
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Procedia CIRP 00 (2017) 000–000

  www.elsevier.com/locate/procedia 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

28th CIRP Design Conference, May 2018, Nantes, France

A new methodology to analyze the functional and physical architecture of 
existing products for an assembly oriented product family identification 

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat 
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France 

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

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. 
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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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1. Introduction 

With the development of intelligent manufacturing 
technology, socialization of resources sharing is an irresistible 
trend. Especially since the 21st century, the raise of Internet 
of Things (IoT) and logistics service provided an important 
supporting condition for service-oriented manufacturing, 
which brought out new manufacturing modes such as 
manufacturing grid[1], global manufacturing[2], cloud 
manufacturing[3] and so on. However, with the complexity of 
manufacturing system and socialization of resources sharing, 
how to ensure the stability of product quality under the 
environment of distributed intelligent manufacturing is the 
core of industry development. The manufacturing process 
with multiple resources reduces the stability of product 
quality. The robust tolerance design is studied in the scenario 
with multiple resource suppliers, such as cloud manufacturing 
(CMfg) in this article. CMfg is a new service-oriented grid 
manufacturing mode with the integration of cloud-computing 
and internet of things (IoT) to make the manufacturing 
resource virtualized with service oriented tendency. The 

internet of manufacturing things (IoMT) provides a new 
paradigm by extending the techniques of IoT to 
manufacturing field. 
During the last few decades, the economic landscape has 
abandoned its local characteristics and evolved into a global 
and highly competitive economy.[4] Many suppliers and 
customers have accessed the internet to share the global 
manufacturing resources. Cloud manufacturing is emerging as 
a new manufacturing paradigm as well as an integrated 
technology, which is promising in transforming today’s 
manufacturing industry towards service-oriented, highly 
collaborative and innovative manufacturing in the future.[5] 
Hao[6] proposes a concept of cloud future factory with 
distributed production lines and business departments and 
introduces an effective and dynamic information integration 
platform; Wei[7] put forwards a resource allocation model 
based on ant colony optimization algorithm to find the 
optimal solution based on a four-dimensional objective 
function (time, cost, quality of services and the load balance); 
Li[8] presents a QoS system model for sharing resource 
between different QoS-constrained users in Cloud Computing 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2016) 000–000   

     www.elsevier.com/locate/procedia 
   

 

2212-8271 © 2018 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of the 15th CIRP Conference on Computer Aided Tolerancing - CIRP CAT 2018. 

15th CIRP Conference on Computer Aided Tolerancing – CIRP CAT 2018 

Study on the Robust Tolerance Design with Multiple Resource Suppliers on 
Cloud Manufacturing Platform 

 Zijian Wua*, Kaili Yanga, Liu Tingb,c, Yanlong Caob,c, Jiangxin Yangb,c, Yi Gana  
aUniversity of Shanghai for Science and Technology, School of mechanical engineering, Shanghai, 200082, ChinaChina 

bKey Laboratory of Advanced Manufacturing Technology of Zhejiang Province, college of Mechanical Engineering, Zhejiang University, Hangzhou , 310027, 
cState Key Laboratory of Fluid Power and Mechatronic Systems, college of Mechanical Engineering, Zhejiang University, Hangzhou, 310027, China 

* Corresponding author. Tel.: +021-55275056;  fax: +0-000-000-0000. E-mail address: virginia@usst.edu.cn 

Abstract 

The robust tolerance design in the scenario with multiple resource suppliers is faced with greater uncertainty in the new manufacturing era. This 
paper studies the robust tolerance design on cloud manufacturing platform, in which a two-level game is put forward to reveal the relationship 
and behavior between the products and resource suppliers. According to the scenario with multiple resource suppliers, the multivariate process 
capability index has been introduced to solve the problem of robust tolerance design faced up with cloud manufacturing environment. A case 
study is used to illustrate the proposed model. 
© 2018 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of the 15th CIRP Conference on Computer Aided Tolerancing - CIRP CAT 2018. 

