., I where I is the total number of considered instruments. The sets

Φf,j include all the time intervals φf,ji ∈ Φf,j in which the data acquisition with the j-th

instrument is feasible. The segmentation phase then splits them into shorter segments,

following a user-defined criterion that can be different for each sensor, and like for the

previously described approach it extracts a series of meaningful metrics characterizing

each of the acquisition segments. The significant difference with respect to the proposed

single-instrument P&S system lies in how the final schedules are constructed. This is the

task of the schedule optimization and harmonization block, as depicted in Figure

4.1. Here, the segment-related data are still exploited to define the indicators representing

the acquisition quality for each instrument. The actual segment selection for each instru-

ment, though, is not only based and optimized with respect to its own quality measures.

It is rather adapted to the characteristics of other instruments’ schedules, in an effort



Proposed Methodology 67

Figure 4.1: Blockscheme for the proposed multi-instrument planning and scheduling methodol-

ogy. Φ represents the total time horizon over which the planning and scheduling task should

be completed (i.e., a particular phase of the considered mission). Φf,j ⊂ Φ is the set of time

intervals φf,ji ∈ Φf,j in which the data acquisition with the j-th instrument is feasible. Sj is

the result of the subdivision of Φf,j in shorter time segments sji ∈ Sj which are easier to handle

and analyze. Finally, S∗,hj ⊂ Sj represents a subset of Sj , which is optimal with respect to the

instrument specific quality metrics and most importantly harmonized with the optimal subsets

related to all other considered sensors. The union of all these subsets constitutes an optimal

global acquisition schedule, feasible with respect to all mission constraints.

to obtain the best possible acquisition schedules for each sensor, in terms of quality and

requirement compliance, which combined in a global observation plan do not violate any

mission-related constraint.

4.2.1 Segmentation

As in the proposed single-instrument P&S methodology presented in Chapter 3, the seg-

mentation plays a fundamental role, as it allows to univocally define and characterize all

the available acquisition opportunities for any given sensor. For each of the examined

sensors it works exactly in the same way as it was presented in Chapter 3 (Section 3.2.1),

but for sake of completeness in the definition of the total methodology, here we provide

its synthesized description. This phase starts by considering the total time horizon Φ,

over which we want to schedule the acquisitions by the analyzed instruments. The system
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also needs the information regarding the trajectory that the considered spacecraft will

travel during the specified time horizon and thus its position in time with respect to the

celestial body to explore. As previously reported, this information is usually defined via

specific files (kernels) with a standard format indicating the state vector (position and

speed) of the satellite at any instant. As we anticipated, these files can be handled thanks

to specific function libraries. These interfaces allow to identify time intervals in which

particular conditions in the operating environment that make observations not feasible are

verified and filter them out. This process produces, for each considered instrument, the

set Φf,j of time intervals in which the observations by the j-th instrument (j = 1, 2, ..., I,

where I is the total number of considered sensors) are feasible.

We now need to determine the observable portion of the analyzed celestial body for each

interval φf,ji ∈ Φf,j associated to the j-th sensor. As we showed for the case of RIME in

the previous Chapter, this is possible by simply projecting the field of view of the consid-

ered sensor or the position of the spacecraft on the surface of the target body along the

sensor’s pointing direction, depending on the instrument characteristics. After that, the

usually long time intervals φf,ji and the related ground tracks are subdivided into shorter

acquisition segments si,j for the j-th instrument, which represent time intervals in which

an uninterrupted data acquisition can take place. The criteria for the subdivision can be

temporal, in order to obtain acquisitions with uniform duration, or spatial, in order to

take into account specific target regions. The spatial segmentation can be performed for

each instrument since we have determined for each available time interval the portion of

the celestial body that the instrument can observe. It is executed by using a particular

mapping of the analyzed celestial body surface that we call a segmentation grid. Each

cell of this grid represents a particular region of the surface and the previously defined

long ground tracks are split at the edges of them. Thus, the start- and end-time of each

acquisition segment associated to a given instrument are defined as the instants in which

the portion of the surface observable by the examined sensor crosses the border of a cell.

Thus, the segmentation stage produces for each instrument a set of acquisition segments

Sj = {s1,j, s2,j, ...sNj ,j}, where Nj is the total number of resulting segments for the j-th

sensor. The definition of a segment is completed by a set of descriptive metrics. Among

them the most general and important for the generation of observation are the following

(as specified in Chapter 3):

• st(si,j) and et(si,j): the start and the end time of the acquisition defined by segment

si,j;

• time(si,j) = et(si,j)− st(si,j): the temporal duration of the acquisition segment si,j;

• a(si): the portion of surface covered by segment si,j, obtained by merging the pro-
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jection of the j-th instrument field of view on the surface in correspondence of the

spatial coordinates covered between the instants st(si,j) and et(si,j);

• e(si,j) and m(si,j): the energy and the memory consumption associated to the acqui-

sition operation of segment si,j by the j-th sensor, respectively. They are determined

based on the j-th instrument energy and memory consumption rates.

Additional measures, if needed, could then be specifically extracted for the considered

instrument, to further characterize the quality of the observation defined by segment si,j.

4.2.2 Global Schedule Optimization and Harmonization

All the sets of acquisition segments Sj, with j = 1, 2, ..., I, are fed to the schedule opti-

mization and harmonization block, as shown in Figure 4.1. The purpose of this block is

that of actually generating the observation schedules with the best possible global obser-

vation quality and harmonize these acquisition plans, so that the combination of them in

the total observation schedule is feasible with respect to any mission-related constraint.

This task is broken down into its 2 main processes and goals, namely, the management

and the optimization of the observations at the instrument level (lower level) and at

the global level (upper level). However, the 2 levels are strictly interconnected and they

both work iteratively, with each level refining its results in time based on the outputs

of the other. More in detail, at the instrument level a full acquisition schedule for each

considered instrument is produced for each iteration of the global level task. During each

iteration of the global level, the combination of the schedules produced at the instrument

level is evaluated and a set of metrics is generated in order to guide the task at the in-

strument level at the next generation.

As briefly anticipated, one of the objectives pursued at the global level is that of pro-

viding a guidance to the optimized segment selection processes of the instrument level.

