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A B S T R A C T   

Product design activities are predicated on fuzzy modelling, given that verbalising and interpreting engineering 
requirements are inherently fuzzy processes. The aim of this paper is to present a method for fuzzy intelligent 
requirement engineering from natural language to Computer-Aided Design (CAD) models. The field exploring the 
dynamics of computational processes from fuzzy linguistic modelling to fuzzy design modelling is complex and 
remains under-explored. No existing research has been identified which focuses specifically on fuzzy re-
quirements engineering from natural language to CAD modelling. This paper seeks to address this by providing a 
design formalisation system based on five key principles. These principles are used to set out a computing 
procedure which follows a method broken up into six phases. The results of these six phases are fuzzy semantic 
graphs, which provide engineering requirements according to reliable design information. The approach is put 
into practice using the fuzzy agent-based tool developed by the authors, called F-EGEON (Fuzzy Engineering 
desiGn sEmantics elabOration and applicatioN). The proposed method is illustrated through an application from 
the automotive industry.   

1. Introduction 

The concept of possibility plays a central role in human decision- 
making and underlines much of human ability to reason in approxi-
mate terms [1]. Design is a domain of possibility. A major issue in design 
is the meaning of information. In design, what matters is the ability to 
create and chain information, and to answer questions relating to in-
formation. The proper framework for information analysis is by nature 
possibilistic rather than probabilistic [1]. Much of the information on 
which designers base decisions is also possibilistic by nature. 

The design process from conceptualization through to representation 
involves several different forms of knowing. Cognitive models can be 
presented in words through the form of linguistic modelling, which is 
based primarily on natural language use. As a result of the subjective 
nature of natural language use, difficulties may arise in the context of 
collaborative design, given that there may be subtle variations between 
what each designer understands a word to mean. 

A significant component of design is, in effect, the making of 
meaning. Although words tend to have established definitions, the 
boundaries of their meaning often remain indistinct and ill-defined. 
When asked to explain what a word means, people may not be willing 
to provide an explanation, or else may offer an account which differs 

from their actual understanding of the word [2]. What is more, many 
words have imprecise or changeable meanings. As a result, a meaning 
that is clear to one designer may be fuzzy to another, even if their 
experience appears to be shared from the outside. Hard conceptual 
boundaries in word semantics may be achievable using topological and 
dynamical concepts, as discussed by French mathematician Thom [3,4]. 
Because the semantics of words is partially governed by underlying 
perceptual mechanisms and by cultural conventions [5], the natural 
language inherently incorporates myriad possible meanings, with the 
resulting fuzzy boundaries to its form [1,6]. 

In the context of engineering design, cognitive modelling can take 
the external form of a drawing, plan, prototype or 3D model of the en-
gineering object in question. Cognitive modelling therefore forms one of 
the languages which designers use to develop their designs. Language in 
the design context provides an expression of creativity, and shapes the 
courses of action available to the designer. Models form many uses to 
designers, and may constitute an aid for thinking or decision making, a 
prompt for discussion, or a way of assessing how reliable their proposals 
are. 

The different potential ways of arranging and distributing structures 
form a key component of engineering design, particularly in the initial 
phases of the design process. New structures with novel parameters are 
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produced, which may not be recognized by the earlier ones. This process 
is an important aspect of design, given that it increases the potential for 
creativity and discovering alternative approaches. Assisting the 
Computer-Aided Design (CAD) with natural language processing (NLP) 
means expanding the creativity process from engineering requirements. 
The following research questions can be then addressed:  

• How can the natural language requirements of a product best be 
formalized, whilst taking fuzziness into account? 

• How can we most effectively identify and extract the necessary lin-
guistic information from the product design requirements in order to 
create formal or diagrammatic models which take into account the 
possibilistic nature?  

• How can the fuzzy language of requirements be formalized into a 
format appropriate for CAD modelling? 

Fuzzy set theory offers a natural foundation for the theory of possi-
bility. Fuzzy sets and their associated membership functions play key 
roles in developing formal models. Natural language describes uncertain 
knowledge, which provides a label to specify a fuzzy set. The knowledge 
is subsequently translated into membership functions, which provide a 
semantic manifestation of the designer’s knowledge. Membership 
functions provide suitable representations which are then retranslated 
into language. 

From this perspective, fuzzy variables are associated with possibility 
distributions. In this way, a fuzzy restriction’s membership function, 
interpreted as a possibility distribution function, acts as a possibility 
distribution function. 