 Keywords: Robust Tolerance Design, Game theory, Multivariate process capability index 

 
1. Introduction 

With the development of intelligent manufacturing 
technology, socialization of resources sharing is an irresistible 
trend. Especially since the 21st century, the raise of Internet 
of Things (IoT) and logistics service provided an important 
supporting condition for service-oriented manufacturing, 
which brought out new manufacturing modes such as 
manufacturing grid[1], global manufacturing[2], cloud 
manufacturing[3] and so on. However, with the complexity of 
manufacturing system and socialization of resources sharing, 
how to ensure the stability of product quality under the 
environment of distributed intelligent manufacturing is the 
core of industry development. The manufacturing process 
with multiple resources reduces the stability of product 
quality. The robust tolerance design is studied in the scenario 
with multiple resource suppliers, such as cloud manufacturing 
(CMfg) in this article. CMfg is a new service-oriented grid 
manufacturing mode with the integration of cloud-computing 
and internet of things (IoT) to make the manufacturing 
resource virtualized with service oriented tendency. The 

internet of manufacturing things (IoMT) provides a new 
paradigm by extending the techniques of IoT to 
manufacturing field. 
During the last few decades, the economic landscape has 
abandoned its local characteristics and evolved into a global 
and highly competitive economy.[4] Many suppliers and 
customers have accessed the internet to share the global 
manufacturing resources. Cloud manufacturing is emerging as 
a new manufacturing paradigm as well as an integrated 
technology, which is promising in transforming today’s 
manufacturing industry towards service-oriented, highly 
collaborative and innovative manufacturing in the future.[5] 
Hao[6] proposes a concept of cloud future factory with 
distributed production lines and business departments and 
introduces an effective and dynamic information integration 
platform; Wei[7] put forwards a resource allocation model 
based on ant colony optimization algorithm to find the 
optimal solution based on a four-dimensional objective 
function (time, cost, quality of services and the load balance); 
Li[8] presents a QoS system model for sharing resource 
between different QoS-constrained users in Cloud Computing 



64	 Zijian Wu  et al. / Procedia CIRP 75 (2018) 63–68
 Zijian Wu / Procedia CIRP 00 (2018) 000–000  3 

2212-8271 © 2018 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of the 15th CIRP Conference on Computer Aided Tolerancing - CIRP CAT 2018. 

Eq.(1)  
 

                   (1) 
 

The unit must pay for the service of when it chooses the 
resource j. So that the payoff function is shown in Eq. (2) 
 

           (2) 
 

The objective of CU could be describe as follows. 
 

                            (3) 

 
The net payoff of the whole product is defined as the 
accumulated payoff when all the CUs choosing RS j ,which is 
shown in Eq. (4) 
 

                                (4) 
 

The replicator dynamics which depicts the selection of the 
population is shown in Eq. (5) 
 

                             (5) 
where  

                               (6) 
 

The Eq. (5) could be dispersed as follows 
 

  (7) 
 

Where n is the iteration number and  is the step length. 
 The terminal condition is express as 
 

                       (8) 
 

where  is a small positive constant. 

3. Robust tolerance design on Cloud Manufacturing 
Platform 

The existing research on tolerance design has less considered 
the manufacturing environment, especially the intelligent 
manufacturing process such as CMfg. How to take the 
constraints of distribute resources in the intelligent 
manufacturing process into account in tolerance design is a 
very worthy question. Process capability is the key problem to 
build a bridge between tolerance and resources. 
The process capability index is a statistical measure of process 
capability: the ability of a process to produce output within 
specification limits.[18] In stable production, the quality 
characteristic of most products obey normal distribution or 
approximate normal distribution. The concept of process 
capability only holds meaning for processes that are in a state 
of statistical control. Process capability indices measure how 
much "natural variation" a process experiences relative to its 
specification limits and allows different processes to be 

compared with respect to how well an organization controls 
them. 
It is harder and more complicated to assess manufacturing 
process capability of the multivariate quality characteristics in 
the CMfg manufacturing mode known from the concept and 
principle of CMfg[19]. 
In some research of multivariate process capability index, 
assume that there are p quality characteristics in a 
product which are all distributed normally, 

. 
 

