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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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research gap, the key question is “How to analyze and model 
product varieties and how define product families?”. To answer 
this question and to acquire the described needed knowledge of 
products, a new modeling method is presented.  

This research is part of a PhD project with the global aim to 
measure and improve the agility of production systems. The 
presented method contributes to the product analysis part and 
is a brick of a future integrated methodology and software 
application. Information out of the product analysis will be 
joined to process information and serve as input for the 
production system design and optimization part. Using the 
existing product as starting point, the method can be partly 
located in a reverse engineering approach. Referring to the FBS 
approach, the method is located in the link B ← S, the structure 
being the product analyzed and the behavior being its technical 
realization (technical function). The functional level is taken as 
input parameter for the method but not concerned or modified.  

In the following, Section 2 gives a brief literature review on 
existing modeling approaches representing the structure of an 
assembly and highlighting the need for an evolution of these 
approaches. Section 3 presents the proposed new methodology, 
supported by an illustrative example. In Section 4, this 
methodology is applied to a first case study and the results are 
discussed. Finally, Section 5 gives a conclusion and outlines 
the further work.  

2. Literature review 

Over the years, several approaches to model an assembly 
have found their way to industrial application. They are 
identified by Daniel Whitney as follows [2]: 

 Part list: most simple model which presents only the 
different components of an assembly 

 Bill of materials (BOM): model in form of a segmented, 
hierarchical list identifying subassemblies and their 
components 

 Liaison graph: simple, non-directed graph in which nodes 
represent components and edges stand for connections 
between the components 

 Datum Flow Chain (DFC): directed graph comparable to the 
liaison graphs in which the direction of the arcs indicates the 
relative positioning of components and values on the arcs 
indicate eliminated degrees of freedom. 

In addition, a new method based on cladistics was proposed 
a few years ago [3]. After a pre-evaluation of the different 
models, part lists and BOM are no further considered in the 
literature review because both do not furnish information about 
the relation between components and are therefore not useful 
for assembly modelling. An evolution of BOM, the generic 
BOM, was proposed for the representation of product varieties 
[4]. However, it is still not able to illustrate relations between 
components [5]. For these reasons, the following review 
focuses on the evaluation of the most promising approaches 
which are (i) liaison graphs, (ii) DFC and (iii) cladistics.  

2.1 Assembly representation in sequence generation and 
liaison graphs 

In 1984, Bourjault introduced the notion of liaison graphs 
for an assembly representation based on information furnished 
by part lists and technical drawings [6]. The principle idea 
behind the liaison graph is to create a tool which permits to 
represent an assembly in a comprehensive way. Based on this 
so-called liaison graph, assembly sequences can be generated 
by determining liaison precedencies. Gupta and Krishnan use 
liaison graphs for the identification of common components in 
product families by finding identical parts in different graphs 
[7]. For De Fazio and Whitney, the liaison graph is the first step 
to examine an assembly and/or assembly sequence generation 
by determining which liaisons must be established before and 
which have to remain after one assembly step [8]. Similarly, 
Demoly et al. use the liaison graph as starting point for the 
precedence graph creation, affecting an assembly operation to 
each liaison [9]. Another approach is presented by Homem de 
Mello and Sanderson who propose a hypergraph with AND/OR 
relations to define all different assembly possibilities [10]. For 
the sequence generation, they propose a complete algorithm 
which is detailed in [11]. Yu and Li propose an object 
relationship graph for assembly planning in the domain of 
electronics. Their method consists in creating a liaison graph 
with additional information about the type of attachment on the 
arcs. Afterwards, the graph is transformed into a matrix which 
helps to identify possible assembly sequences [12]. 

In conclusion, liaison graphs and comparable graphic 
representations for sequence generations are comprehensive 
assembly representations. However, they furnish only 
quantitative information about component connections and no 
data about the relation characteristics. Furthermore, all the 
mentioned methods are only applied either on one specific 
product or on one family of very similar products. No method 
for the examination of different product families is described 
nor is such an application featured by the approaches. 