The primary aim of this paper is to propose a method for fuzzy 
intelligent requirements engineering from natural language to CAD 
models. The paper is organized as follows: section 2 presents a survey of 
the related work, relevant research questions, and the open issue; sec-
tion 3 presents a fuzzy requirements engineering method, consisting of 
six phases; section 4 illustrates this method by presenting a case study on 
the design of a car door hinge; and section 5 provides the conclusions as 
well as a discussion of the study’s implications for future research. 

2. The current research landscape 

The research questions this paper presents have tended to be 
addressed by research into requirement engineering aided by NLP [7]. 
Over the past thirty years, the research theme centring on software 
requirement engineering supported by NLP has developed, and involves 
a variety of different approaches [8–19]. 

Significantly less research has taken place which focuses on the 
application of NLP to design specification. Recent works include the 
following: an approach focusing on improving CAD/CAM’s design effi-
ciency and ease of use [20]; the application of NLP techniques to auto-
matically produce parametric property-based requirements from both 
semi-structured and unstructured specifications [21]; a NLP approach 
which identifies ambiguous terms from different domains, and ranks 
them according to their ambiguity score [22]; the use of NLP to auto-
matically implement changes in construction models [23]. 

Engineering design or requirements assistance can be carried out 
through semantic analysis and representing texts or verbalisations, 
making use of existing linguistic and conceptual knowledge. This is 
equally true of translating technical texts into formal or semi-formal 
diagrams and employs knowledge of specific areas which have previ-
ously been conceptualised. The underlying motive of this is to offer 
increased assistance for conceptualisation than an automatic design 
could offer. In the following example, a steadfastly symbolic approach is 
employed. The approach is guided by the hypothesis of representations 
with AI formalisms using the analogy of mental representations (for 
alternative approaches, including deep learning and neural networks, 
refer to [24–27]). Understanding is associated with constructing a series 
of formal representations, which rely to varying degrees on a set of 

statements, which are subsequently translated into computational pro-
cesses. This relies on the design specifications having the following 
characteristics:  

• Due to the need to be understood by multiple designers, design texts 
or verbalisations are generally required to be concise and unambig-
uous. The use of precise language demonstrates the designers’ 
readiness to work collaboratively and be mutually understood, 
whilst also ensuring that the engineering specifications remain 
relevant [28]. 

• The design specifications are in essence descriptions of events, ob-
jects, actions, contexts or situations. To be interpreted, linguistic 
universals can be employed, including the distinction between a verb 
and a noun, between action and relation, and between objects. To 
analyse discourse propositionally, a basic typology of three verbal 
categories is generally suggested: (1) the stative, (2) the factive, and 
(3) declarative verbs. Regarding characterising objects, five voices 
can be differentiated: 1) the existential, (2) the situative, (3) the 
equative, (4) the descriptive, and (5) the subjective. Assistance for 
effective design initially seeks to identify, and then to represent, the 
functional, structural, and dynamic aspects within the sentences 
which express the engineering requirements. In this way, grammars 
which allow a proposition’s category (event, action, state), and a 
predicate’s arguments (object, agent, source etc.) to be determined, 
are well suited for these processes [29].  

• The lexicon and the sentence [30] are the units which are of primary 
importance for linguistically processing the brief, precise and un-
ambiguous design expressions. This automatic comprehension is 
therefore facilitated, primarily through computing sentence mean-
ings from words (referred to as compositionality) and by employing a 
knowledge representation formalism attained from AI, which allows 
meanings to be partially represented.  

• According to Vygotsky [31], the internal language of thought is 
translated into an external language (spoken or written word) 
through the process of speaking or writing. Understanding therefore 
proceeds symmetrically. When an individual is asked to describe an 
activity they have expertise in, they are in essence being asked to 
translate their internal thoughts about this activity into an external 
language. To ensure that the description is understood, they will 
attempt to translate their thoughts directly into an abbreviated lan-
guage which employs a simplified form of syntax and exclusively 
predicative judgements. Understanding is thus conceptualising. 

