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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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The management of the production and procurement of the assembled parts in an assembly to order (ATO) environment is a challenging 
problem. Due to the high variety and high inventory space utilization of the sheet metal plate parts, many companies choose to include in their 
production the cutting, blending, welding and if necessary, painting processes, reducing the lead time and consequently the stocks levels. The 
related trade-off between the setup times and the inventory space utilization is clear. This paper aims to propose a bi-objective optimization 
model to properly set the MTO/MTS policy to adopt. A case study is reported to test the model and to demonstrate the practical implication of 
this research. 
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1. Introduction  

Following just-in-time (JIT) principles, a growing number 
of manufacturers are therefore adopting the assembly to order 
(ATO) paradigm. In this context, the time to market is short 
and represented by the assembly time. Instead, the parts 
fabrication and the parts procurement lead times are hidden by 
the stocks. As consequence, the ATO paradigm typically 
works with a pull Make To Order (MTO) in the assembly 
phases, while a push Make To Stock (MTS) policy is adopted 
before the assembly phase based on forecasts or on re-order 
points at the warehouses [1]. Between the whole set of the 
parts used in the assembly process, a particular part typology 
is interesting: the sheet metal plate parts (Fig. 1). In fact, they: 
1. Are used in with different purposes within the product. 

One of them is the product coverage, that generally 
happens in the last assembly phases.  

2. Have a considerable number of variants (in terms of 
dimension, shape, colors, etc.) because they are frequently 
adopted for the product customization. 

3. Are large and voluminous. 
 

Fig. 1. Example of cut, blended, welded sheet metal plate parts used in the 
last assembly phase stored using Europallet (EPAL). 
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The second two points negatively affect the inventory levels, 
with a potential huge volume occupied within the warehouse. 
As consequence, many companies choose to include in their 
production the cutting, blending, welding and if necessary 
painting processes, in order to reduce the lead-time (if 
compared with a procurement process) and consequently the 
stock levels.  Moreover, according the assembly program, it 
can be possible to apply for this part, a typology not a pure 
MTS, but a hybrid MTO/MTS policy (Fig. 2).  
 

 
 

Fig. 2. Example of hybrid MTO/MTS policy applied to a possible 
production cycle of sheet metal plate parts in an ATO environment. 

 
As reported by different authors [1, 2] in recent years many 
companies are gradually moving more towards hybrid 
MTS/MTO production mode. A proper combination of MTO 
and MTS can exploit the advantages of both lower inventory 
and short delivery time [3]. This paper aims to explore the 
possibility to use a flexible production to manage a huge 
variety of sheet metal plate parts with a hybrid MTO/MTS 
production. It proposes a bi-objective mathematical model to 
properly set for each part the MTS or MTO policy in order to 
minimize both setup time and the inventory used space. The 
main contribution to the field of this research is to cope with 
the hybrid MTO/MTS policy definition for internally 
produced parts in an ATO environment.  
The novelty of the research is represented by the proposal of a 
bi-objective optimization model with a multi-criteria approach 
considering the inclusion of the agility concept in the hybrid 
MTO/MTS policy definition. Agility has many definitions in 
literature [4] but is generally perceived as a combination of 
speed and flexibility [5]. In this paper the agility metrics 
proposed by Barbazza et al. [4] are used.  

At last, another enforcing element of this research is its 
applicability to many industrial contexts. The sheet metal plate 
parts are present in a huge number of assembled products, 
both for domestic and industrial applications (i.e. ovens 
refrigerators, washing machines, machines used in the 
production systems, etc.).  The paper reports an industrial 
application for a washing machines manufacturer.  

The remainder of this paper is organized as follows. 
Section 2 presents the literature review. Section 3 describes 
the bi-objective optimization model for MTO/MTS policy 
definition. Section 4 shows the case study, while Section 5 
reports the conclusions. 

2. Literature review 

Shorter market response, customized demand and flexible 
production are becoming typical challenges to manufacturing 
enterprises [2]. In this context for each managed item the 
MTO or MTS policy definition appears a strategic issue.  

Although hybrid MTS/MTO production systems have 
attracted numerous practitioners in practice, only a few 

research papers have been presented in the literature so far 
[13]. The first instance of hybrid MTS/MTO was a study by 
Williams [20]. He assessed one-stage systems in which there 
were stochastic demands with interactions and capacity 
constraints using queuing theory. So, this enabled questions to 
be answered such as which goods should be stocked and the 
key issue was the inventory management. From that study 
different other contributions are proposed with different 
objectives.  The basic objectives are: 
• MTO/MTS decoupling point, i.e. through the flow of the 

different production stages, the separation between the 
upstream MTS to the downstream MTO where the 
generic products are post-manufactured and customized  
[7, 8, 11, 17,19]. 