2.2 Cladistics 

Having been used in biology already for a long time to 
classify species, in the domain of engineering this method 
describes technical feature variation in between one product 
family putting the emphasis not on its chronological but 
technical evolution [3]. The cladistics method is used to 
support the paradigm of delayed product differentiation (DPD). 
Several case studies are presented by ElMaraghy and 
AlGeddawy applying cladistics on assembly analysis for the 
design of assembly lines for DPD. The first study proposes an 
algorithm for the automatic generation of cladograms which is 
applied on the analysis of a product family of electric kettles 
for assembly line design [13]. The second study, conducted 
analogous to the first one, concerns belt tensioners for car 
engines [14]. A supplementary application of cladistics to 
architecture representation of a car body in white was 
conducted in 2013 by the same authors aiming to identify 
different granularity levels for product variety management 
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[15]. Another application is the use of cladistics for the 
determination of an optimal granularity for the choice of 
production line modules to optimize the system changeability 
for a given anticipated period [16].  

To sum it up, cladistics seem to be adapted for a product 
family analysis. However, the analysis does not deliver 
information about all connections between different 
components and all case studies concern only on product 
family.  

2.3 Datum Flow Chain 

The DFC and its applications in industry are presented by 
Whitney [2]. It represents an evolution of the liaison graphs by 
adding information about positioning and eliminated degrees 
of freedom on the arcs. Key characteristics may be added to the 
graph to identify which component groups serve for the 
fulfilment of functional requirements [17]. In general, DFC are 
mainly used for three purposes: Firstly, (i), it is used for the 
identification of over-, under-, and properly constraint 
assemblies, like presented by Shukla and Whitney [18] and 
Demoly [19] who integrated DFC in his PEGASUS software 
tool. Secondly, (ii), DFC is used for geometrical variation 
propagation analysis by Jun and Jun for optimized positioning 
strategies [20], by Marguet and Mathieu in their assembly 
optimization method [21] and by Falgarone and Chevassus in 
their software tool GAIA for geometrical variation 
management [22]. Thirdly, (iii), tolerancing analysis 
applications of DFC are presented by Mathieu and Marguet 
using it for tolerance propagation analysis [23], by Hejazi et al. 
in their 1st order tolerance method for tolerancing schemes and 
the development of a tolerance orientation framework [24].  

In summary, DFC offer not only quantitative but also 
qualitative information about an assembly, but it has not often 
been used for the representation of part and product families 
and a variation analysis in between these families. One 
application of DFC on this aspect known to the authors is 
proposed by Xia [5].  

2.4 Summary 

In the subsections above, several approaches for assembly 
representation are presented and evaluated in regard of their 
capacity to respond to the need for multi-family product 
analysis and product family identification. In conclusion, it can 
be stated that none of the described approaches, all of them 
focusing on the physical product architecture, is capable to 
furnish a complete product assembly representation model 
which allows the comparison of products in terms of number 
and nature of components.  

3. Proposed methodology 

To overcome difficulties due to variation of component 
numbers and types, the abstraction level of the new model 
needs to be increased. The model output is a hybrid functional 
and physical architecture graph (HyFPAG) representation of 

the product aiming to simplify the similarity analysis of 
complex products and to support their clustering. It regroups 
components assuring the same function. Firstly, it will be 
applied to existing products, then, in a next step, it will be used 
to integrate easily new products in existing families based on 
their product architecture. Furthermore, the intermediate DFC 
representation will be reused during the process analysis part. 

3.1 General presentation 

To build the HyFPAG, five analysis steps need to be 
executed which will be supported by a software: 
A1 – Creating the liaison graph (Assembly analysis): The graph 
is created based on information out of the part list and technical 
drawings (CAD or paper form). 
A2 – Creating the DFC (Constraint and positioning analysis): 
For each liaison, the constraint information needed for the DFC 
is added. This step can be executed simultaneously with A1. 
A3 – Mapping of functional subassemblies: Components are 
allocated to well defined functions in the DFC. 
A4 – Transforming the DFC to a new hybrid graph (HyFPAG) 
showing the functional and physical architecture: This step is 
based on the DFC which is transformed following a rule set. 
A5 – Transforming the graph into matrix for future 
exploitation: Matrices are deduced from the graphs (liaison 
graph, DFC, HyFPAG) 

These five steps are detailed in the IDEF0 representation in 
Fig.1. The first two steps contain the application of the well-
known liaison graph and DFC methods. Their deployment does 
not differ from the usual procedure and, for this reason, is not 
described in detail in this article. The differentiation point is 
step three, mapping of functional subassemblies.  

