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a  b  s  t  r  a  c  t

The  design  of  complex  engineered  systems  highly  relies  on a laborious  zigzagging  between  computer-
aided  design  (CAD)  software  and  design  rules  prescribed  by design  manuals.  Despite  the emergence  of
knowledge  management  techniques  (ontology,  expert  system,  text mining,  etc.),  companies  continue  to
store  design  rules  in  large  and  unstructured  documents.  To  facilitate  the  integration  of  design  rules  and
CAD  software,  we  propose  a knowledge  graph  that  structures  a  large  set of  design rules  in a computable
format.  The  knowledge  graph  organises  entities  of design  rules  (nodes),  relationships  among  design  rules
(edges),  as  well  as  contextual  information.  The  categorisation  of entities  and relationships  in  four  sub-
contexts:  semantic,  social,  engineering,  and  IT  – facilitates  the  development  of  the  data  model,  especially
the  definition  of  the  “design  context”  concept.  The  knowledge  graph  paves  the way  to  a  context-aware
cognitive  design  assistant.  Indeed,  connected  to or  embedded  in  a CAD  software,  a  context-aware  cog-
nitive  design  assistant  will  capture  the  design  context  in near real  time  and  run reasoning  operations
on  the  knowledge  graph  to extend  traditional  CAD  capabilities,  such  as  the  recommendation  of  design
rules,  the  verification  of design  solutions,  or the automation  of design  routines.  Our  validation  experi-

ment  shows  that  the  current  version  of  the context-aware  cognitive  design  assistant  is more  efficient
than  the  traditional  document-based  design.  On  average,  participants  using  an  unstructured  design  rules
document  have  a precision  of  0.36  whereas  participants  using  our  demonstrator  obtain  a  0.61  precision
score.  Finally,  designers  supported  by  the  design  assistant  spend  more  time  designing  than  searching  for
applicable  design  rules  compared  to  the traditional  design  approach.

©  2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

1.1. Context

Although a major skill of designers is their creativeness, indus-
trial design consists in exploring a bounded space of possible
designs – the design space. Indeed, the main goal of routine design
is to search a constrained design space to locate an optimal solu-
tion (Gero et al., 1999). To avoid flawed solutions that are outside
of the range of possible designs, companies create design manu-

als that collect a bewildering array of design rules. A design rule
is a constraining prescriptive statement (Fu et al., 2016) – often an
unstructured blend of text and graphical objects (equation, table,
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hart, sketch, etc.) – that limits the freedom of a designer. A large
mount of common design principles is available in commercial
andbooks, but most design rules are specific to a domain and
herefore stored in internal design manuals. A design manual aims
t supporting deployed designers for the achievement of a proof
esign, in compliance with best practices, applicable regulations,
s well as design for X (manufacturing, assembly, recycling, etc.)
onstraints. The content of a design manual reflects the experience
cquired by the company in previous programs, the latest technol-
gy progress status, and any design improvement driven by recent
n-service or manufacturing experience. Deviations from the design
rinciples shall be justified and authorised.
.2. Problem

In industry, design manuals are large and unstructured docu-
ents. When the set of design rules does not lead to a cognitive

https://doi.org/10.1016/j.compind.2020.103377
http://www.sciencedirect.com/science/journal/01663615
http://www.elsevier.com/locate/compind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compind.2020.103377&domain=pdf
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overload for a designer (Gruszka and Nęcka, 2017), documents are
the most efficient storage solution. However, today, for various
reasons, a document-based approach is not suitable anymore.

First, the large number of experts and the geographically dis-
persed teams make the collection and management of design rules
in documents cumbersome. Second, when a designer must pro-
vide a design free of errors, he or she has no other alternative than
to go through the big data and spend a large amount of time to
retrieve the applicable subset of design rules. For instance, from
our collaboration with industrialists, the collection of design man-
uals applicable to the design of a recent civil aircraft contains no
more than 1771 pages, that is, tens of thousands of design rules.
The third limit of unstructured documents is that they make com-
putation difficult not to say impossible without a pre-processing
phase to model design rules in a formal structure.

Because of the aforementioned problems and the promising
full model-based engineering approach, we state that large and
unstructured documents can no longer serve as an efficient solu-
tion for storing design rules. There is a need for a context-aware
cognitive design assistant that aids designers in the collection,
organisation, retrieval, use, and management of design rules.