• Production, planning and scheduling, i.e the possibility to 
investigate potential production optimization and/or 
optimize the production planning and scheduling through 
a proper MTS/MTO definition [6, 9, 10, 12, 13, 15].  

• Order acceptance and capacity requirement. i.e. the 
acceptance/rejection decision over the new arriving 
orders, considering the constraints in production 
resources, material supplies and continuous changes in 
the market force [1, 2, 6, 14]. 

• Inventory management, i.e. the decision of what and how 
much semi-finished products to produce with MTS 
policy. It is also related to the parts standardization and to 
the product modularity [8, 12, 15, 16]. 

These different potential objectives in the MTO/MTS policy 
definition highlight the wideness and the complexity of the 
problem. Just some authors propose methodologies that try to 
achieve simultaneously different goals, within the order 
acceptance problem [6, 12] and inventory management [15].  
Different methodological approaches have been proposed. It is 
possible to find, as single or as a combination of methods,  
mixed integer programming [2, 6, 12, 15], algorithms [2, 6, 
11, 12, 13, 15], decisional processes based on Markov models 
[9, 10] or based on decisional frameworks [2, 19], even if the 
best used methods are simulation models [1, 7, 8, 14, 16, 17, 
18]. The inclusion of industrial case studies in the research is 
not often described. In many studies, simple numerical 
analysis is used to validate the proposed methodology.  
The literature review shows how  
• Authors focus on one objective a time (even if in the 

hybrid MTO/MTS policy definition there are more 
suitable goals).  

• Few contributes that use a multi-objective perspective do 
no propose a robust multi-criteria approach.  

• Case studies are frequently not included. 
The present paper aims to contribute in the research by 
proposing a bi-objective optimization model for the hybrid 
MTO/MTS policy definition in order to minimize both setup 
time and the inventory used space. It considers two objectives 
functions in trade-off (setup time and inventory), and selects a 
best response surface design simultaneously optimizing both 
criteria using a Pareto Frontier to identify good design 
candidates [21]. As demonstrated in [21], the Pareto approach 
shows substantial improvement over the classic desirability 
function methods. At last this research introduces important 
metrics to consider in the definition of what parts to manage 
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with a MTO approach: the agility parameter, a combination of 
speed and flexibility of the production system is calculated 
with respect to the analyzed part.   

3. Bi-objective optimization model  for MTO/MTS policy 
definition in ATO environment 

The current section reports the proposed bi-objective 
optimization model for MTO/MTS policy definition in an 
ATO environment. The subsection 3.1 reports the 
nomenclature, while subsection 3.2 describes the parts 
parameters calculation. Subsection 3.3 reports the two 
objective functions calculation while subsection 3.4 shows the 
MTO/MTS policy optimization procedure and the case study.  

3.1. Nomencalture 

		Indices 
𝑖𝑖		 = 1,…,I parts 
𝑗𝑗		 = 1,…,J production processes  
𝑣𝑣	 = management policy (MTO or MTS) 
 
Part Parameters 
𝑎𝑎' agility of part i [pieces/h2] 
𝐸𝐸𝐸𝐸𝐸𝐸' Equivalent Pallet Quantity, n° of positionable parts 

on the pallet  of part i [pieces/pallet] 
𝐴𝐴1' greatest dimension [mm] 
𝐴𝐴2' smallest dimension of part i [mm] 
𝑇𝑇' thickness of part i [mm] 
𝐸𝐸' total annual required pieces for part i [pieces/year] 
𝐵𝐵' Batch dimension for MTS policy for part i 

[pieces/batch] equal to the Economic Order 
Quantity according [22] 

𝑂𝑂' Number of orders of the part i in a pure pull MTO 
policy [orders/year] 

𝐸𝐸',2 number of productive event of part i for 
management v [productive event/year] 

𝐸𝐸𝑃𝑃',2 number of pallet required for v management policy 
of part i [pallet] 

𝐸𝐸𝐸𝐸𝐸𝐸' Equivalent Pallet Quantity for part i, i.e. n° of 
storable parts in an EPAL pallet [pieces/pallet] 