Fig. 1. IDEF0 representation of the proposed methodology 

These are added in the DFC representation instead of the 
standard key characteristic representation. A functional 
subassembly contains the whole product components which are 
allocated to one particular function. Whereas a function 
describes a role which is fulfilled by one element of a group of 
elements to realize an activity or the destination of a device. 
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existing product as starting point, the method can be partly 
located in a reverse engineering approach. Referring to the FBS 
approach, the method is located in the link B ← S, the structure 
being the product analyzed and the behavior being its technical 
realization (technical function). The functional level is taken as 
input parameter for the method but not concerned or modified.  

In the following, Section 2 gives a brief literature review on 
existing modeling approaches representing the structure of an 
assembly and highlighting the need for an evolution of these 
approaches. Section 3 presents the proposed new methodology, 
supported by an illustrative example. In Section 4, this 
methodology is applied to a first case study and the results are 
discussed. Finally, Section 5 gives a conclusion and outlines 
the further work.  

2. Literature review 

Over the years, several approaches to model an assembly 
have found their way to industrial application. They are 
identified by Daniel Whitney as follows [2]: 

 Part list: most simple model which presents only the 
different components of an assembly 

 Bill of materials (BOM): model in form of a segmented, 
hierarchical list identifying subassemblies and their 
components 

 Liaison graph: simple, non-directed graph in which nodes 
represent components and edges stand for connections 
between the components 

 Datum Flow Chain (DFC): directed graph comparable to the 
liaison graphs in which the direction of the arcs indicates the 
relative positioning of components and values on the arcs 
indicate eliminated degrees of freedom. 

In addition, a new method based on cladistics was proposed 
a few years ago [3]. After a pre-evaluation of the different 
models, part lists and BOM are no further considered in the 
literature review because both do not furnish information about 
the relation between components and are therefore not useful 
for assembly modelling. An evolution of BOM, the generic 
BOM, was proposed for the representation of product varieties 
[4]. However, it is still not able to illustrate relations between 
components [5]. For these reasons, the following review 
focuses on the evaluation of the most promising approaches 
which are (i) liaison graphs, (ii) DFC and (iii) cladistics.  

2.1 Assembly representation in sequence generation and 
liaison graphs 

In 1984, Bourjault introduced the notion of liaison graphs 
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represent an assembly in a comprehensive way. Based on this 
so-called liaison graph, assembly sequences can be generated 
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electronics. Their method consists in creating a liaison graph 
with additional information about the type of attachment on the 
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In conclusion, liaison graphs and comparable graphic 
representations for sequence generations are comprehensive 
assembly representations. However, they furnish only 
quantitative information about component connections and no 
data about the relation characteristics. Furthermore, all the 
mentioned methods are only applied either on one specific 
product or on one family of very similar products. No method 
for the examination of different product families is described 
nor is such an application featured by the approaches. 

2.2 Cladistics 

Having been used in biology already for a long time to 
classify species, in the domain of engineering this method 
describes technical feature variation in between one product 
family putting the emphasis not on its chronological but 
technical evolution [3]. The cladistics method is used to 
support the paradigm of delayed product differentiation (DPD). 
Several case studies are presented by ElMaraghy and 
AlGeddawy applying cladistics on assembly analysis for the 
design of assembly lines for DPD. The first study proposes an 
algorithm for the automatic generation of cladograms which is 
applied on the analysis of a product family of electric kettles 
for assembly line design [13]. The second study, conducted 
analogous to the first one, concerns belt tensioners for car 
engines [14]. A supplementary application of cladistics to 
architecture representation of a car body in white was 
conducted in 2013 by the same authors aiming to identify 
different granularity levels for product variety management 
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furnish a complete product assembly representation model 
which allows the comparison of products in terms of number 
and nature of components.  

3. Proposed methodology 

To overcome difficulties due to variation of component 
numbers and types, the abstraction level of the new model 
needs to be increased. The model output is a hybrid functional 
and physical architecture graph (HyFPAG) representation of 

the product aiming to simplify the similarity analysis of 
complex products and to support their clustering. It regroups 
components assuring the same function. Firstly, it will be 
applied to existing products, then, in a next step, it will be used 
to integrate easily new products in existing families based on 
their product architecture. Furthermore, the intermediate DFC 
representation will be reused during the process analysis part. 