Product design is an activity of fuzzy linguistic modelling and fuzzy 
conceptual modelling because it is characterized by verbalization/ 
formulation of engineering requirements. Product design usually starts 
with the identification of a need, proceeds through a sequence of ac-
tivities to seek for a solution to the problem and ends with a detailed 
description of the product or the technical system. There have been 
many attempts to draw up models to handle the complexity manage-
ment of design process in systematic steps [32–36]. Both functional 
modelling and structural modelling have been investigated [37–41]. 
There are many different interpretations of the notion of the function in 
engineering design [42,43]. Usually, functions can be defined as the 
abstracted behaviour [44,45] represented in natural language [33,46]. 
The point is natural language cannot represent unequivocally the de-
signers’ thinking. Uncertainty is thus an integral part of the design 
process. 

During the design process, the designer deals with some distinct 
forms of uncertainty such as incompleteness, imprecision, randomness, 
fuzziness, and ambiguity [47]. Therefore, it is unrealistic to model, 
evaluate and forecast without considering this inherent uncertainty and 
imprecision [48–50]. Formalization based on fuzzy set theory makes it 
possible to develop flexible and possibilistic models. Basically, product 
design means building and maintaining a coherent network from fuzzy 
requirements to CAD models [51]. Fuzzy functional architecture, fuzzy 
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logical architecture, fuzzy generative architecture that produces a va-
riety of different configurations, and fuzzy physical architecture, are just 
some of the fundamental elements proposed by the fuzzy network of 
product design [52]. Formalization based on fuzzy set theory makes it 
possible to compute a fuzzy set of consensual solutions based on 
customer requirements and service engineering constraints [47], a fuzzy 
optimal product configuration [53], and a fuzzy nucleus for product 
configuration [54]. A fuzzy network of product design enables the 
construction of platforms for design configurations [55,56]. In this 
context, multidisciplinary stakeholders, from customers to the designers 
including different engineering services, must acknowledge the uncer-
tainty and fuzziness in order to ultimately achieve relevant communi-
cation and chaining of engineering requirements. These engineering 
requirements should be computed, represented and memorized in dig-
ital documents or diagrams. Consequently, any soft computational 
procedure facilitating building design requirements contributes to 
reducing the time taken to realize not only the requirements’ elabora-
tion, but also the other design phases. Nonetheless, while there has been 
much research on the application of requirements engineering, none has 
focused specifically on fuzzy requirements engineering from natural 
language to CAD modelling. Thus, it is important to gain a coherent and 
more complete picture of requirement engineering and its changes by 
considering the possibilistic nature of design formalized by fuzzy set 
theory. This paper addresses this issue. 

3. Fuzzy modelling of requirements engineering 

As the dynamics of computational processes from fuzzy linguistic 
modelling, fuzzy cognitive modelling to fuzzy design modelling consti-
tute in themselves a difficult and not fully explored domain, we propose 
five principles that guide a new approach to engineering requirements 
and allow the development of a design formalization system. These 
principles, which enrich those proposed in [29,57], are the following:  

• Principle 1: Linguistic modelling, cognitive modelling and design 
modelling are fuzzy. This principle enhances the use of fuzzy set 
theory to model uncertainty, imprecision and the possibilistic nature 
of natural language, and to compute design requirements. This 
principle becomes even stronger when considering developing re-
quirements in a cooperative context where each designer will have a 
personal perception of the different formulated language elements. 
The fuzzy logic concepts for fuzzy requirements modelling and 
computing are presented in the next section.  

• Principle 2: Design requirements from natural language should be 
refined to obtain formal design requirements. It is not easy to directly 
translate an informal design requirement into a formal one. This 
difficulty corresponds to the problem of translating a natural lan-
guage into a formal language. Observing co-design activity corrob-
orates this principle. During the activity, a product design is 
gradually elaborated by refinement [58].  

• Principle 3: The move from the informal requirements to the formal 
ones needs an intermediate representation. Refining the expression 
of a design requirement is a process not sufficiently defined to 
determine the real number of refinement steps necessary for a given 
requirement. Thus, we proposed an intermediate representation, 
referred to as the pivot of the formalization. This intermediate rep-
resentation might be in the form of conceptual graphs [59] or fuzzy 
conceptual graphs that extend conceptual graphs to fuzzy values [60, 
61]  

• Principle 4: The formal representation of fuzzy requirements should 
maximize the content of information. The automatic processes of 
formal representation produce requirements which are too close to 
natural language (literal semantics). In addition, it is often necessary 
to transform them using experiences rules in order to make them 
relevant and usable to designers. The major cause of the distance 
between initial requirements and the formal requirements produced 

is the overuse of high-level thematic relations (agent, object, source, 
destination, etc.) that might express the meaning of sentences but are 
unimportant for technical requirements. 