              (9) 

 
But this kind of definition has practicability only when the 
multi-variable environment is simple. In the process of CMfg 
which is complicated and multivariable, calculation of n-
dimensional hyper-volume seems impossible.  
According to a definition formula of univariate process 
capability index in Eq. (9), K.S.Chen[20] proposes a definition 
of multivariate process capability index shown in Eq. (9). 
 

            (10) 

               (11) 

 
This definition is based on existing manufacturing mode 
whose univariate process capability index in Eq. (10) 
could be acquired in history data. 
There are two kinds of resources selected by similar matching 
algorithm system (SMAs): old resource service (ORS) and 
new resource service (NRS).ORS is the resource service that 
has been invoked or used at least one time. NRS is the 
resource service that be published recently and has never been 
invoked or used since it was registered.[21] As time goes by, 
the stability of resource decline. In consequence, even though 
the data of multivariate process capability is given by the 
history database, it is necessary for some preprocessing. As 
for the NRS, missing initial value calls for appropriate 
preprocessing, too. A method based on IFS is given as 
follows. 
The direct relationship between process capability index 
and percentage of nonconforming 
items causes the fuzzy model that 

, where is the candidate of resource,  is 
the fuzzy percentage of conforming items and  is the 
fuzzy percentage of nonconforming items (%NC) in a 
certain period time. is the degree of 
indeterminacy. 
(1) ORS preprocessing 
The ORS may be invoked for more than one time. The 
degenerate coefficient is given in Eq. (12). 
 

  (12) 
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system and brings an optimizing chord algorithm to 
scheduling tasks submitted by users with lower QoS-
constrained. Mourtzis[9] proposed a methodology for 
manufacturing networks design via a smart search algorithm 
Since the quality is the core competitiveness of manufacturing 
products, this topic need more attention in the scenario of 
CMfg. There are two kinds of participants in the CMfg 
process: the suppliers and demanders of resource service. The 
resource suppliers publish their idle resource, products, 
manufacturing and ability while the demanders of resource 
search the optimal manufacturing resources and select the 
corresponding partner to form a collaboration manufacturing 
net.[10] 
In the early years, the quality control in the single part stage 
regarding accuracy and usability for the assembling stage will 
lead to a reduction of rework and scrap. Mechanical product 
reliability is an important product quality factor and is 
dependent on different parameters among which tolerance 
design is an important activity. Tolerance design is usually 
carried out on detailed geometric entities after structure 
design process[11]. With the development of computer 
technology, CAD/CAM (Computer Aided Design/ Computer 
Aided Manufacturing ) plays an important role in modern 
industry and Computer Aided Tolerance (CAT) design is a 
key technology in the integration of CAx in the modern 
manufacturing system. In the past decades, the CAT 
researchers focus on the energy consumption at the 
customers` side and aim to improve the quality and reduce 
cost. There are several existing works on CAT in the 
literatures. The existing cost-tolerance model was built up by 
collecting enough statistical data of tolerance and cost and 
using least square method in the specific manufacturing 
process.[12] In order to improve the quality of products, 
researchers at home and abroad have applied robust thought to 
solve problems in the field of tolerance design. Tan put 
forward a robust tolerance design driven by the manufacturing 
knowledge based on intuitionistic fuzzy theory.[13] J Deng 
studied on a new robust tolerance design method for 
electromechanical device and consistency optimization for 
batch product of electromagnetic relay with improved robust 
tolerance design method.[14,15] Different from the existing 
cost-tolerance model, Zheng[16] proposes an assembly 

tolerance allocation method using coalitional game theory in 
an attempt to find a trade-off between the assembly cost and 
the assembly quality. Furthermore, Wu studies the tolerance 
design with multiple resource suppliers on cloud 
manufacturing based on game theory to find out the trade-off 
between the welfare of resource suppliers and resource 
demanders.[17]  
The remainder of this paper is organized as follows: Section 2 
describes the system model and formulates the reaction and 
competition problem of resource suppliers in intelligent 
manufacturing process. In Section 3, the robust tolerance 
design on cloud manufacturing is given. The conclusion and 
future work is given in Section 4. 