This guidance is coded in the wj variables, which represent a set of weights wi,j that have

to be assigned to each segment si,j (or to specific groups of segments) associated to the

j-th sensor. Their purpose is that of modifying the search space of the instrument level

optimized segment selection instances, by facilitating the selection of some acquisition

segments and penalizing that of other acquisition segments. The value of the weights

wi,j (wi,j ∈ [0; 1]) to be assigned to the acquisition segments has to be decided with the

objectives of: i) avoiding any mission-related constraint violation and ii) optimizing the

global quality of the total acquisition schedule, obtained as a combination of the individ-

ual instrument observation plans.

The purpose of the instrument level, instead, is that of producing observation schedules
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Figure 4.2: Detailed scheme of the Global Schedule Optimization and Harmonization stage of

the proposed approach. This stage is modeled as a bilevel optimization instance, where the

upper block (the schedule harmonization) represents the upper level of the problem, while the

selection blocks in the lower part express the schedule generation processes for each instrument

and constitute the lower level of the P&S problem.

for each instrument individually, based on the metrics expressing the quality of the ac-

quisition for the considered instrument, opportunely modified to include the information

coded in the weights wj coming from the global level. Thus the procedure of the instru-

ment level is very similar to the selection phase of the method described in Chapter 3

(Section 3.2.2). Again, it is possible to express a candidate schedule for the j-th instru-

ment as a binary vector xj (xj = {x1,j, x2,j, ..., xNj ,j}), with Nj being the total number

of acquisition segments determined for the j-th instrument. Every position i identifies

one of the acquisition segments si,j determined for the j-th instrument, and the value

xi,j (xi,j ∈ {0, 1}) expresses if the acquisition defined by segment si,j is inserted in the

schedule (1) or not (0). As illustrated in Figure 4.2, the objective at the instrument level

is that of selecting the subset S
∗,wj

j of segments that achieves the best possible value

of the instrument-specific acquisition quality metric, which can be defined based on the

segment metrics. This selection is performed given the guidance provided by the global

level block, which is coded in the wj variable. At this level the model of the problem

for each instrument slightly differs from the one we used in the previous chapter, even

if it is still a hard combinatorial problem. This is due to the fact that mission-related
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constraints are not explicitly expressed at the instrument level, even if they are implicitly

considered anyway thanks to the wj variables. However, it can still be modeled as a

Multi-dimensional Knapsack Problem (MKP), so that further constraints related to the

instrument characteristics, which cannot be solved with the first filtering performed at

the segmentation stage, can still be implemented to limit the search at the instrument

level. In this case we employ a single-objective optimization strategy. In Chapter 3 we

have underlined the benefits of using a multi-objective optimization approach when deal-

ing with the observations by a single instrument. One of them is it can provide a wide

set of observation schedules representing optimal trade-offs of the considered objective

measures, among which a decision maker can choose. In this approach, though, only one

optimal solution for each instrument is required to be used as input to the global level

block. The main reason is that here multiple instruments are considered simultaneously

and individual schedules can therefore be automatically adapted with respect to those

associated to other instruments.

The two levels implicitly share the same variables. Indeed, at the instrument level the

weights wi,j produced at the global level directly influence the segment selection task for

each sensor. At the global level, instead, the choice of the weights values strictly depends

on the joint evaluation of the optimal schedules based on the sets S
∗,wj

j for each sen-

sor, obtained with the segment selection process at the instrument level. This complex

structure can therefore be modeled as a particular bilevel optimization problem, since

the goals and the procedures of the two levels described above cannot be simply tackled

individually, but they are clearly deeply dependent and entangled with each other and

they have a hierarchical relationship.

Bilevel optimization problems [74] are characterized by two levels of optimization pro-

cesses related by an intrinsic hierarchy, such that one level can be nested within the

other. The outer optimization problem is often referred to as the upper level and the

inner one as the lower level. At the same way, as anticipated, we can consider the global

level as the upper level of our bilevel problem and the instrument level as the lower level.

Following the general expression of a bilevel optimization problem, let us formalize the

Global Schedule Optimization and Harmonization task as follows:

max
x1,...,xI ,w1,...,wI

{F (x1, ...,xI ,w1, ...,wI)}; (4.1)

with F (x1, ...,xI ,w1, ...,wI) =
1

I

I∑
j=1

fj(xj,wj), given wi,j = 1 ∀i = 1, ..., Nj,∀j = 1, 2, ..., I;

(4.2)
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subject to xj ∈ argmax
xj

{fj(xj,wj) :

Nj∑
i=1

ch,i,jxi,j ≤ bh,j, h = 1, ..., H},∀j = 1, 2, ..., I;

(4.3)

with fj(xj,wj) =

Nj∑
i=1

qi,jwi,jxi,j; (4.4)

I∑
j=1

Nj∑
i=1

gk,i,jxi,j ≤ bk with k = 1, ..., K, j = 1, 2, ..., I; (4.5)

xi,j ∈ {0, 1}, wi,j ∈ [0, 1]. (4.6)

where xj = {x1,j, x2,j, ..., xNj ,j} and wj = {w1,j, w2,j, ..., wNj ,j} represent vectors of the

decision variables described before and here they are the variables vectors associated the

lower level (instrument) problem and to the upper level (global), respectively, with Nj

being the total number of acquisition segments associated to the j-th instrument. More-

over, F (x1, ...,xI ,w1, ...,wI) represents the objective function for the upper level, which

is the overall acquisition quality function for the combination of all the schedules associ-

ated to each instrument j. Here we simply define it as the sum of the acquisition quality

metrics for each instrument. Indeed, it’s quite easy to determine the global quality of the

acquisitions, given the individual success of the observations by each sensor. Moreover,

the expression of the upper level objective function with all the weights wi,j = 1 means

that they are not explicitly used in the computation of the function. However, as we

stated earlier, they are needed in order to refine the choice of the variables x1, ...,xI .