𝐸𝐸𝐸𝐸𝐵𝐵𝐸𝐸' Equivalent Pallet Base Quantity for part i, i.e. n° of 
parts storable in the pallet base [pieces/layer] 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸' Equivalent Pallet Height Quantity for part i, i.e. n° 
of storable levels of 𝐸𝐸𝐸𝐸𝐵𝐵𝐸𝐸' [levels/pallet] 

𝑇𝑇567 setup time of part i in the process j 
[hours/productive event] 

𝑇𝑇867 production time of part i in the process j [hours 
/pieces] 

𝑇𝑇59:96 total setup time of part i [hours/productive event] 
𝑇𝑇89:96 Total production time of part i [hours /pieces] 

3.2. Parts parameters calculation 

The basic idea of the research is to define for each part the 
proper MTO/MTS policy to adopt according two main part 
parameters easily calculable for each part:   the number of 
maximum storable piece for unit area (the inventory 
parameter) and the agility (the production parameter). As 
consequence, for each part i are defined two main parameters 
	𝑎𝑎'  and 𝐸𝐸𝐸𝐸𝐸𝐸'  that will used in the MTO/MTS policy 

optimization procedure. 
The first one is the agility	𝑎𝑎' calculated as: 

 
𝑎𝑎' =

;
9<=>=6∗9@=>=6

																AB'CDCE
FGHIJ

K		    (1) 

Where 
 
𝑇𝑇89:96 = ∑ 𝑇𝑇867M 																			[ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜]																								  (2) 

 
𝑇𝑇59:96 = ∑ 𝑇𝑇567M 																				[ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜]																									 (3) 

 
This agility formulation is derived by Barbazza et al. [4] 

and represents an acceleration. It measures the capacity of the 
production system to accelerate in case of production changes. 
It increases when the total required setup time and the total 
required production time through the production processes  j 
decrease.   

The second one is the Equivalent Pallet Quantity 	
𝐸𝐸𝐸𝐸𝐸𝐸', that represents the occupied volume of the part i as n° 
of storable parts in an EPAL pallet (EuroPallet). The 
Europallet is the most used stock keeping unit and it has a 
base of 1200mmX800mm, as reported in equation (5). In 
Fig.1, right side, 𝐸𝐸𝐸𝐸𝐸𝐸' = 12. 𝐸𝐸𝐸𝐸𝐸𝐸' is calculated as: 

 
𝐸𝐸𝐸𝐸𝐸𝐸' = 𝐸𝐸𝐸𝐸𝐵𝐵𝐸𝐸' ∗ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸' 																A

B'CDCE
BUVVCW

K       				  (4) 

Where 
𝐸𝐸𝐸𝐸𝐵𝐵𝐸𝐸'  is calculated as function of the shape typology of 

the part (U shape, L shape and I shape for the flat parts), as:  

𝐸𝐸𝐸𝐸𝐵𝐵𝐸𝐸𝑖𝑖 =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
𝑚𝑚𝑎𝑎𝑚𝑚 ^

A ;_``
a_6b96

K ∗ A c``
a;6b96

K

A ;_``
a;6b96

K ∗ A c``
a_6b96

K
					Stacking	"U-shape"	in	pairs								

𝑚𝑚𝑎𝑎𝑚𝑚 ^
A ;_``
a_6b96

K ∗ Ac``
a;6
K

A;_``
a;6

K ∗ A c``
a_6b96

K
							Stacking	"L-shape"	in	pairs								

A;_``
a;6

K ∗ Ac``
a_6
K 																								Stacking	"I-shape"	in	pairs										

 (5) 

3.3. Objective functions calculation 

The proposed MTO/MTS policy definition model 
considers two objectives functions that are calculated as 
function of the management policy v (MTO or MTS) defined 
for each part i within all the production processes j. 