2. Model description 

In the existing methods of tolerance design, the manufacturing 
scenario is given as a prerequisite, however, the information 
of manufacturing resources on CMfg platform is dynamic. A 
large number of candidate resources which meet the 
requirement of customers are available on the CMfg platform. 
Different resources combinations give different strategies of 
manufacturing process, which leads to a complicated scenario. 
In this paper, a tolerance design method with two level game 
model is proposed, including level of suppliers and level of 
demanders. The description of the method with multiple 
resource suppliers and multiple configuration units is shown 
in Fig. 1, as well as the relationship between the two levels in 
the game model. 

Configuration 
unit 1

Configuration 
unit 2

Configuration 
unit I

tolerance demand

…

Resource supplier 1 Resource supplier 2 Resource supplier J

…

Resource demander/ 

Customer

RS 1

RS 2 RS J

CU 2 CU 3

CU 1 CU 4

CU I CU I-1

Price Quality

Resource Supplier

Configuration Unit

dimension chain

tolerance demand tolerance demand

Fig. 1 The construction of system model and Interaction between two level 

The demander level consists of I configuration units which 
have a precision requirement in a certain product from the 
customer. From the perspective of configuration unit (CU), 
the main objective is to select a resource supplier for 
manufacturing service of higher quality and lower cost. All 
the units affect the function requirement. The set of units 
could be regarded as a population in an evolutionary game in 
which each player could imitate other`s behaviour to 
maximize its profit. When the price and tolerance strategy of 
the resource supplier changes, CUs would change their choice 
to avoid more payoff in this trade.  
The supplier level is made up of J candidate resources which 
are picked up by data mining to meet the requirement of 
customer. 
The resource supplier (RS) aims at selling more service at 

higher price in a non-cooperation game with the relationship 
of competition. To win this competition, RS should reduce its 
price so that the CU would be more likely to make a choice on 
it. The strategy of a certain RS should consider its 
manufacturing cost as well as opportunity cost.  
When RSs broadcast its strategy, the CUs make their decision 
to choose a RS to trade with. Observing the choices of CUs, 
the RSs would adjust their tolerance strategies and price 
strategies. By repeating the process of iteration, there would 
be no more adjustment in the strategies or choices. This stable 
point is the solution of our mathematic model. 
Once a configuration unit i chooses a resource to supply the 
manufacturing service, the utility function could be described 
by quality. This paper use the quality loss concept to quantify 
the utility of configuration unit.  could be described by 
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strategies. By repeating the process of iteration, there would 
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assumed that there are two resource suppliers standby. The 
configuration unit is abstracted by auto-body manufacturing 
task. The assembly structure is shown in Fig. 4.[36] This 
assembly is made up of four components. In addition, 

, , The constraints 
are shown as follows 
 

                 (26) 
                          (27) 
                          (28) 
                          (29) 
                           (30) 

 
As  and  are planar features, each of them could 
observe and imitate other` choice. The assumption of the 
population for evolutionary game is proved to be tenable. It is 
obvious that RS 2 is cheaper at low precision service and 
more expensive at high precision than RS 1. The Cost-
Tolerance curves of RS1 and RS2 are shown in Fig. 3. The 
initial information of RS in algorithm is shown in Table. 2. 
Given the coefficient of quality loss (α=2000), the result of 
tolerance design is .  
Table 2 The initial information of RS 
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12th, October, 2014. After the SMAs, some candidate 
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is as follows: 
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parenthesis is the fuzzy average rate of qualified products and 
the fuzzy %NC from 12th, October, 2013 to 12th, October, 
2014. As supplementary, the `s parenthesis contains the 
information from 12th, October, 2011 to 12th, October, 2014. 