The functions fj(xj,wj) are the objective functions for the lower level instead and they

can be generally expressed exactly as they were in Chapter 3 (Equation 3.2) adding the

dependency from the weights wi,j, with qi,j being a generic quality metric associated to

the segment si,j. The constraints for the upper level and for the lower level are expressed

again in the same way as we did in Chapter 3 (Equation 3.3). The constraints for the

upper level (Eq.4.5) are denoted by the cost coefficients gk,i,j (associated to segment si,j
and to the k-th constraint) and by the bound value bk associated to the k-th constraint,

with K being the total number of upper level constraints. Similarly, the constraints for

the lower level (Eq.4.3) are denoted by the cost coefficients ch,i,j (associated to segment

si,j and to the h-th constraint for instrument j) and by the bound value bh,j associated

to the h-th constraint for sensor j, with H being the total number of lower level con-

straints. The hierarchical relationship between the two levels is explicitly expressed: the

lower level optimization process is represented as a further constraint to the upper level

so as to limit the upper level problem to only consider variables xj that are optimized

with respect to the lower level requirements and to the assigned weights. These vectors

represent optimized observation schedules for the j-th instrument, in other words they
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express optimized subsets of the set Sj of the acquisition segments. Therefore they can

be expressed as S
∗,wj

j , as depicted in Figure 4.2.

Regarding the objective function considered at the upper (global) level, with a formu-

lation such as the one provided in Eq. 4.2 it would be very straightforward to indicate a

priority value, so that the observations by a given sensor could be facilitated with respect

to the ones of other instruments. However, a more important aspect to take into account

for the upper level is the management of the mission constraints (expressed in Eq.4.5),

such as the ones related to the resources exploitation. In Chapter 3 we have mentioned

how constraint compliance can be checked. Indeed again we can easily associate each coef-

ficient gk,i,j to one of the metrics that have been extracted for each acquisition segment si,j
(e.g., e(si,j) or e(si,j)). The coefficients bk can instead be associated to the upper bounds

of the resource consumption over a specified time window, for example. In Chapter 3 the

example of the constraint on the maximum data volume generated between 2 consecutive

downlink windows was presented. At the same way, we could define a constraint for the

energy consumption by the acquisitions included in the total observation schedule over a

given amount of time (e.g., one day ore one week) as follows:

I∑
j=1

Nj∑
i=1

e(si,j)xi,j ≤ En, j = 1, 2, ..., I; (4.7)

where En (specified a priori and dependent on the characteristics of the satellite power

supply unit) is the maximum available energy over the specified time interval. Once these

constraints, especially those related to energy and memory, have been checked, it’s impor-

tant to decide how to handle a possible constraint violation. As anticipated in Chapter

1, the technique described in [38] employs a penalty factor applied to the considered

objective function, which not only expresses if any constraint is violated, but also how

severe the violation is. The use of a penalty factor in the calculation of the objective

function is indeed an efficient way to handle particularly complex constraints, which are

not straightforward to be checked (i.e., they are not linearly related to the single design

variables, but to the particular combination of them). This approach is followed also in

the proposed methodology and implemented as follows.

We here consider the penalty factor as made of 3 components, related to 3 types of con-

straints, namely those related to available energy, available memory and inter-instrument

acquisition conflicts (i.e., if the acquisition performed by a given instrument makes it

impossible for another sensor to acquire data at the same time). For the first type of

constraint we can determine the energy penalty factor pene as the total time in which the

energy constraint is violated. Regarding the memory, we determine the memory penalty



74
A Novel Method based on Nested Optimization for the Simultaneous Scheduling of Multiple

Instruments Acquisitions in Planetary Exploration Missions

factor penm simply considering by how far the memory constraint is exceeded. Finally, for

the inter-instrumental conflicts we again determine the inter-instrumental penalty factor

peni as the total time in which the 2 or more instruments are scheduled to acquire data si-

multaneously. Thus we can formalize the total penalty factor as pen = pene+penm+peni

and accordingly modify the upper level objective function as follows:

F (x1, ...,xI ,w1, ...,wI) =
1

I

∑I
j=1 fj(xj,wj)

1 + pen(x1, ...,xI ,w1, ...,wI)
, (4.8)

with wi,j = 1 ∀i = 1, ..., Nj,∀j = 1, 2, ..., I; (4.9)

With such a formulation, any solution exceeding any type of constraint is strongly pe-

nalized, so that the search is efficiently guided towards solutions that comply with all

considered constraints.

Bilevel optimization models have been studied especially considering mathematical

optimization techniques and associated to problems with particular properties such as

continuity and linearity, which our problem does not possess. These conditions may lead

to quite easily approximate the problem to a single-level optimization problem, which

can then be tackled with the appropriate approaches. For a problem such as the one here

described, a possible way to follow is to use a nested methodology, because of its effective-

ness, using stochastic optimization techniques at both levels, given the large dimension

of both problems. Thus, as we anticipated, at each iteration of the upper level (global)

optimization process producing the weights wj associated to each instrument, the lower

level (instrument) optimization problems should be solved for the given set of weights.

Given the characteristics of the variables wi,j we need to manage at the upper level

(which are in general continuous values, even if their discretization could be easily con-

sidered), a suitable choice is to use a technique based on Particle Swarm (PSO) [27]. This

population-based algorithm is particularly efficient for problems with continuous-valued

variables, because of the way the search space is explored. Indeed each member (particle)

of the population (called swarm) has an associated position (the solution vector, where

each value identifies the value of the associated coordinate describing the solution space)

and velocity. The velocity determines the position in which the particle will find itself

at the successive iteration and therefore the next evaluated candidate solution (in our

case, the sets of weights wj). Moreover, each particle has a ”memory”, meaning that it

remembers the position (candidate solution) with the best value of the considered objec-

tive function, both among the ones the particle itself visited (personal best) and among

the ones visited by the whole swarm (global best). The velocity at each iteration is thus

influenced by the personal and the global best according to two parameters (acceleration
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coefficients), which determine if more relevance is given to the global or the personal best

for the considered particle in identifying the direction towards which the particle should

move. A further parameter (called inertia) is employed to avoid a premature convergence

of the algorithm, which terminates after a specified maximum number of iterations or if

no significant improvement to the considered objective function can be provided by the

positions evaluated in a given number of iterations.

In the upper level optimization problem we should ideally evaluate a single weight for

each acquisition segment associated to each considered sensor. This would significantly

complicate the problem, having to manage a very large number of continuous valued vari-

ables, namely N =
∑I

j=1Nj. For this reason, taking into account the characteristics of

the problem at hand, a possible solution to reduce the dimensionality of the problem is

to generate and evaluate, for each sensor, one weight value for a given group of segments.

The grouping of the segments could be based on time, for example we can have one weight

value associated to all the acquisition segments associated to one instrument taking place

in a given day or in a given week. This grouping reduces the flexibility of the system in

managing the acquisitions, but it also helps reducing the granularity and the complexity

of the problem.