1.3. Proposal

The term “context-aware cognitive design assistant”, that rep-
resents our proposal, needs to be discussed. By context-aware (van
Engelenburg et al., 2019), we mean that the cognitive design assis-
tant will have the ability to sense and adapt to the current design
context so as to provide, without explicit user intervention, rel-
evant information and/or services to the user, where relevancy
depends on the user’s task (Dey, 2001; Baldauf et al., 2007). Adapted
from (Abowd et al., 1999) and (Alexopoulos et al., 2016), a design
context is any information that can be used to characterise the sit-
uation of a designer. Cognitive assistants, which are also known as
expert systems or knowledge-based agents, are “intelligent” com-
puter programs that learn more or less complex problem-solving
expertise from human experts to assist human nonexpert in solv-
ing similar problems (Marcu et al., 2016). Based on the existing
literature, we define a context-aware cognitive design assistant as
follows:

A context-aware cognitive design assistant is a seamless,
ubiquitous and intelligent computer program that senses relevant
information that can be used to characterise the situation of a designer
and provide, without explicit user intervention, relevant informa-
tion and/or services to the designer, where relevancy depends on the
designer’s task (Fig. 1).

The main contribution of this paper is twofold. First, we will
analyse the operational (black box) view of the context-aware cog-
nitive design assistant to identify the stakeholders and the services
the cognitive assistant shall provide to them. Second, based on the
identified services, we will derive the knowledge graph that will
structure both the design rules and the design context in a format
that is computable by the cognitive design assistant.

2. Literature review

Before detailing our contributions, we will discuss the existing
cognitive assistants, especially in the engineering domain, as well as
the candidate approaches for structuring the knowledge in a com-
putable format that enables a cognitive assistant to provide services
that augment the designer intelligence.
2.1. Cognitive assistants

Information retrieval techniques make it possible to search rel-
evant information in a large collection of texts (Faloutsos and Oard,
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998). The main information retrieval capability – keywords search
 facilitates the access to textual content, but the lack of a struc-
ured representation degrades the performance (Li et al., 2008).

oreover, search engines require the user to have clues for ini-
iating searches in large databases. When a new designer joins a
ompany, he has almost no idea about what pieces of information
ould help him to find the applicable design rules in a massive
ataset. Designers consequently need an assistant with a higher
egree of autonomy level that is capable of exploring the dataset
efore distilling relevant design rules.

Cognitive assistants,  also known as expert systems or
nowledge-based agents, are seamless “intelligent” computer pro-
rams that learn more or less complex problem-solving expertise
rom human experts so as to assist human nonexpert in solving
imilar problems (Marcu et al., 2016). To be precise, a cognitive
ssistant does not have any intelligence except computing power.
owever, it augments human intelligence to substantially enhance
uman-machine capabilities and performance (Rouse, 2020). The
ituation when artificial intelligence (AI) performs as a human’s
artner or assistant is known as “AI-augmented human” (Madni,
020).

Cognitive assistants for product design are software that check
 set of design rules. Two  main approaches exist in the state of
he art: algorithmic approach and semantic approach. Given a CAD
art, an algorithmic approach consists in checking the geometry
nd topology of a part with algorithms that look for unsatis-
ed design constraints (Rouse, 2020; Madni, 2020). However,
xploration algorithms do not support informal design rules and
heir edition requires skills (programming, knowledge engineering,

athematics, etc.) that do not belong to the designer back-
round. Alternatively, several research studies propose a semantic
pproach (Hariya et al., 2010; García et al., 2020; Huang et al., 2015;
oitra and Palla, 2016). Given a CAD part, this approach translates

he geometry and topology into an ontology that allows the detec-
ion of design errors by semantic reasoning. For instance, based on
his approach, Rangarajan et al. (Rangarajan et al., 2013) develop a
esign rule checker for sheet metal design. The semantic approach
upports various types of design rule and the identification of tacit
esign rules (Mackenzie and Gero, 1987). However, it requires a

aborious manual semantic modelling of the part and design rules.
his limits semantic design rule checkers to narrow design domains
nd a small number of design rules. Moreover, in both approaches,
he a-posteriori checking of design rules requires at least one rework
teration and consequently avoidable design extra time and costs.
o get the design right the first time, there is a need to replace
etection by prevention. This is why  CAD model quality is a crucial
art of design education. Company et al. (Company et al., 2015) pro-
ose to tackle this issue early in CAD trainees learning process with
he introduction of coordinated rubrics of CAD model quality crite-
ia. Design quality education must be continuous during the career
f a designer. So far, we have not found any computer-aided pre-
entive approach for the application of design rules. Consequently,
nly experienced designers in a specific design domain are capable
f avoiding design errors by anticipating design constraints.