The  means the second candidate resource of the 
4thsubtask is NRS. 
For the existing of NRS, the conjecture process is necessary. 
A group of resources similar with the  in engineering 
level, precision, detection method and so on, which could not 
provide the service at the requirement time, are picked up for 
the conjecture process. The information is shown in Table 3 
and Table 4. 
Table 3 the information from 12th, October, 2012 to 12th, 
October, 2013 
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Table 4 the information from 12th, October, 2013 to 12th, 
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The conjectural information is shown in Table 5 after 
calculation and combining the accurate part of data in 
[0,99.99]. 
Table 5 the conjectural information of  
 % process capability index 
2013.12.10~ 99.993237 1.325294467 
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Fig. 2 The sketch map of assembly and dimensional 
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where  is the time that the reliable of information 
taken from 1 to 0,  is the time when the user is willing to 
invoke the resource. As the  and  are calculated from 
the data of the period time,  is the end moment of the 
certain period time. 
Assume that there are m records in history data. The 
calculation method of fuzzy set is given in Eq. (13). 
 

                  (13) 
 

(2) NRS preprocessing 
There are n resources similar to the resource which we 
want to speculate. 
 

                     (14) 
 

For the purpose of accuracy, the  is factor causing the 
deviation in Eq. (14). Hence, the Eq. (14) could be 
developed into Eq. (15) when the  of different similar E 
is quite different. 
 

    (15) 
 

Eq. (15) discounts the information from their own invoked 
time to . 
The fuzzy model works well when we consider the 
degenerate coefficient caused by time or the speculating 
process of NRS, but to give a doubtless value of index of 
stability in multivariate process capability for optimal 
selecting, psychology index is introduced to solve this 
problem. 
When using the function that  to 
calculate , the result maybe too upbeat. Hence, the 
fuzzy degree of indeterminacy  is allocated to the rate of 
qualified products and the percentage of nonconforming 
items  in certain proportion to the users` psychology 
index k shown in Eq. (16). 

            (16) 
 

Table 1 the value range of k in different condition of 
allocation psychology 
allocation psychology k 
pessimistic [0,0.5] 
adiaphorous 0.5 
optimistic (0.5,1) 
So that  could reflect the process 
capability index of one certain candidate resource j. 
3.1 Objective function of robust tolerance design model 
The objective of tolerance design is  
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3.2 Constraint conditions of robust tolerance design model 
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treated as constraint condition as follows: 
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where 
 denotes the upper limit of the tolerance which the resource 

supplier j could supply in the manufacturing task; 
 is a coefficient which denotes the price of each tolerance 

degree as well as the price strategy. 
 For the resource j, the strategy for price and precision are 
shown as follows 

               (23) 
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where m is the iteration number and  and  are the step 
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                       (25) 

4. Case study 

To demonstrate the model and process in a concise way, it is 
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assumed that there are two resource suppliers standby. The 
configuration unit is abstracted by auto-body manufacturing 
task. The assembly structure is shown in Fig. 4.[36] This 
assembly is made up of four components. In addition, 

, , The constraints 
are shown as follows 
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where  is the time that the reliable of information 
taken from 1 to 0,  is the time when the user is willing to 
invoke the resource. As the  and  are calculated from 
the data of the period time,  is the end moment of the 
certain period time. 
Assume that there are m records in history data. The 
calculation method of fuzzy set is given in Eq. (13). 
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To demonstrate the model and process in a concise way, it is 
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2014.12.10 
2012.12.10~
2013.12.10 

99.993217 1.325251667 

 
We could calculate the capability index of every possible 
resources of which the information is shown in Table 6. 
Table 6 the capability index of candidate resources 
 CR1 CR2 CR3 CR4 
QC1 1.162200 1.256365 1.144369 1.133707 
QC2 1.402281 1.221178 1.188597  
QC3 1.320572 1.325245   
*QC stands for quality characteristic, CR presents candidate 
resource. 
Given the limit standard deviation of the close link, the 
possible resource which could satisfy the assembly 
requirements could be picked up to undertake the 
manufacturing tasks. 

5. Conclusion 

This paper studies the robust tolerance design on cloud 
manufacturing platform, in which a two-level game is put 
forward to reveal the relationship and behavior between the 
products and resource suppliers. According to the scenario 
with multiple resource suppliers, the multivariate process 
capability index has been introduced to solve the problem of 
robust tolerance design faced up with cloud manufacturing 
environment. A case study is used to illustrate the proposed 
model. 
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