Given the good results obtained by the proposed single-instrument planning method-

ology presented in the previous chapter, a suitable option to tackle the lower level op-

timization problem for each of the I considered sensors is to use a method exploiting

Genetic Algorithms (GAs). We have underlined how the representation of the obser-

vation schedules for each sensor problem in form of a binary vector (xj) is very useful

and naturally exploitable as a chromosome, the basic structure of GA, which is used to

encode the different solutions. Moreover, we have highlighted the capability of GAs of

efficently exploring the solution space. This is made possible by the genetic operators,

crossover and mutation. Their strength is to generate solutions at each iteration of the

genetic optimization process, by creating combinations of existent candidate solutions or

by slightly modifying the value of some of the variables contained in them. Considering

a binary solution vector like xj, the mutation randomly selects a number of variables of

the vector and inverts their value, from 1 to 0 or from 0 to 1 accordingly. Given the

meaning of xj, this modification results in either removing an acquisition segment, asso-

ciated to the modified xi,j variable, from the original observation schedule for the j-th

sensor, or in adding a segment to it, respectively. The purpose of the crossover is instead

to recombine the variables of two solution vectors, so that the offsprings created by this

operator contain part of the chromosome coming from one of the solution, while the other

is ”inherited” by the second input solution. Considering a simple one-point crossover,
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specifying the crossover point, the two original solution vectors are split in 2 parts in the

specified point, so that the first offspring vector is composed by the first part of the first

original solution vector and the second part of the second input solution vector, viceversa

for the second offspring. Also in this case, in order to aid the solution search performed

by the GA optimization engine, we modify the standard definition of the mutation. This

is done so that the probability of changing a given variable (adding or removing a seg-

ment in the analyzed schedule) is not uniformly distributed over all variables, but it’s

rather dependent on the knowledge of the problem and of the metrics extracted during

the segmentation stage for each segment si,j. This strategy, combined with the weights

wi,j specified at the upper level, is able to guide the solution search towards good qual-

ity solutions in a more efficient way. We remind that the segment selection using the

described single-objective GA-based method should be executed for each iteration of the

upper level optimization process. Thus, even if the nested optimization approach here

described could be considered efficient in producing high-quality and feasible schedules

with respect to all considered constraints, it still requires a huge amount of computational

resources and time. A suitable way to dramatically reduce the required computational

Figure 4.3: Scheme of the simplified version of the Global Schedule Optimization and Harmo-

nization stage. Here, a local search operator applied to the previously obtained optimal schedules

for each instrument substitutes the lower level GA-based optimization, which would otherwise

need to be entirely executed at each iteration and for each member of the population of the

upper level optimization process. This helps dramatically reducing the required computational

time.
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time is to modify the methodology used for the lower level. Namely, as shown in Figure

4.3, instead of performing an entire GA-based optimization process at each iteration and

for each population member of the upper level optimization, it can be run just once for

each instrument. This first segment selection for each sensor takes place without using the

weights, so that the outcomes S∗j ideally represent the best observation schedule given just

the instrument-specific acquisition quality metrics. We suppose that in a neighbourhood

of these optimal schedules (always represented as binary vectors), the instrument-specific

quality measure value does not vary significantly. The neighbourhood of an observation

schedule can be determined by performing the addition, the removal or the substitution

of a small number of segments. Indeed, since for each instrument we deal with a very

large number of acquisition opportunities, very long scheduling horizons and usually with

very large areas to be observed and covered, changes on a reduced number of segments

(which are brief observation intervals) with respect to a given observation schedule for a

given instrument just slightly change the total quality of the resulting acquisition sched-

ule. Thus, the optimal schedules S∗j are then used, at the lower level, as a starting point

for a local search technique influenced by the weights produced at the upper level, which

instead still works at the same way. We therefore considerably reduce the search space

for each of the instrument-level scheduling instances.

More in detail, for each iteration of the global level optimization and for each of its

population members, which represent the sets of values of the weights wj for all the I

considered science payload instruments, all the optimal schedules are modified according

to the weights using a local-search-based operator that works similarly to the modified

mutation operator described in Chapter 3 (that, as already mentioned, is also inspired by

local search techniques). The local-search schedule adjustment (as referred to in Figure

4.3) is hereby illustrated.

The sets of weights wj have a fundamental role in guiding the search in the neighbourhood

of the initially specified optimal schedules, even more than the one they had in the mod-

ified mutation operator. With respect to the modified mutation operator of the previous

Chapter, we here only consider one operation, the substitution of an acquisition segment

in the considered observation schedule. Indeed, we consider the schedules identified by S∗j
to be optimized already from the point of view of the instrument-specific quality metrics,

thus we need to obtain very similar performances but preferring segments that are facil-

itated by an associated high weight value. Following this idea, we first determine which

segments to remove from S∗j . To do this we first specify a substitution rate ρsub. Let us

recall the definition of Sin,j = {si,j ∈ Sj : xi,j = 1}, being the set of acquisition segments

included in the input schedule/solution vector and of Sout,j = {si,j ∈ Sj : xi,j = 0}, being

the set of segments not included in the input schedule for the j-th instrument. ρsub is
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simply the percentage of segments we want to replace with respect to the number of active

acquisition segments (namely
∣∣Sin,j∣∣). Once we have determined the number of segments

that should be replaced, which is subn =
⌈
ρsub

∣∣Sin,j∣∣⌉, using the values of the weights

wi,j we rank all the segments si,j ∈ Sin,j and identify the subn acquisition segments with

the worst weights (forming the set Ssub,j ⊂ Sin,j). If we take as example the area a(si,j)

covered by each acquisition segment as acquisition quality measure, we need to replace

the segments sk,j ∈ Ssub,j with segments sl,j ∈ Sout,j having very similar covered area

but associated to weights with high values. Thus we define the segment overlap area

ao(sl,j, sk,j) for the observations by the j-th science payload instrument as:

ao(sl,j, sk,j) = a(sl,j) ∩ a(sk,j) : sl,j ∈ Sout,j, sk,j ∈ Ssub,j. (4.10)

We can therefore define for each sl,j ∈ Sout,j and for each sk,j ∈ Ssub,j a metric of ”weighted

surface maintainance” as follows:

wsm(sl,j, sk,j) = wl,jao(sl,j, sk,j),∀sl,j ∈ Sout,j. (4.11)

Thus, each segment sk,j ∈ Ssub,j is replaced by the acquisition segment sl,j ∈ Sout,j with

the highest value of wsm(sl,j, sk,j).