Boy et al. (1990) explain that in order to maximize a task per-
ormances, a cognitive assistant must adapt the automation level
f the system depending on the user’s expertise. This ability to
dapt itself to a given context – context-awareness – is a key fea-
ure of cognitive assistant. A system is context-aware if it has the
bility to sense and adapt to any information that can be used
o characterise the situation (the context) so as to provide rel-
vant information and/or services to the user, where relevancy

epends on the user’s task (van Engelenburg et al., 2019; Dey, 2001;
aldauf et al., 2007; Abowd et al., 1999; Alexopoulos et al., 2016).
ey (Dey, 2001) argues that context is one of those suitcase-like
ords that we  use to conceal the complexity of very large ranges
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Fig. 1. Context-aware

of different things and attempts to provide a definition : “Context
is any information that can be used to characterize the situation of
an entity. An entity is a person, place, or object that is considered rel-
evant to the interaction between a user and an application, including
the user and applications themselves”. A context includes two kinds
of information: domain specific and activity specific (Cassens and
Kofod-Petersen, 2006). Domain specific information represents the
working environment of the user. It does not evolve according to the
user’s actions. Activity specific information represents the real time
activity of the user. It is therefore evolving according to the user’s
actions. Da Cunha Mattos et al. (2014) propose a formal represen-
tation for context-aware businesses. In the field of manufacturing,
context-aware approaches enable workers to receive manufactur-
ing information according to their job and experience (Dhuieb et al.,
2016). Although manufacturing differs from design, this example
provides us with some details on the definition of the context that
includes three viewpoints: operational (activities and tasks of the
worker), organisational (team and role of the worker), and user-
centric (expertise and skills). Related to our research goal, Rowson
et al. (Rowson et al., 2018) investigate the idea of building reusable
expert knowledge using screen monitoring and contextual simi-
larity. Nevertheless, the authors assume too many aspects of the
framework, such as the form and the content of the knowledge
base, the way information is collected, the query language and pat-
terns, the similarity measure, etc. Moreover, we can notice that the
context is limited to the interaction of the designer with the CAD
software.

The comparison of our research goal with the existing cogni-
tive assistants and context-aware systems shows no solution that
helps designers to handle large sets of heterogeneous design rules.
However, to provide personalised information and/or services to
the user, a cognitive assistant needs a computable structure of the
relevant information: a knowledge graph.

2.2. Knowledge graph
A knowledge graph,  also known as ontology (Ehrlinger and
Wöß, 2016), in its broadest sense, is a structured description pro-
viding a shared understating of a given domain. The structure of
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tive design assistant.

 knowledge graph consists in factual triples where one or many
elationships link two entities (Ji et al., 2020). The knowledge graph
tructure can be used for recommendation and object discovery
Strobin and Niewiadomski, 2014). Researchers have used seman-
ic web  techniques including modelling languages (e.g. RDF, RDFS,
WL), query languages (e.g. SQWRL), and software (e.g. Protégé)

or structuring and reasoning about domain-specific information
uch as geometry and topology (Tessier and Wang, 2013; Sanya and
hehab, 2014), feature recognition (Wang and Yu, 2014), generative
odelling (Skarka, 2007), connectivistic design reuse (Johansson

t al., 2018) or nuclear design rules (Fortineau et al., 2014). Nev-
rtheless, knowledge graphs are extremely time-consuming to be
eveloped and managed. It is therefore interesting to automate the
cquisition and processing of knowledge. For example, Johansson
t al. (Johansson et al., 2018) automate the extraction of structured
ngineering knowledge from spreadsheets, knowledge-based engi-
eering programs and CAD models. Natural language processing
nd text mining techniques can be used to process unstructured
nformation sources (Shi et al., 2017; Kang et al., 2015).