3.1 General presentation 

To build the HyFPAG, five analysis steps need to be 
executed which will be supported by a software: 
A1 – Creating the liaison graph (Assembly analysis): The graph 
is created based on information out of the part list and technical 
drawings (CAD or paper form). 
A2 – Creating the DFC (Constraint and positioning analysis): 
For each liaison, the constraint information needed for the DFC 
is added. This step can be executed simultaneously with A1. 
A3 – Mapping of functional subassemblies: Components are 
allocated to well defined functions in the DFC. 
A4 – Transforming the DFC to a new hybrid graph (HyFPAG) 
showing the functional and physical architecture: This step is 
based on the DFC which is transformed following a rule set. 
A5 – Transforming the graph into matrix for future 
exploitation: Matrices are deduced from the graphs (liaison 
graph, DFC, HyFPAG) 

These five steps are detailed in the IDEF0 representation in 
Fig.1. The first two steps contain the application of the well-
known liaison graph and DFC methods. Their deployment does 
not differ from the usual procedure and, for this reason, is not 
described in detail in this article. The differentiation point is 
step three, mapping of functional subassemblies.  

Fig. 1. IDEF0 representation of the proposed methodology 

These are added in the DFC representation instead of the 
standard key characteristic representation. A functional 
subassembly contains the whole product components which are 
allocated to one particular function. Whereas a function 
describes a role which is fulfilled by one element of a group of 
elements to realize an activity or the destination of a device. 
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The different identified functional subassemblies are in 
relation to each other based on the physical relations of the 
components which are composing them. The DFC graph with 
mapped functional subassemblies can be transformed into a 
matrix illustrating the attachment of components to functional 
subassemblies. For this, the lines of the matrix are representing 
the functional subassemblies and the columns stand for the 
components. This matrix is called F and defined according to 
equation (1).  

 
   (1) 

 
Applying the Rank Order Clustering Algorithm (ROC), the 

entries of the matrix are ordered in way that the relations 
between the different functional subassemblies are highlighted. 
Five different relations are possible. For each of the first four, 
a distinct representation is defined to express them in the hybrid 
functional and physical architecture graph (HyFPAG): 

 Identity: At least two functional subassemblies contain the 
same components. It is represented by a shared node. 

 Inclusion: A functional subassembly is included in another 
one, i.e. the components of one functional subassembly are 
a subset of the components of another one. It is represented 
by an aggregation link analogous to an UML aggregation.  

 Partition: Two functional subassemblies share some (not all) 
components. It is represented by a dotted line. 

 Contact: Two functional subassemblies are linked by a 
simple DFC mate relation between their components. It is 
represented by a single or bidirectional arc.  

 Separation: If there exist none of the above-mentioned 
relations between two functional subassemblies. 

The above-mentioned relations do not have an equal 
priority, rather there is a hierarchy which impacts the manner 
how the HyFPAG is built. The following figure shows the 
relations hierarchy. In the HyFPAG, strong relations must be 
established before weak relations and primary relations are 
established before secondary relations. 

Fig. 2. Relations hierarchy in the HyFPAG 

The relation matrix GF for the HyFPAG is defined 
according to equation (2). This matrix GF eases the similarity 
comparison of products attached to different product families. 

 
   (2) 

 

In the following subsection, the example of a nail clipper 
illustrates the application of the methodology. For this, the 
different steps defined before (A1-A5) are reminded. The 
example is inspired by the nail clipper example used in [25]. 

3.2 Exemplary application on a nail clipper 

The nail clipper and its functions are illustrated in Fig. 3. 
The components are numbered from one to four and five 
functions are identified and named a to e. It represents the input 
for A1. Their belonging functional subassemblies are named 
with the same letter written in capital letters.  

Fig. 3. Nail clipper with part list and functions [25] 

The related liaison graph is illustrated in Fig. 4a, the DFC 
with mapped functional subassemblies is detailed in Fig. 4b. 
This information will be added during the steps A1 to A3. The 
related matrix FNC, already arranged with the ROC algorithm, 
is shown in equation (3) below.  