• Principle 5: A formal intermediate representation of fuzzy re-
quirements serves as a pivot for translation into different design 
requirement languages. This principle stems from a common obser-
vation among designers: a single language rarely lends itself to 
modelling the complete design requirement (which is the origin of 
the multi-requirement paradigm [62]). It is then possible to translate 
the logical description’s content into the target formal design lan-
guage, provided that the proper translator is available. 

3.1. Fuzzy set and fuzzy logic concepts 

In set theory, a set has elements that satisfy all of its specific prop-
erties. That is to say that elements that do not satisfy all the properties of 
a set cannot belong to this set. Thus, a subset A of a set X can be 
described from its characteristic function x : X→ {0,1} as follows (Eq. 
(1)): 

xA(x) =
{

1 ifxεA
0else (1) 

However, many subsets expressed in common language cannot be 
defined by a specific/discriminant property: for example, the subset 
"Large Opening" of set “Opening”, in a car door context. It is then 
possible to define a characteristic function of membership of a subset of 
A, denoted µA, which associates each element x of X with a real value 
µA(x) in the interval [0, 1]. This membership function allows, on the one 
hand, highlighting grades of membership of elements of the set X, and on 
other hand, the reference to define a fuzzy subset of X. Fuzzy subsets use 
the same operations as classical subsets: equality, inclusion, union, 
intersection, complement, etc. Thus, membership function is defined for 
a fuzzy relation R between two universes of reference X and Y as follows 
(Eq. (2)): 

fR : X × Y → [0, 1] (2) 

The fuzzy logic knowledge representation [63] is based on fuzzy 
elementary propositions such as "V is A", defined from a set L of variables 
(V, X, TV), where V is a linguistic variable, X is the universe of discourse 
(set of values), and TV is a list of characterizations (linguistic values) of V 
represented by fuzzy subsets of X. For instance, let us consider the 
opening V, and the list TV = {A1, A2, A3, A4, A5}, where A1 = “Very 
small”, A2 = “Small”, A3 = “Medium”, A4 = “Large”, and A5 = “Very 
large”. 

A fuzzy proposition is formed from a fuzzy subset A of TV or a 
modified form thereof (for instance, weakening or strengthening). This 
fuzzy proposition is provided by the membership function of the fuzzy 
set µA and its truth value belongs to any set [0, 1] (i.e., the fuzzy 
proposition is especially true for any value x of X that µA(x) is high). A 
truth value equal to 0 or 1 corresponds to a proposition that is absolutely 
false, or absolutely true respectively (as defined in set theory). 

Zadeh [6] has proposed fuzzy logic as a framework for approximate 
reasoning. This approximate or fuzzy deductive reasoning is an exten-
sion of the reasoning in classical logic. Thus, the three basic operators of 
classical logic, conjunction, disjunction and negation, are also defined 
for fuzzy logic. Consider the fuzzy propositions P1 = "V is A" and P2 =
"W is B”, then:  

(1) the conjunction of P1 and P2 is a fuzzy proposition whose truth 
value µA∧B is obtained by aggregation using a t-norm of truth 
values of the two propositions (for example using the min oper-
ator, µA∧B(x) = min(µA(x), µB(x)).  

(2) the disjunction of P1 and P2 is a fuzzy proposition whose truth 
value µA∨B is obtained by aggregation using a t-conorm of truth 
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values of the two propositions (for example using the max oper-
ator, µA∨B(x) = max(µA(x), µB(x)).  

(3) the negation of P1 is a fuzzy proposition whose truth value is ¬µA 
(for example using the complement to 1 operator, µA(x) = 1 −
µA(x)). 

Fuzzy implication rules, such as "IF V is A THEN W is B", can be used 
to represent knowledge about a system. A fuzzy rule defines on X × Y a 
relation R, that is noted A→B, between the values taken by V and W. The 
relation R determines the bonding strength between the premise "V is A" 
and the conclusion "W is B". Its membership function µA→B corresponds 
to the truth value of the fuzzy implication between the two propositions 
(premise and conclusion). Many forms or operators of fuzzy implication 
have been proposed (generally derived from work on multivalued logic). 
For instance, Mamdani [64] proposes seeing implication as a conjunc-
tive relation (Eq. (3)): 

μA→B(x, y) = min(μA(x), μB(y), ) (3)  

For implementing fuzzy set theory in fuzzy requirements modelling and 
computing in product design, we proceed in the following three phases:  

(1) defining a universe of discourse for a design problem, named U, 
made up of a set of domains representing linguistic variables (ex: 
{Access, Rotate, Solidarize, Open, Close, …}). 