4.3 Experimental Results

As mentioned in Section 4.1, for validating the proposed approach we considered the

planning and scheduling of the acquisitions of multiple instruments analyzing a real case.

We used as test case the operations of 4 among the 11 instruments composing the payload

of the JUpiter ICy moons Explorer (JUICE) mission [1]. The JUICE mission’s aim

is the study of Jupiter and of the Jovian System, with particular attention devoted to

Jupiter’s Icy Moons: Ganymede, Europa and Callisto. The selected sensors for our test are

the radar sounder RIME (Radar for Icy Moons Exploration)[64] [58], the laser altimeter

GALA (GAnymede Laser Altimeter) [75], the visible camera JANUS (Jovis, Amorum ac

Natorum Undique Scrutator) [76] and the visible and near infrared imaging spectrometer

MAJIS (Moons And Jupiter Imaging Spectrometer) [77].

4.3.1 Test Case Considered: the GCO-500 phase of the JUICE mission

For our test we once again considered the GCO-500 phase of the JUICE mission under

realistic conditions. During this phase the satellite will orbit around Ganymede at 500

Km altitude (the real altitude ranges from 470 to 530 Km). This part of the mission will
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last 130 days.

Regarding RIME, a significant limitation to its acquisitions is the fact that Jupiter is

a source of radio emissions, which can cause strong interferences during the acquisition

operations, as anticipated in Chapters 2 and 3. These interferences might severely reduce

the SNR of the data acquired by RIME and therefore destroy their information content.

Thus, the acquisitions to be performed by RIME are deemed feasible (for the studied

case) only when the JUICE spacecraft is occulted by Ganymede with respect to Jupiter.

Due to the characteristics of its rotation and revolution periods, Ganymede is said to be

in tidal locking with Jupiter. For this reason, only one side of Ganymede is effectively

observable by RIME, since the moon always has the same side directed towards Jupiter.

The observable area to be covered by RIME’s observation is nonetheless quite extended,

representing about 30% of the total surface of Ganymede. The main requirements for the

data acquisitions by RIME, as pointed out in Section 3.3 are:

• To achieve uniform coverage of the surface of Ganymede in the investigated area;

• To select segments of acquisition tracks spaced among each other of about 50km.

For GALA, JANUS and MAJIS it is important to clarify that the considered require-

ments and constraints, which are hereby reported, are taken just as an example. Taking

into account the observations to be performed by GALA, we consider its objective of cov-

ering a set of high-relevance areas, which are more distributed on the surface of Ganymede

with respect to the operative area for RIME, but the cumulative area to be covered is

still quite large. For these acquisitions we consider requirements that are conceptually

similar to those of RIME, also because the acquisition geometry is very similar. Indeed

they are nadir-pointing instruments and neither radar sounders, nor laser altimeters pro-

duce surface imaging data, but they are rather devoted to characterizing the structure

of the subsurface or the local topography respectively, along the flight direction. The

investigation of the considered target areas for GALA though requires a higher density

of observations, namely, the ground tracks uniformly distributed but with a distance of

about 5km.

The characterization of the acquisition to be performed by JANUS and MAJIS instead is

easier, given the characteristics of the 2 cameras. They also need to cover the same set

of target areas as GALA, considering to be nadir-pointed and performing acquisitions in

pushbroom mode, with a ground-projected field of view in the across-track direction of

15 and 30 km respectively (given the 500 km altitude of the platform from the surface of

Ganymede). What limits the observations for both JANUS and MAJIS is of course the

solar illumination of the observable area in the time intervals in which acquisitions should

take place. Observations are thus deemed feasible for the 2 cameras when the Sun is at
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an elevation angle of more than 10 and 20 degrees respectively. The sensors and their

disposition on board the JUICE spacecraft are shown in Figure 4.4. Given that these

instruments are placed all on the same side of satellite and that their operations do not

produce any mutual interference, no constraint related to inter-instrument conflict has

been considered.

Figure 4.4: Illustration1of the instruments composing the science payload of the JUICE mission

and their disposition on the spacecraft. The instruments’ names circled in red identify the

sensors included in our experiments.

4.3.2 Experimental Setup

Similarly to what has been done to test the methodology presented in Chapter 3, the seg-

mentation starts considering the trajectory that the spacecraft will follow the GCO-500

phase and the time horizon over which this phase takes place as our Φ. We remind that

the description of the trajectories is defined in a set of kernel files (those of the JUICE

mission are available at [72]) that contain the state vector (made of position and speed)

of the satellite at each time instant. For the JUICE mission, these kernels are created

by the Operation Center of ESA (ESOC) based on the Consolidated Reports on Mission

Analysis (CReMA). With respect to the trajectories considered for the tests in Chap-

ter 3, however, we take into account those prepared for the version 5.0 of the CReMA

1Image reproduced from [78].
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document. Given the instrument capabilities and limitations described above for the 4

considered sensors, for each of the instruments the time intervals in which observations

are feasible are determined. We thus obtained the sets Φf,j of time intervals in which the

acquisition with the j-th sensor are feasible. Given these time intervals and the required

pointing angle, which is nadir for all 4 instruments, we identified for each instrument the

portions of surface of Ganymede (ground tracks) that can be observed during the possibly

long time intervals in Φf,j. For RIME, the actual segmentation is performed as in Chapter

3, where a particular grid was defined based on the set of targets of high-interest provided

by the RIME Science Working Team (SWT) and positioned and located in RIME opera-

tive area. For the other instruments (GALA, JANUS and MAJIS), the segmentation was

similarly performed, but simply considering the boundaries of the considered target areas

(which, we remind, are taken as example), given that they are quite distributed on the

surface of Ganymede. Thus for all instruments, the time intervals Φf,j and the related

ground tracks were subdivided into a set of segments Sj for each considered sensor.