A knowledge graph is an abstract representation that does not
irectly enable a machine to reason. However, when it involves
ormal semantics, it can be taken as a knowledge base for inter-
retation and inference over facts (Ji et al., 2020). For instance,
he graph-oriented database Neo4j offers the property graph data

odel where data structures for the schema and/or instances are
odelled as graphs and the data manipulation is expressed by

raph-oriented operations using the graph query language CYPHER
Angles, 2018). Using NoSQL graph-oriented database systems such
s Neo4J is also flexible as one can create, read, update, and delete
odes and relationships without affecting the schema. This is a
ey advantage since no one would ever come up with a complete
nowledge graph at the first attempt.

In fact, there is no consensus on how to methodologically model
uch a knowledge graph. We  rely on previous works (Pinquié et al.,
020; Huet et al., 2020) that propose a first draft of a graph data
odel. In order to build a knowledge graph adapted to a specific

unctionality, we  can use an inductive approach. It consists in get-

ing back to a service, for example: “As a designer, I want to know
hich design rules my design shall satisfy, so that I can provide proof
esign.”, and to follow a systematic 4-step modelling process:
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Fig. 2. Graph pattern of the relation HAS MATERIAL.
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Figs. 3 and 4. Presentation of USE and FAVOR r

1 Find what questions the design assistant shall help designers to
answer;

2 For each question, identify entities (nodes) and relationships
(edges);

3 Express each question as a graph pattern.
4 Translate the graph pattern into a query path.

The simplest question to answer is a graph pattern correspond-
ing to a predicate, that is, a triple (Subject – Predicate → Object) as
presented in Fig. 2.

A graph-oriented data model brings an added-value when
queries traverse richly interconnected data to answer more sophis-
ticated questions as described in Fig. 3.

It is challenging and time consuming to enumerate all questions
that a context-aware system shall answer. This is why a com-
plementary deductive approach is needed. Alami Merrouni et al.
(Merrouni et al., 2019) assert that a context modeling framework
is essential to model the user’s contextual information. A context-
modelling framework is a taxonomy that identifies and organizes
context into relevant categories. Indeed, every context-aware
application presented in this review base their context-modelling
framework on a taxonomy that defines context categories also
known as dimensions. We  prefer to use the term of sub-context
because such elements refine the definition of the context.

However, each context-aware application has its own contex-
tual framework. From one application to another, the number of
sub-contexts and their definitions vary greatly depending on the
application domain, its services etc. For example, in the infor-
mation retrieval domain, the most advanced context taxonomy
(Tamine-Lechani et al., 2010) contains the sub-contexts “Device”,
“Spatio-temporal”, “User”, “Task/problem”, “Document” (Fig. 5).
Table 1 regroups all existing sub-contexts found in our review of the

literature on context-aware applications in information retrieval,
education and industrial domain.

We  notice that few context-aware models are proposed in
industrial domains. The context-aware information retrieval soft-
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ns. Graph pattern of relations FAVOR and USE.

are that supports workers in factories (Dhuieb et al., 2016) is an
xception. To the best of our knowledge, there is no knowledge
raph for structuring and reasoning about a design context and
arge sets of heterogeneous design rules.

. Towards a context-aware cognitive design assistant

To derive the knowledge graph that will structure the design
ules in a computable format, we  must analyse how end-users will
perate the Context-Aware Cognitive Design Assistant. Thus, in this
ection, we conduct an operational “black-box” analysis to identify
ho are the stakeholders and which services the assistant shall
rovide to them.

.1. Stakeholders

The main stakeholder is the CAD designer. A CAD designer is
roficient with a CAD software but not necessarily an expert of
he design domain and consequently does not have all applicable
esign rules in mind. Indeed, for instance, when a large company
uch as Airbus Aircraft designs a new airplane, the significant part
f the team members are short-term engineers provided by a con-
ulting company such as Capgemini. With a high turnover, it is no
urprise that designers need an assistance for providing an error-
ree design. The assistant is also of interest for supporting freshly
raduated design engineers.

The knowledge engineer has information retrieval and automa-
ion skills. He or she is also familiar with the company different
nowledge sources like taxonomies, databases or design manuals.
he knowledge engineer makes sure that the assistant is functional
nd can access all needed domain specific information.