(2) defining fuzzy subsets of these domains to represent fuzzy lin-
guistic values (ex: {Weak, Average, Strong, …}); and finally. 

(3) defining membership functions, named μi … μj, allowing deter-
mination of the degree of membership of an instance of a lin-
guistic variable stated by a designer, to one (or more) linguistic 
values (ex: let x be an instance of “open” and A the fuzzy subset 
corresponding to the linguistic value “Strong” then μA(x) ∈ [0,1]). 

The introduction of fuzzy sets and membership functions to these 
fuzzy sets allows fuzzy associations, inferences and reasoning to be made 
using the concepts of fuzzy logic. 

3.2. Fuzzy requirements engineering approach 

According to these five principles, we proposed a 5-phase method to 
model intelligent requirements expressed in natural language and their 
chaining for CAD models (Fig. 1). 

Fig. 1. 6-phases method proposed for building fuzzy engineering specifications.  
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3.2.1. Phase 1: building fuzzy engineering ontology 
The phase of building fuzzy engineering ontology consists of 

extracting the lexical information contained in the specifications and 
determining the privileged links between the words [65]. Extracting 
lexical information can be performed in two ways. Firstly, it may be 
automatically selected from texts or speech from engineering domains 
using co-occurrence studies of words, based on lexical proximity anal-
ysis and statistical filtering techniques, such as mutual information [66]. 
Many NLP technics and tools have been proposed to help the building of 
terminologies and to acquire/learn ontologies from corpora [65,66]. 
Secondly, it may be semi-automatically extracted, as we presented in 
[67] and that we propose in the context of this work. 

The method proposed for obtaining knowledge entails extracting 
meanings of previously recognized concepts from a digital dictionary 
and then describing them in a semantic dictionary, for example, using 
conceptual graphs (CG or fuzzy CG). The treatment’s purpose is to grow 
the application domain’s knowledge base by integrating semantic in-
formation from a dictionary and expanding the model’s ontology 
through the definitions of each concept. It is feasible to construct a 
corresponding fuzzy CG and incorporate it in a canonical base after 
analyzing the contents of a definition. 

3.2.2. Phase 2: formulate fuzzy requirements engineering in natural 
language 

Understanding a text or a speech of design specification involves 
identifying three elements: (1) the static situations of spatio-temporal 
location and characterization of objects; (2) the kinematic situations 
of moves in a space or of state changes attributed to objects; and (3) 
dynamic situations of moves or changes of states caused by an external 
force. There are three levels of representation for these elements (Fig. 2): 
(1) the cognitive, generated from cognitive archetypes; (2) the concep-
tual, organized into predicates and arguments; and (3) the linguistic, 
organized from grammatical schemas specific to a language [68]. Thus, 
to state a description is to integrate cognitive archetypes into predicative 
conceptual schemes and to encode these predicative structures into 
specific linguistic systems in the form of grammatical schemas specific to 
the language used (nouns, verbs, prepositions, etc.) [31]. 

3.2.3. Phase 3: linguistic analysis of fuzzy engineering specification 
The language has three fundamental properties [69]: it is intentional 

(for example, the intention to transmit information), syntactic (for 
example, the structure and coherence of a speech act), and enunciative 
(for example, transmitting information). Thus, the aims of NLP are to 
propose methods, techniques and tools that cover these three properties. 
In computational linguistics, five levels for written or spoken language 
are considered (morphology, lexicon, syntax, semantics, and prag-
matics). As we will see in the next section, the semantic level is of pri-
mary interest in our representation of specifications. This level concerns 
identifying the meaning of words and sentences, as well as the re-
lationships they establish between them. There are several approaches 
to this challenge, for example: lexical semantics, based on primitives and 
relations between elements, such as Fillmore’s case grammars [70–72], 
Schank’s action primitives [73], Desclés’s cognitive archetypes [68], 
Pottier’s general semantic [74], STDP (Stanford Typed Dependency 
Parser) [75], notions of prototypes and mental models; or grammatical 
semantics, such as Montaguë’s semantics, DRT [76]. As for the relations 
between semantics and automatic treatments, they are amply described 
in [77]. 