Fig. 4. (a) Liaison graph; (b) DFC with functional subassemblies 

The matrix lines stand in decreasing order for the functional 
subassemblies B, A, C, D and E and are filled according to 
equation (1). The columns stand for the components 1, 2, 3 and 
4 (from left to right). It can be seen easily that two times two 
functional subassemblies are identic (groups A&C and E&D) 
and that two others share one component (groups AC&B, 
component 2). Now, the HyFPAG can be created (A4).  

 
 

  (3) 
 
 
The graph shows two identities (Fig. 5.), two relations of the 

type “contact” and one relation of the type “partition”. In step 
A5, the matrix GFNC is created. The entries gfi1 represent the 
relation from B to AC and DE, gfi2 the relation from AC to B 
and DE and gfi3 the relations form DE to B and AC.  

Fig. 5. HyFPAG of the nail clipper with adjacency matrix 

As additional feature, (un)coupling of functional 
subassemblies is highlighted by the HyFPAG representation. 
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In the nail clipper example, all of them are coupled. Uncoupled 
groups are identified if a node has only entering “contact” 
relations, which means that this functional subassembly can be 
dissociated from the others without impacting them. 

4. Case study  

In this section, the above described methodology is applied 
on a case study conducted in cooperation with thyssenkrupp 
Presta France. Two steering columns which are related to two 
different product families are analyzed, then compared. The 
first one, here called “column 1”, is a sophisticated mechanical 
column permitting height and length adjustment and possessing 
comfort components. The second one, here called “column 2”, 
is a basic mechanical column which permits only a height 
adjustment not possessing any comfort components. The 
former one is composed of 59 components fulfilling 25 
different sub-functions. The latter one consists of 22 
components fulfilling 19 sub-functions. The two steering 
columns are illustrated by the figure below. 

Fig. 6. thyssenkrupp Presta France column 1 (left) and column 2 (right);  

For reasons of confidentiality, from the liaison graphs, DFC, 
reduced graphs and the matrices F of the two columns, only the 
DFC and reduced graph of column 1 are shown in this article 
(Fig. 7.) and the labels have been removed. 

Fig. 7. DFC and HyFPAG of column 1 

 The reduction of the number of nodes and links in the 
HyFPAG compared to the DFC is obvious. In this case, the 
number of nodes is reduced from 59 to 22 and the number of 
links is reduced from 97 to 42. The corresponding relation 
matrix GFcolumn1 and the relation matrix GFcolumn2 for column 
2 are illustrated in Fig. 8. The boxes show a zoomed extract for 
better a readability.  

These matrices represent the HyFPAG of the two steering 
columns. Empty columns in both matrices were deleted to 
improve the readability and family identification. To compare 
them, both matrices are analyzed in regard of which functional 
subassemblies are connected.  

Fig. 8. Matrix GFcolumn1 (a) and Matrix GFcolumn2 (b) 

A link between two functional subassemblies existing in 
both matrices, is marked with an X and grey cases in the 
similarity analysis matrix. Fig. 9 shows the result of the 
similarity analysis. The matrix represents the synthesis of the 
two GF matrices.  

Fig. 9. First glance of a similarity analysis 

In result of the comparison, in total 39 links between 
functional subassemblies are identified existing in both 
columns. This means for column 1 that around 40% of the links 
(39 links of 98) exist as well in the functional architecture of 
column 2. For column 2, 59% of its links (39 links of 66) exist 
in the functional architecture of column 1. These numbers give 
a first idea of the similarity degree of these two columns. More 
columns could be added to the comparison method to identify 
common functional links analyzing a larger product range. 

The presented approach showed its capacity to model two 
product families represented by two products on the level of 
their functional structure. Two main achievements are realized: 
Firstly, this case study proves that it is possible to transform a 
physical assembly representation into a hybrid structure 
representation. Secondly, it has proven that the HyFPAG 
enables and eases the comparison of two different products 
which are attached to different product families and which 
differ in terms of number and nature of their components. The 
aim to propose a method which overcomes the difficulties of 
comparing products with a large component variety may be 
regarded as achieved, proven by the case study.  
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The different identified functional subassemblies are in 
relation to each other based on the physical relations of the 
components which are composing them. The DFC graph with 
mapped functional subassemblies can be transformed into a 
matrix illustrating the attachment of components to functional 
subassemblies. For this, the lines of the matrix are representing 
the functional subassemblies and the columns stand for the 
components. This matrix is called F and defined according to 
equation (1).  