Using the same strategy as described in Section 3.3, we determined for each sensor a

set of uniformly distributed points Pj = {p1,j, p2,j, . . . , pMj ,j} on the areas that the in-

strument needs to cover. These sets represent a quantization of the surface that helps

simplifying the calculation of the surface covered by each acquisition segment si,j as the

number of points contained in a(si,j) ({pk,j ∈ a(si,j)}). To determine this parameter for

all the segments associated to RIME and GALA, we exploited the concept of influence

area introduced in Chapter 3, given the similar acquisition geometry, setting their width

at 50 and 5 km respectively. For JANUS and MAJIS in an analogous way the areas a(si,j)

have been determined considering the specified ground-projected field of view width of

15 and 30 km respectively. We remind that in this case they effectively represent a por-

tion of covered surface, while for RIME and GALA concept of influence area is used to

enforce the correct distance between the selected acquisition tracks. For each segment

si,j we then defined other useful data such as the day day(si,j) and the week week(si,j)

in which the acquisition defined by si,j should take place and the duration time(si,j).

Moreover, having the information regarding the average generated data rate (DRj) and

the average power (Powj) for the acquisitions performed by each instrument (summarized

in Table 4.1) we can evaluate the resource consumption by each acquisition segment as

m(si,j) = DR · time(si,j) and e(si,j) = Powj · time(si,j).

After the segmentation stage was performed, the initial GA-based segment selection

with the modified mutation operator (which uses the metrics t(sk,j) and r(si,j) defined in

Section 4.2.2) was executed for each sensor. As acquisition quality metric we considered

for all instruments the area covered by the selected acquisition segments, reminding that
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for RIME and GALA it identifies the spatial uniformity of the selected acquisition tracks.

It can be expressed as the number of points pk,j covered one and only one time plus half

the number of points by more than one segment. This solution was employed in order to

penalize the solutions for a given instrument, in which some areas are acquired more than

once. The metric was expressed in terms of cost (smaller values of the metric correspond

to better solutions), thus for each instrument it is defined as follows:

cov(xj) =

∣∣Pj∣∣− L− 1
2
OV∣∣Pj∣∣ , (4.12a)

where:

L =

|Pj|∑
k=1

hk,j, (4.12b)

hk,j =

1, if
∑Nj

i=1 lk,i,jxi,j = 1

0, otherwise
, (4.12c)

and

OV =

|Pj|∑
k=1

ovk,j, (4.12d)

ovk,j =

1, if
∑Nj

i=1 lk,i,jxi,j > 1

0, otherwise
, (4.12e)

lk,i,j =

1, if pk,j ∈ a(si,j)

0, otherwise
(4.12f)

with pk,j ∈ Pj. Following this first segment selection phase for each instrument, the Global

Schedule Optimization and Harmonization task is performed.

Sensor
# Acquisition

Segments

Avg. Memory

Usage (Data Rate)

[Kb/s]

Avg. Power

Consumption

[W]

Starting Schedule

Quality Score

[%]

RIME 6242 250 15.19 84.5038

GALA 2664 26 55.69 73.4434

JANUS 1275 550 40 92.7096

MAJIS 378 5740 30 85.5326

Table 4.1: Summary of the employed sensors and of their salient characteristics for the simulta-

neous planning and scheduling test.
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Thus, they are given in input to the proposed ”simplified” global schedule optimization

and harmonization depicted in Figure 4.3 and described at the end of Section 4.2.2. For

the upper level we employed an objective function expressed as in Eq.4.2. Each of the

variables used for the upper level (the weights wi,j) are associated to all segments si,j
defined for the j-th instrument and related to the same week. Segments associated to

different instruments but related to the same week have different associated weights, so

that the observations in a given week by a given instrument can be favored with respect

to those by another sensor.

4.3.3 Results

As mentioned above, we carried our tests considering the reduced version of the global

schedule optimization and harmonization phase. Thus, after the initial GA-based segment

selection phase we have obtained the starting observation schedules, given the characteris-

tics of the employed trajectory files and of the resulting avaliable observation opportunities

for each sensor. For each sensor, it took about 4 hours to reach 5000 iterations of the

optimization, implemented with the described GA approach, on a 16-core AMD Ryzen 9

5950X CPU with 128 GB of RAM. These optimized schedules are then fed to the PSO-

based global schedule harmonization block (upper level) and to the instrument-related

local-search-based schedule adjustment blocks. The bilevel system built as described was

executed for 2500 iterations of the upper level optimization and it took about 3 hours on

the same machine. This result in terms of computational time, also compared with the

ones shown in the previous Chapter, show how the use of the simplified strategy allowed

to reduce the required resources and execution time, which would have been orders of

magnitude larger in the case of the approach using GAs at the lower level.

Sensor

Starting Schedule

Quality Score

[%]

Final Schedule

Quality Score

[%]

RIME 84.5038 77.3382

GALA 73.4434 65.7165

JANUS 92.7096 89.6198

MAJIS 85.5326 78.6455

Table 4.2: Summary of the quality scores after the first segment selection for each instrument

and after the global schedule optimization and harmonization

The result in terms of individual acquisition schedule quality after the GA-based seg-

ment selection and after the application of the whole proposed methodology are summa-
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rized in Table 4.2. It is possible to see how for each instrument the associated schedules

have gone through a slight degradation of the quality, caused mainly by the effective

availability of valid alternatives for the segment replacement performed in the local-search-

based schedule adjustment (especially in the case of GALA). Moreover, this is also caused

by the constraint violation in terms of memory given by the combination of the initial ob-

servation schedules for all the considered sensors, which was corrected by the PSO-based

schedule harmonization. However, the produced final schedules still obtain satisfying

values in terms of quality and this could be obtained by keeping the substitution rate

ρsub (whose value was determined empirically) as small as possible and thus modifying

only a small number of acquisition segments with respect to the original schedules. For

the control of the memory limitations we employed a particular threshold, based on the

amount of memory that can be downlinked each week and the total available time for the

GCO-500 phase, after which no more data can be sent down to Earth. Accordingly, for

each week we calculated the cumulative amount of data that cannot be downlinked and

checked these values against the threshold that we set.

Figure 4.5: Memory constraint checks for the initial and the final combined schedules. It is

possible to see how the curve related to the cumulative non-downlinkable data volume has been

improved thanks to the weights produced by the PSO-based upper level optimization process.

Figures 4.5 and 4.6 show the profiles obtained for the initial combined observation

schedule and the one resulting from the global schedule optimization and harmonization

phase both for the cumulative non-downlinkable data volume and for the weekly datavol-

ume. It is possible to see how the weights produced by the global schedule optimization

and harmonization process have helped modify the data volume generated for each week

in order to correct the final combined schedule, so that no constraint is violated anymore.