3.2.4. Phase 4: building fuzzy conceptual graphs 
Representing knowledge aims to allow a correct representation 

through a sufficiently precise and formal notation or representational 
framework. Considering conceptual graphs model [59] a formalism of 
the family of semantic networks, elementary objects are concepts or 
relations, and propositions or facts are represented by a graph con-
necting concepts and relations by directed arcs. Rules are defined of-
fering the possibility of joining or dissociating CGs (joints and 
projections). An isomorphism with the first-order predicate logic is 
established for a basic kernel. Thus, the CGs’ formalism is both a con-
ceptual model in its form (great readability), and a system with 
axiomatic foundations. 

Moreover, by using fuzzy conceptual graphs [60,61] it is possible to 
represent the uncertainty (probability) and especially the imprecision 
(subjectivity) of the proposals made by the different designers collabo-
rating in a design activity. The transition from linguistic analysis to the 
representation of extracted knowledge therefore consists in the semantic 
translation of the syntactic/semantic structure in the form of fuzzy CGs 
(see the algorithm presented in Fig. 3). For instance, case grammars are 
used to determine the different thematic roles filled by the constituents 
of a sentence using information acquired on the order of words, prep-
ositions, verbs, and context. In other words, the parser determines how 
the noun phrases of a sentence are related to verbs - the semantic role 
that specifies how an object participates in the description of an action. 

3.2.5. Phase 5: transforming the fuzzy specification language 
In [59], Sowa defined the operator Φ which makes a formula in the 

predicate logic of the first order correspond to every CG. Moreover, an 
interpretation of the CG model extended to fuzzy values has been pro-
posed by Thomopoulos et al. [78]. For instance, the fuzzy CG u repre-
senting the sentence “Very strong access to the car” (Eq. (4)), will have 
as equivalent the formula Φ (u), where LV and DM are respectively a 
linguistic value and a degree of membership (Eq. (5)):  

u: [value: [0,1]]←(DM)←[strong:#1]←(LV)←[access: *]→(LOC)→[car: #2]  
(4)  

Φ(u): ∃x,y∈[0,1], access(x)∧LV(x,#1)∧strong(#1)∧DM(y,#1)∧value(y)∧LOC 
(x,#2)∧car(#2)                                                                                 (5) 

The isomorphism between CG and predicate logic allows the repre-
sentation of a design specification in a formal language of specification 
to have a better readability for designers. For example, in Fig. 4 we 
illustrate the translation of fuzzy GCs in the Z language (or Object-Z 
[79]) given the algorithm for this translation. The notation in Z lan-
guage schemas has the advantage of making the representation in first 
order logic more explicit. 

3.2.6. Chaining fuzzy specification language into fuzzy CAD models 
In CAD modelling, a bill of materials (CAD-BOM) represents the files’ 

structure. For an existing product, the language of specification outputs 
(including functions, formulas, variables, etc.) are sent to the files (part 
or assembly) in CAD-BOM via communicating agents. For a new prod-
uct, the first order logic outputs (functions, formulas, and variables) are 
also used to create a CAD-BOM. 

As a further aspect of the CAD modelling, formulas are identified as 
true or false, and are assigned a variable which is associated with a 
geometric or topological element of the CAD. For example, check the 
form’s rules, IF condition THEN action, in Knowledgeware Advisor of 
Computer Aided Three-Dimensional Interactive Application (CATIA) is 

Fig. 2. Scheme describing the verbalization of specification.  
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programmed for evaluation. In this way, during the CAD modelling 
process, the CAD model is evaluated according to how well it satisfies 
the specifications. 

4. Application and results 

In this section we illustrate the method presented in the previous 
section with an example of a team of designers specifying a car door 
hinge [80]. This example proposes a cooperative semi-automatic process 
of diagrammatic representation (close to the UML language) of design 
description [66]. This process incorporates the six main phases pre-
sented in Fig. 1. The designers use the F-EGEON platform for this 
activity. 

4.1. Explanation of the method’s six phases 

The components of the hinge are shown in Fig. 5. They are listed in 
the basic ontology, of which Fig. 6 presents a few examples, as well as 
the canonical definition of the product’s basic functions. For example, 
the type "Door" is defined as a physical object, component of the type 
"Car", allowing a user to access the interior of a car. As for the "Access" 
type, it is defined as an action, a product function of a "Car", having a 
degree of membership to a linguistic value between 0 and 1. Realizing 
this ontology is a prerequisite for the method, as is fuzzy modelling 
(Fig. 7). 