 
   (1) 

 
Applying the Rank Order Clustering Algorithm (ROC), the 

entries of the matrix are ordered in way that the relations 
between the different functional subassemblies are highlighted. 
Five different relations are possible. For each of the first four, 
a distinct representation is defined to express them in the hybrid 
functional and physical architecture graph (HyFPAG): 

 Identity: At least two functional subassemblies contain the 
same components. It is represented by a shared node. 

 Inclusion: A functional subassembly is included in another 
one, i.e. the components of one functional subassembly are 
a subset of the components of another one. It is represented 
by an aggregation link analogous to an UML aggregation.  

 Partition: Two functional subassemblies share some (not all) 
components. It is represented by a dotted line. 

 Contact: Two functional subassemblies are linked by a 
simple DFC mate relation between their components. It is 
represented by a single or bidirectional arc.  

 Separation: If there exist none of the above-mentioned 
relations between two functional subassemblies. 

The above-mentioned relations do not have an equal 
priority, rather there is a hierarchy which impacts the manner 
how the HyFPAG is built. The following figure shows the 
relations hierarchy. In the HyFPAG, strong relations must be 
established before weak relations and primary relations are 
established before secondary relations. 

Fig. 2. Relations hierarchy in the HyFPAG 

The relation matrix GF for the HyFPAG is defined 
according to equation (2). This matrix GF eases the similarity 
comparison of products attached to different product families. 

 
   (2) 

 

In the following subsection, the example of a nail clipper 
illustrates the application of the methodology. For this, the 
different steps defined before (A1-A5) are reminded. The 
example is inspired by the nail clipper example used in [25]. 

3.2 Exemplary application on a nail clipper 

The nail clipper and its functions are illustrated in Fig. 3. 
The components are numbered from one to four and five 
functions are identified and named a to e. It represents the input 
for A1. Their belonging functional subassemblies are named 
with the same letter written in capital letters.  

Fig. 3. Nail clipper with part list and functions [25] 

The related liaison graph is illustrated in Fig. 4a, the DFC 
with mapped functional subassemblies is detailed in Fig. 4b. 
This information will be added during the steps A1 to A3. The 
related matrix FNC, already arranged with the ROC algorithm, 
is shown in equation (3) below.  

Fig. 4. (a) Liaison graph; (b) DFC with functional subassemblies 

The matrix lines stand in decreasing order for the functional 
subassemblies B, A, C, D and E and are filled according to 
equation (1). The columns stand for the components 1, 2, 3 and 
4 (from left to right). It can be seen easily that two times two 
functional subassemblies are identic (groups A&C and E&D) 
and that two others share one component (groups AC&B, 
component 2). Now, the HyFPAG can be created (A4).  

 
 

  (3) 
 
 
The graph shows two identities (Fig. 5.), two relations of the 

type “contact” and one relation of the type “partition”. In step 
A5, the matrix GFNC is created. The entries gfi1 represent the 
relation from B to AC and DE, gfi2 the relation from AC to B 
and DE and gfi3 the relations form DE to B and AC.  

Fig. 5. HyFPAG of the nail clipper with adjacency matrix 

As additional feature, (un)coupling of functional 
subassemblies is highlighted by the HyFPAG representation. 
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In the nail clipper example, all of them are coupled. Uncoupled 
groups are identified if a node has only entering “contact” 
relations, which means that this functional subassembly can be 
dissociated from the others without impacting them. 

4. Case study  

In this section, the above described methodology is applied 
on a case study conducted in cooperation with thyssenkrupp 
Presta France. Two steering columns which are related to two 
different product families are analyzed, then compared. The 
first one, here called “column 1”, is a sophisticated mechanical 
column permitting height and length adjustment and possessing 
comfort components. The second one, here called “column 2”, 
is a basic mechanical column which permits only a height 
adjustment not possessing any comfort components. The 
former one is composed of 59 components fulfilling 25 
different sub-functions. The latter one consists of 22 
components fulfilling 19 sub-functions. The two steering 
columns are illustrated by the figure below. 