In the initial combined schedule, indeed, it is possible to see that the curve identifying
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Figure 4.6: Weekly data volume profiles obtained for the initial and the final combined observa-

tion schedules, compared with the amount of data that can be downlinked to Earth every week.

Also here it is possible to observe how the weights specified at the global level modified the data

volume profile for the final joint acquisition plan.

the cumulative non-downlinkable data volume exceeds the threshold that we set, meaning

that a part of the whole generated data volume could not be downlinked at all, if that

observation schedule would be followed. Thus, it is possible to see that even if the quality

of the observation schedules related to each instrument was slightly degraded, the pro-

posed system was efficient in providing a satisfying final solution, which is also feasible

with respect to all considered limitations.

4.4 Conclusion

In this chapter we have presented a methodology to automatize the planning and schedul-

ing process for Planetary Exploration missions. In particular, in this case we have con-

sidered the study of the acquisition operations of multiple instruments included in the

scientific payload of a mission simultaneously. We have defined and presented a method-

ology which partially exploits the framework developed and presented in Chapter 3 and

it extends it in order to take into account the limitations and the objectives of multi-

ple sensors at the same time. The proposed approach is based on 2 main stages: the

segmentation and the schedule optimization and harmonization. The second stage is in

turn made of 2 deeply interconnected components, devoted to the management of the



86
A Novel Method based on Nested Optimization for the Simultaneous Scheduling of Multiple

Instruments Acquisitions in Planetary Exploration Missions

operations at the instrument level and at the global/mission level.

For the segmentation phase we exploited the method defined in Chapter 3 to subdivide

the long available acquisition time intervals into shorter segments based on a spatial

criterion. This way of segmenting the observation opportunities allows the ground tracks

not to be split over high-relevance targets and this is particularly important for the data

acquired by many types of sensors. The segmentation is applied to each considered sensor,

so that we can define in detail the observation opportunities for each instrument and

their characteristics. For the schedule optimization and harmonization phase (modeled

as a bilevel optimization problem), a hybrid GA-PSO nested optimization technique is

considered to complete 2 tasks. At the lower level a GA-based optimizer produces for each

considered instrument observation schedules with the best possible instrument-specific

quality metric value and science requirement compliance. At the upper level, a PSO-based

engine iteratively guides the schedule generation performed at the lower level assigning

weights to the acquisition segments associated to each sensor, to avoid violations of global

constraints and thus increase the global schedule acquisition quality. Given the complexity

of the structure, we also proposed an alternative approach, substituting the GA-based

schedule generation to be performed at each iteration of the upper level optimization

and for each instrument, with a local search technique acting on previously generated

optimal schedules for each instrument. We analyzed the simplified version of the proposed

approach by considering its application to the real study case of the operations of 4

different instruments of the science payload of the JUICE mission.

The obtained experimental results are promising and show the potential of the pro-

posed approach in generating good quality schedules and avoid constraint violations. From

the achieved results we can conclude that with the simplified version of the proposed ap-

proach we were able to just partially degrade the quality of the initial optimal schedules

for each considered instrument. At the same time it significantly improved the quality

of the resulting joint observation schedule with respect to the resource consumption con-

straint, producing a final joint schedule that does not violate the memory constraint,

which was instead exceeded in by the initial joint schedule. As briefly mentioned in the

previous section, a fundamental role in this simplified version of the proposed approach

is played by the substitution rate ρsub, which helped maintaining a good quality for the

output instrument observation schedules.Thus, the proposed methodology represents a

good tool both to produce optimized schedules for multiple instruments composing the

scientific payload of a planetary exploration mission at the same time and to perform

analyses on the operations for such missions. Results like the ones presented allow us to

try to extend this approach to more instruments, up to consider an entire science payload

of a PE mission.



Chapter 5

Conclusions and Future

Developments

This Chapter draws the conclusions of the work presented in this thesis. It provides a gen-

eral discussion regarding the problem that has been dealt with, together with an analysis

of the strengths and weaknesses of the proposed contributions. In the second part possible

future developments are briefly discussed.

Discussion

In this thesis we addressed the problem of handling the planning and scheduling task for

the observations to be performed by the instruments of the science payload of Planetary

Exploration missions. We focused our efforts on the development of planning and schedul-

ing methods for instrument observations, which are aimed at increasing the amount of

automation of this task, thus reducing the very long time usually required to address this

very important part of the mission design.

According to the objectives specified in the introductory chapter, in this thesis two main

contributions have been provided:

• Chapter 3 is dedicated to the planning and scheduling of the acquisitions by one

single instrument, by addressing the challenges of carefully modelling the objectives

and the metrics required to describe an acquisition campaign covering a very large

time horizon. It was aimed at characterizing a suitable technique able to handle a

very large scale problem, typically required in planetary missions. This was done in

order to address the literature gaps regarding the automatic handling of observation

operations for PE missions. In this context we proposed an approach, based on multi-
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objective Genetic Algorithms, able to identify and characterize a set of acquisition

units among which to select multiple subsets representing observation schedules that

correspond to optimal tradeoffs of the specified objectives. These objectives measure

different potentially conflicting aspects determining the acquisition quality of an

acquisition schedule generated for a given instrument.

• Chapter 4 is related to the management of observation operations to be performed

by multiple sensors composing the science payload of Planetary Exploration missions

instead addressed the very complex challenges of defining a unique methodology for

the simultaneous planning and scheduling of the data acquisitions for multiple in-

struments. In this context we defined and described a suitable model to represent

the problem at hand, and we proposed a 2-stage iterative technique. This methodol-

ogy exploits, extends and generalizes the strategies analyzed in the single instrument

context, in order to manage the typically large and complex constraints character-

izing a PE mission and the different types of objectives that could be associated to

each considered sensor.

• Chapter 2 described the details of the observation operations performed by radar

sounders and underlined the characteristics and the peculiarities of the acquisitions of

these instruments. In the two Chapters mentioned above, we showed the application

of the two proposed methodologies to radar sounder observations and in particular

we analyzed the operations of RIME, radar sounder of the JUICE mission.