In the first phase of the method, the designers’ specification state-
ment is used to produce lists of components and functions, as illustrated 
in Fig. 8 (designers identify and verbalize the components of the product 
they specify). 

Following the formulation of specifications, in phase two of the 
method, linguistic analysis is used to produce syntactic and semantic 

representations using a case grammar that we developed in a previous 
project [82]. The case grammar is presented in Fig. 9, where s is a 
sentence, vp is a verbal phrase, np is a noun phrase, v is a verb, n is a 
noun, p is a preposition, and d is a determiner, and AGNT, ACT, LOC, 
REL are casual relations. The result of phase two makes it possible to 
build the fuzzy CGs presented in Fig. 10 (phases three and four of the 
method). Then, in phase five, the specifications are transformed into 
formulas using the logic of first order predicates and can be translated if 
necessary into a specification language such as Z language, using the 

Fig. 3. Fuzzy CG building from the semantic structure and the fuzzy engineering ontology.  

Fig. 4. Building a formal description from the fuzzy CGs representing a section of specification.  

Fig. 5. A car door hinge and its components.  
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Fig. 6. Some examples of Fuzzy CGs defining the type of components and product functions.  

Fig. 7. Fuzzy modelling of the case study realized with FisPro software [81].  
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Fig. 8. Examples of lists of components and product functions built during phase 1.  

Fig. 9. Simple example of (a) syntactic tree and (b) fuzzy casual relations built, during the phase 2.  

Fig. 10. Four examples of fuzzy CGs built during phases 3 and 4.  
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algorithms we present in [29] (Fig. 11). In the last phase of the method, 
these representations are chained into CAD models, as we illustrate in 
Fig. 12. 

4.2. F-EGEON platform for assisting requirements engineering 

In order to put our intelligent requirements engineering approach 
into practice, we have developed a fuzzy agent-based tool called F- 
EGEON (Fuzzy Engineering desiGn sEmantics elabOration and applica-
tioN). This tool operates according to the first 5 phases of the approach 
presented in Fig. 1. F-EGEON makes it possible to represent the infor-
mation transmitted by designers during their engineering design activ-
ities on two levels: the first level corresponds to a designer’s individual 
activity and to the visualization of the requirements independently of 
each other; the second level, where the requirements graphs are merged, 
corresponds to a collaborative activity between designers and a global 

visualization of the requirements. These two levels of information and 
visualization of information can be seen as two modes of use of F- 
EGEON, which we illustrate below. 

A designer can state a set of requirements (verbally or textually) as 
shown in Fig. 13. The current version of the tool operates at the sentence 
level. In other words, a requirement corresponds to a sentence formu-
lated by a designer (frame at the bottom of the tool, where the text is 
entered on the keyboard or from a voice interface, Fig. 13). Then, each of 
the requirements is represented by a graph (drawing area of the tool, 
Fig. 13) and the design tree is completed (left frame of the tool, Fig. 13). 
In this level of representation, the functions are therefore independent. 
This is the first phase of understanding the function, but also the 
transformation of the function into a solution. 

In a cooperative design activity, several designers can jointly state 
the requirements of a product (always verbally or textually). In this case, 
designers can ask the tool to merge the different graphs generated for 

Fig. 11. Given the sentence "The driver must be able to open (MD = 0.8) and close (MD = 0.7) the door of the car", (a) the fuzzy CG U built during phase 4, and (b) 
the schema Z built during phase 5. 

Fig. 12. (a) Example of CAD-BOM, and (b) product structure obtained in Computer Aided Three-Dimensional Interactive Application (CATIA V5 R21), illustrating 
phase 6. 
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each requirement, as illustrated in Fig. 14 (screen of a designer identi-
fied as Actor 3). It should be noted that this graph fusion function can 
also be activated in the individual working mode described above. 

The knowledge network generated in the second level of represen-
tation shows the interactions between the functions. This representation 
is essential so that all the designers can visualize the result of the 
cooperative work, but also allows each designer to be informed indi-
vidually of the state of construction of the common graph which can 
therefore detect conflicts between functions and their parameters. For 
instance, the parameters of the actions “rotate” and “solidarize” inter-
acting with “body” and “door” can be conflictual. Similarly, the actions 
“open” and “close” related to “door” and “driver” are semantically 
conflictual. The network can also assist the designer in explaining the 
causality and the deductions, as well as showing the interaction between 
an established function and a newly defined one. 