The two basic objective functions are: 
 

𝐸𝐸9:9 total number of total EPAL pallet stored [pallet] 
𝑇𝑇𝐴𝐴9:9 sum of total setup time [hours/year] 

 
These two functions depend on the MTO/MTS policy 

assigned to each part i. The first represents the total number of 
EPAL pallets stored, the inventory objective. The latter 
represents the total setup time for the considered period 
(year), the production objective. 	
The calculation of these two functions is as follows: 
 
𝐸𝐸9:9 = ∑ ∑ 𝐸𝐸𝑃𝑃',22' 				[𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]											      (6) 
   
    Where 
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𝑃𝑃𝑃𝑃',2 = z
{6/_
}~�6

										𝑖𝑖𝑖𝑖		𝑣𝑣 = 𝑀𝑀𝑀𝑀𝑀𝑀
0														𝑖𝑖𝑖𝑖		𝑣𝑣 = 𝑀𝑀𝑀𝑀𝑀𝑀

				[𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]							     (7) 

 
As highlighted in (7) it is assumed the number of EPAL 

palled stored is equal to 0 in case of MTO policy. On the 
other hand in case of MTS policy it is considered the average 
value in the period represented by the average parts quantity 	
𝐵𝐵'/2 according to [22]. 

 
𝑀𝑀𝑇𝑇9:9 = ∑ ∑ (𝑀𝑀59:96 ∗ 𝐸𝐸',22 )' 							AFGHIE

†CUI
K			     (8) 

Where 

𝐸𝐸',2 = 	^
𝑀𝑀'										𝑠𝑠𝑝𝑝	𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑀𝑀𝑀𝑀																	 ABIG‡HDW'2C	C2CˆWE

†CUI
K

�6
{6
									𝑠𝑠𝑝𝑝	𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑀𝑀𝑀𝑀																		 ABIG‡HDW'2C	C2CˆWE†CUI K	

     (9) 

 
Generally, because of 𝐵𝐵' is the Economic Order Quantity [22] 
𝐸𝐸',‰9: > 	𝐸𝐸',‰95.  
The two objective functions (6) and (8) are in trade-off. In 
fact, when the MTS policy is applied to the greatest set of the 
parts i, the number of productive event 𝐸𝐸',2 will decrease, with 

a positive effect on the sum of total setup time (8) and a 
negative effect on the total number of total EPAL pallet stored 
(6). On the other hand, when the MTO policy is applied to the 
greatest set of the parts i, the number of productive event 𝐸𝐸',2  
will increase, with a negative effect on the sum of total setup 
time (8) and a positive effect on the total number of total 
EPAL pallet stored (6).  The objective of the proposed model, 
as described in the following section, is to select the best 
response surface design simultaneously optimizing both 
criteria using a Pareto Frontier to identify good design 
candidates [21].  

3.4. MTO/MTS policy optimization procedure  

The MTO/MTS bi-objective optimization procedure aims 
to define for what produced part is better to apply a MTO 
instead the traditional pure MTS policy. The model aims to 
minimise both inventory space and setup times. The 
procedure is based on 4 steps (Fig.3).  

 
 

Fig. 3. MTO/MTS bi-objective optimization procedure. 
 
STEP 1. 	𝑝𝑝' and	𝐸𝐸𝑃𝑃𝐸𝐸' calculation. For each part i the two 

part parameters 	𝑝𝑝' (1)	𝐸𝐸𝑃𝑃𝐸𝐸' (4) are calculated. In this way, it 
is possible to graphically define the position of each part 
according these two parameters. Considering the MTO 
approach, it will be necessary to consider: 
• High values of 	𝑝𝑝'. It means the ability of the upstream 

production system to rapidly change the produced part 
and to speedily produce even a low number of pieces (not 

an entire productive batch). As consequence, for the 
considered part i, in order to apply a proper  MTO policy, 
it is required a low setup time 𝑀𝑀59:96 (2) and a low 
production time 𝑀𝑀89:96 (3) within the whole production 
process . 

• Low values of 𝐸𝐸𝑃𝑃𝐸𝐸'.  It means that between the different 
parts i the most critical for a MTS policy are those with 
high dimensions or critical shapes. As consequence, for 
the considered part i, in order to apply a proper MTO 
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policy, low values of 𝐸𝐸𝐸𝐸𝐸𝐸' are required. 
 

STEP 2. Multi-scenario analysis. Considering different 
limit values of a* and EPQ* (Fig. 3), the values of two 
objective functions 𝐸𝐸9:9  (6) and 𝑇𝑇𝑇𝑇9:9  (8) are calculated. 
The way to generate the different scenarios is detailed in Fig.3 
(Step 2) where are present one FOR cycle and one IF cycle. It 
is also introduced an ε parameter, that can be chosen small 
enough to generate a representative number of potential 
scenarios. 