The novel contribution provided by this thesis is hereby discussed, considering the

strengths and the weaknesses of the proposed approaches. In Chapter 3, the main goal

of the proposed approach is to automatically generate near-optimal acquisition plans for

one sensor in the science payload, considering instrument-specific limitations and quality

metrics and thus providing a tool being able to speed up the usually very long planning

and scheduling process for planetary missions. The proposed technique consists of two

main stages, i.e. the segmentation and the selection, during which all feasible acquisition

intervals (with respect to the considered instrument capabilities and the environmental

conditions) are defined, analyzed and evaluated to generate observation sequences for a

specific sensor over the input (usually large) time horizon. The segmentation subdivides

the considered time horizon into well-defined shorter acquisition segments, following a

time-based or a space-based criterion. The last one is particularly suitable to take into

account the presence of areas of higher relevance. In the selection phase, an NSGA-II-

based multiobjective optimization process explores the space of the candidate schedules

related to the combinations of the available acquisition segments, by analyzing different

objectives expressed by possibly competing metrics. One of the most challenging problems
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in the development and the evaluation of such a system is the dimension of the considered

problem, which might lead the NSGA-II to early convergence in local optima. However,

the implementation of the modified mutation operator exploiting the knowledge that we

have regarding the available acquisition opportunities allowed us to generate observation

schedules yielding very good quality, thus the obtained results are very promising. How-

ever, part of the solutions obtained by the proposed methodology in the produced Pareto

front cannot be considered satisfactory for the analyzed test case. A possible way to

reduce the number of non-satisfactory solutions and to focus only on the desired portions

of the Pareto front could be the use of a technique such as NSGA-III [79]. Indeed, in this

technique it is possible to specify a reference point in the objective functions space and

the distance of the generated solutions from this point is used as an important parameter

to rank them, thus guiding the search of new solutions in a neighbourhood of the reference

point. Nonetheless, the two tested versions of the proposed methodology are both able

to find a large number of high-quality acquisition schedules. Moreover, from the obtained

results it is possible to underline the efficiency of the proposed mutation operator for

the exploration of the solution space and its potentiality in finding very good solutions

for a large-dimensional problem. Finally, the proposed approach was tested considering a

radar sounder instrument, providing a way to easily describe and evaluate the observation

quality for an acquisition campaign performed by this kind of instrument that has a very

peculiar acquisition geometry. A weak point of the proposed methodology is the need of

large computational resources and execution time in order to provide a set of high-quality

schedules. However, for the context to which this methodology should be applied this is

not a crucial issue, even if less demanding versions of this approach could still be useful

to perform an operation analysis in shorter time.

In Chapter 4 we presented a method for the simultaneous automatic observation plan-

ning and scheduling for multiple sensors, based on a hybrid (Genetic Algorithms - Particle

Swarm Optimization) nested bilevel optimization structure, to be used in complex plane-

tary remote sensing missions. The goal of the proposed approach is to provide a method

being able to consider the acquisition operations of more than one sensor simultaneously,

automatically producing global observation schedules that are optimized with respect to

the considered global quality metric and feasible with respect to any kind of constraint.

The proposed methodology is made up of 2 main stages and it partially exploits the sys-

tem described in Chapter 3, especially for the segmentation phase, performed for each

considered instrument. In the schedule optimization and harmonization phase, a hybrid

GA-PSO nested optimization engine is employed to complete 2 tasks, namely the han-

dling of the observation operations at the instrument level and at the global level, where

the global level is meant to guide the generation of the optimal schedules performed at
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the instrument level. In the presented approach, we modeled the problem as a bilevel

optimization problem, which is very suitable due to the characteristics of the problem

at hand. However, if for the first contribution the dimensionality of the problem was

a critical issue, here this aspect is even more relevant given the number of sensors that

have to be considered simultaneously. To keep this aspect under control, we proposed an

alternative reduced version of the methodology that is able to greatly reduce the required

computational time and resources. Conceptually, the purely nested approach described

in Chapter 4 would be able to perform much better in terms of quality than its reduced

version, but in order to execute such a complex and resource-demanding system, a very

large execution time and computational power would be required, especially considering

to extend the method to a full science payload. An important issue to take into account

in order to evaluate the results of the proposed methodology, as pointed out in Section

4.4, are the characteristics of the available acquisition opportunities, depending from the

features of the analyzed trajectory and from the limited search space that the local search

technique can explore. In this context, as observed in Section 4.3.3, a crucial point to

analyze is the substitution rate ρsub, which was determined empirically. Too small a

substitution rate would dramatically reduce the flexibility of the proposed methodology,

while a large value of this parameter would make the local search not efficient. In order

to obtain better results in terms of quality (and even in terms of constraint compliance

in case of very tight resource limitation), its value could be determined adaptively itera-

tion by iteration, based on the characteristics of the solutions produced at the previous

iteration. However, the obtained results show how the proposed methodology is still

able to correctly guide the generation of the observation schedules for each instrument,

until the constraint violations present in the initial combined observation schedule were

corrected, showing thus promising performances. The proposed methodology represents

therefore a good starting point to further improve the performances of an automatic ob-

servation scheduling system for multiple sensors on board Planetary Exploration missions.

Given these considerations, it is possible to conclude that the proposed approaches

represent a valuable contribution to the automation of the planning and scheduling task

of the acquisition operations to be performed by the science payload instruments in the

context of Planetary Exploration missions and in this sense it addresses very open chal-

lenges and gaps in the literature for this topic.



Future Developments 91

5.1 Future Developments

In this thesis we proposed new methodologies for the automation of the planning and

scheduling task for acquisition operations, providing an important contribution in this

field studying methods in the context of Planetary Exploration missions. However, as

briefly pointed out at the end of the previous section, the proposed methodology for the

automatic simultaneous scheduling of the observations by multiple instruments represents

a starting point for the research in this field, given the scarcity of automatic scheduling

applications in the context of PE missions.

In order to improve the performances of the presented methodologies different aspects

can be considered:

• Improving the modeling of the requirements and observation capabilities of different

types of sensors used in the context of PE missions, in order to ease the defini-

tion of instrument-specific metrics to describe the quality of extended acquisition

campaigns;

• The possible integration of a system such as the one proposed in Chapter 4 with tools

designed specifically to support the science operations definition (such as MAPPS),

in order to improve the characterization of the acquisition opportunities, especially

from the point of view of the resources exploitation;

• From a more theoretical point of view, it would be interesting to study large combi-

natorial bilevel optimization problems more in detail, which are deemed to be very

complex from a computational point of view, in order to develop methods to tackle

and solve these problems, improving the efficiency and the results of a system such

as the one presented in Chapter 4;

• Finally, the application of methodologies developed as such to full science payloads

of Planetary Exploration missions.
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