5. Results and discussion 

The developed fuzzy agent-based tool F-EGEON tool encapsulates 
the engineering requirements’ fuzzy semantic network. It operates ac-
cording to the proposed formal approach. 

F-EGEON makes it possible to represent the information transmitted 
by designers during their engineering design activities on two levels: the 
first level corresponds to a designer’s individual activity and to the 
visualization of the requirements independently of each other; the sec-
ond level, where the requirements graphs are merged, corresponds to a 
collaborative activity between designers and a global visualization of 
the requirements. It also assists the designer in explaining causality and 
deductions. 

The time and quality of requirements is improved by intelligent re-
quirements engineering from natural language and through the process 
of chaining fuzzy requirements engineering from natural language into 
CAD models. Design proposals are also improved by specialist team 
members who collaborate to develop requirements. 

The method proposed here can be employed as a foundation for 
design through social processes such as discussions. The method’s cen-
tral focus is on group discussions in which fuzzy design requirements are 
articulated. From this perspective, team building and collaborative 
working are assisted by intelligent requirements engineering derived 
from natural language, and its chaining into CAD models. The process of 
using intelligent models in open, exploratory, and dialectical ways by 
the design team is therefore made possible. 

Fig. 13. Semantic representations during an individual use of F-EGEON.  
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6. Conclusion 

This research aimed to develop a method for fuzzy requirements 
engineering by chaining natural language into CAD models. The pro-
posed approach shows that moving from linguistic analysis to repre-
senting engineering requirements involves translating the fuzzy 
syntactic structure of language into a fuzzy semantic formation and 
representing this in fuzzy conceptual graphs. The isomorphism between 
fuzzy conceptual graphs, and fuzzy predicate logic enables a fuzzy 
formal language of requirement to be produced. This is translated into Z 
language and is subsequently chained into Computer Aided Three- 
Dimensional Interactive Application (CATIA) models. The approach 
shows that processing natural language and building engineering lan-
guages are core components of requirements engineering. 

It can be concluded that the formalisation presented here increases 
requirements’ reliability and relevance in both CAD models and PLM 
systems more generally. The results indicate that the time, the quality of 
requirements and design proposals are improved through the process of 
chaining fuzzy requirements engineering from natural language into 
CAD models. 

The proposed intelligent requirements engineering model indicates 
open-ended scenarios and invites further contributions. It does not 
indicate a completed system, or offer a closed AI application. Rather, the 
systems proposed increase the breadth of scenarios in which AI is 
applicable for engineering requirements. 

Nonetheless, the intelligent requirement engineering by the pro-
posed systems are not intended only to represent the proposals, but also 

to enable positive actions and behaviour within the design environment. 
An intelligent requirement engineering system should also facilitate 
analysis of biased representation and misrepresentation. These limita-
tions and shortcomings can produce a negative effect on design devel-
opment, as well as negatively impacting the social process of design. 
Consequently, future research for developing fuzzy engineering design 
semantics elaboration method and tool should highlight the assertion of 
requirements and making intelligent recommendations. 
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[61] P. Buche, J. Dibie-Barthélemy, L. Ibanescu, Ontology mapping using fuzzy 
conceptual graphs and rules, in: Proceedings of the ICCS Supplement 1724, 2008. 

[62] M. Amrani, D. Blouin, R. Heinrich, A. Rensink, H. Vangheluwe, A. Wortmann, 
Towards a formal specification of multi-paradigm modelling. ACM/IEEE 22nd 
International Conference on Model Driven Engineering Languages and Systems 
Companion (MODELS-C), IEEE, 2019, pp. 419–424. 

[63] L.A. Zadeh, The concept of a linguistic variable and its application to approximate 
reasoning —I, Inf. Sci. 8 (3) (1975) 199–249 (Ny). 

[64] B. Bouchon–Meunier, D. Dubois, L. Godo, H. Prade, Fuzzy sets and possibility 
theory in approximate and plausible reasoning. Fuzzy Sets in Approximate 
Reasoning and Information Systems, Springer, Boston, MA, 1999, pp. 15–190. 

[65] D. Fensel, Ontologies. Ontologies, Springer, Berlin, Heidelberg, 2001, pp. 11–18. 
[66] C.C. Aggarwal, C. Zhai, Mining Text Data, Eds., Springer Science & business Media, 

2012. 
[67] A.J. Fougères, Faciliter Les Interactions Coopératives Entre Utilisateurs De 
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