 
STEP 3. Bi-objective Pareto Frontier and breakeven 

optimal parameters a** and EPQ** definition. Starting from 
the Step 2 results, according [21], the dominated and the 
dominant solutions are found in order to define the Pareto 
Frontier (the set of solutions where no other solution 
dominates it). At this stage, it is possible to propose an 
optimal bi-objective solution that will necessary lie in the 
Pareto Frontier [21]. The proposed approach considers as an 
input data a different weight of the two objective functions 
given as input and find within the Pareto Frontier the point 
that satisfy this condition.  

 
STEP 4. Final optimal MTO/MTS policy definition 

according the bi-objective optimal solution. In this stage, 
according the breakeven optimal values of a** and EPQ** 
found in STEP 3 is possible to find the related scenario 
generated in STEP 2, defining as result the final optimal 
MTO/MTS policy to adopt for each part i.  

4. Case Study 

This section reports a case study from an Italian washing 
machine manufacturer that applied a pure MTS policy for the 
internally produced parts. The case study includes the 
definition of the proper MTO/MTS policy for 425 sheet metal 
plate parts. involved production technologies are metal 
cutting, bending and welding.  

 
STEP 1: Fig.4 reports the 425 parts of the case study (blue 
points) according the 	𝑎𝑎' (1)	𝐸𝐸𝐸𝐸𝐸𝐸' (4) parameters.  

Fig. 4. 	𝑎𝑎' and	𝐸𝐸𝐸𝐸𝐸𝐸' calculation and potential MTO zone. 

The four quadrants are just an indication on where lies the 
MTO and MTS policy to adopt according the two parts 
parameters according Section 3.4 Step 1.  The optimisation 
problem lies on the optimal definition of the MTO zone, i.e. 
on the optimal definition of the breakeven optimal values of 
two part parameters a** and EPQ**. 
 

STEP 2: The output is reported in Fig. 5 where for each 
scenario, two objective functions values are plotted. 

Fig. 5. Objective functions plot for different MTO/MTS scenarios. 
 
From the computational point of view, the problem of 

calculating the FOR and the IF is trivial. For the case study 
the scenarios analysis reported in Fig.5 is developed using 
Matlab SW with an Intel(R) Core i7 generating 2.88e+5 
scenarios in 9.89 seconds. 

 
STEP 3: Fig.6 reports the Pareto Frontier for the case study 

of different scenarios analysed in the Step 2.  

Fig. 6. Pareto Frontier of a bi-objective optimal solution (in red). 
 
Considering the case study conditions, the production 

objective is more important than the inventory objective. 
Therefore, according the case company management inputs, a 
weight equal 2 for 𝑇𝑇𝑇𝑇9:9 and equal to 1 for 𝐸𝐸9:9  have been 
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defined. Fig.6 reports in red the point (335.36; 164.75) that is 
the more representative point according the previous weight 
condition. It represents the optimal bi-objective value. Once 
defined, it is possible to derive the breakeven optimal values 
of a** and EPQ** of the related scenario. The case study 
values related to Fig.6 are a**=21,75 pieces/h2 and 
EPQ**=13 pieces/pallet.  

 
STEP 4: Fig.7 shows the final solution. Each point 

represents a part. The points belonging to the quadrant in the 
low-right position will be managed with a MTO policy, while 
the others with a MTS policy. 

Fig. 7. Final MTO/MTS policy definition. 
 
The application to the case study of the proposed 

procedure moved 119 parts on 425 from MTS to MTO policy. 
If compared with the previous pure MTS policy, the total 
number of stocked pallet decreases about 34%, while the total 
setup time increases just about 5%. Moreover, the 
introduction of the agility concept in the proposed model 
helped to accurately choose the parts to move to MTO policy.  
Thanks to this, an insignificant impact on the setup time and 
on the production capacity utilization is observed, permitting 
a speedily respond to the order requirements/changes. 

5. Conclusions 

This paper proposes a bi-objective mathematical model, based 
on a step by step procedure, to properly set the proper MTS or 
MTO policy in order to minimize both setup time and the 
inventory used space. The proposed method selects the best 
response surface design simultaneously optimizing both 
criteria using a Pareto Frontier to identify good design 
candidates according the agility and inventory parameters of 
each part. The application of the method to a real, large 
dimension problem demonstrate the applicability of the 
research. The obtained results demonstrate the potential 
reachable savings, in terms of setup times and inventory space 
utilization. Future research shall focus on the extension of the 
proposed model to the supply chain, considering the 
purchased parts and the related variables and constraints.  
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