Fig. 6. thyssenkrupp Presta France column 1 (left) and column 2 (right);  

For reasons of confidentiality, from the liaison graphs, DFC, 
reduced graphs and the matrices F of the two columns, only the 
DFC and reduced graph of column 1 are shown in this article 
(Fig. 7.) and the labels have been removed. 

Fig. 7. DFC and HyFPAG of column 1 

 The reduction of the number of nodes and links in the 
HyFPAG compared to the DFC is obvious. In this case, the 
number of nodes is reduced from 59 to 22 and the number of 
links is reduced from 97 to 42. The corresponding relation 
matrix GFcolumn1 and the relation matrix GFcolumn2 for column 
2 are illustrated in Fig. 8. The boxes show a zoomed extract for 
better a readability.  

These matrices represent the HyFPAG of the two steering 
columns. Empty columns in both matrices were deleted to 
improve the readability and family identification. To compare 
them, both matrices are analyzed in regard of which functional 
subassemblies are connected.  

Fig. 8. Matrix GFcolumn1 (a) and Matrix GFcolumn2 (b) 

A link between two functional subassemblies existing in 
both matrices, is marked with an X and grey cases in the 
similarity analysis matrix. Fig. 9 shows the result of the 
similarity analysis. The matrix represents the synthesis of the 
two GF matrices.  

Fig. 9. First glance of a similarity analysis 

In result of the comparison, in total 39 links between 
functional subassemblies are identified existing in both 
columns. This means for column 1 that around 40% of the links 
(39 links of 98) exist as well in the functional architecture of 
column 2. For column 2, 59% of its links (39 links of 66) exist 
in the functional architecture of column 1. These numbers give 
a first idea of the similarity degree of these two columns. More 
columns could be added to the comparison method to identify 
common functional links analyzing a larger product range. 

The presented approach showed its capacity to model two 
product families represented by two products on the level of 
their functional structure. Two main achievements are realized: 
Firstly, this case study proves that it is possible to transform a 
physical assembly representation into a hybrid structure 
representation. Secondly, it has proven that the HyFPAG 
enables and eases the comparison of two different products 
which are attached to different product families and which 
differ in terms of number and nature of their components. The 
aim to propose a method which overcomes the difficulties of 
comparing products with a large component variety may be 
regarded as achieved, proven by the case study.  
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5. Conclusion and perspectives 

In a globalized world with volatile market condition, 
industrial enterprises are facing various challenges, among 
others a continuous tendency to more personalization. This 
tendency is the motor which forces them to develop more 
product varieties which impacts strongly the need to define new 
product families. A development imposing new challenges on 
the production system: the production lines will have to face a 
product mix with small lot sizes and different product families. 
Treating these families requires their modelling and analysis 
permitting the identification of commonalities beyond the 
frontier of specific product families. Based on commonalities, 
a new clustering could be proposed. 

The literature review underlined that a lot of work has been 
done on the modelling of physical product structures. One 
shortcoming of these methods is that they are dedicated only to 
one product or one existing product family. In addition, in some 
cases, weak degree of qualitative information is furnished by 
the mostly quantitative approaches. This research gap is aimed 
to be closed by the proposed methodology for product family 
modelling, analysis and comparison. A hybrid functional and 
physical product model is proposed to overcome the difficulties 
related to variety analysis only on a physical level.  

The new methodology is based on DFC as a starting point. 
By the definition of functional subassemblies in a second step, 
the physical representation can be transformed into a functional 
structure representation with the advantage that this model is 
always the same without being influenced by number and type 
of the product’s components. It is this equality which makes a 
similarity analysis possible. Based on this analysis, design 
recommendations for assembly optimized design can be made. 
The novel approach is explained with the example of a nail-
clipper and successfully applied on an industrial case study of 
two steering columns from thyssenkrupp Presta France.  

Future work will be done concerning the automation of 
graph generation and treatment as well as their mathematical 
representations to ease the approach and decrease the impact of 
human related input errors. In addition, the similarity analysis 
which is presented in a straightforward way in this article will 
evolve and will be automated. The product model will be 
enriched with assembly technology information to be able to 
support assembly process analysis and optimization. 
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