Finally, our assistant needs accesses to the sources of design

ules. The primary source is recognised and codified knowledge
Yoshikawa, 1993), that is, design rules explicitly stated in unstruc-
ured (e.g. Word, PDF, etc.) or semi-structured (e.g. Excel, XML, etc.)
ocuments. Large manufacturing companies often work with sev-
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Fig. 5. Multi-dimensional concept of context in information retrieval (Skarka, 2007).

Table 1
Existing sub-contexts in literature.

Sub-Context Also known as.  . . Definition Applications

User (Tamine-Lechani et al., 2010;
Dhuieb et al., 2015; Hasanov et al.,
2019)

Personal context (Kofod-Petersen
and Aamodt, 2003)

Information on the user’s profile
(e.g. expertise level)

Factories, Learning, Information
retrieval,

Individual (Ingwersen, 2007) Intelligent mobile applications,
General context-awarenessPerson (Gu et al., 2004)

Spatio-temporal (Tamine-Lechani
et al., 2010; Hasanov et al., 2019;
Kofod-Petersen and Aamodt, 2003)

Location (Gu et al., 2004) Information on the user’s position
and movements (e.g. GPS
information)

Mobile applications, Learning,
Information retrieval, General
context-awareness

Operational (Dhuieb et al., 2015)
Task/activity (Tamine-Lechani
et al., 2010), (Kofod-Petersen and
Aamodt, 2003) Pedagogical
(Hasanov et al., 2019)

Information on the user’s activity
(e.g. goals and progression)

Factories, Learning, Information
retrieval, Intelligent mobile
applications, General
context-awareness

Activity (Gu et al., 2004)
Social (Kofod-Petersen and
Aamodt, 2003)

Organizational (Dhuieb et al.,
2015), Collective (Ingwersen, 2007)

Information on the social
interactions among users (e.g.
friend of relationship)

Factories, Mobile applications,
Information retrieval

Document (Tamine-Lechani et al.,
2010)

Intra/inter object (Ingwersen,
2007)

Information on documents (e.g.
author name)

Information retrieval

Session (Ingwersen, 2007) CompEntity (Gu et al., 2004),
Technical (Hasanov et al., 2019)

Information on the digital
environment the user is interacting
with. (e.g. running software)

General context-awareness,
Learning, information retrieval

Environment (Hasanov et al.,
2019), (Kofod-Petersen and
Aamodt, 2003)

Information on the user’s physical
environment (e.g. noise or
humidity level)

Mobile applications, Learning

Device  (Tamine-Lechani et al.,
2010)

Information on the hardware
device the user is using to search

Information retrieval

i
V
e

3

eral design offices in different countries. This is why  design manuals
use technical English. It is possible to translate other languages into
English before processing. If, by chance, a database stores struc-
tured design rules, then it should be accessible by the assistant too.
For instance, it is very likely that the design rules stored in a knowl-

edge graph serves for a new version of the product (e.g. aircraft
A320 and A320 Neo). The secondary source of design rules includes
recognized tacit knowledge (e.g. commonsense) and unrecognized
knowledge (e.g. expertise and skill) (Yoshikawa, 1993) belong-

t
t

5

information (e.g. display size)

ng to the head of domain experts (e.g. marketing, manufacturing,
&V, sells, support, maintenance, etc.). The assistant will encourage
xperts to systematize (Yoshikawa, 1993) design for X rules.

.2. Services and constraints
This section details the services the assistant shall provide to
he end-users as well as the constraints that stakeholders impose
o the cognitive assistant (Fig. 6).



A. Huet, R. Pinquié, P. Véron et al. Computers in Industry 125 (2021) 103377

Fig. 6. Full functional process of the Context-Aware Cognitive Design Assistant.
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Fig. 7. Schema 

� To model design rules in a computable knowledge graph

First, from an end-user perspective, the assistant shall enable
the knowledge engineer to structure the design rules in a com-
putable knowledge graph (Fig. 7). Thus, the assistant shall help
the knowledge engineer to identify and extract design rules
from unstructured, semi-structured, and structured sources before
structuring them in a knowledge graph. The knowledge engineer
is also in charge of the change management task if some design
rules are updated or deleted. In addition, our assistant shall enable
domain experts to systematize tacit rules.

� To suggest design rules according to the designer’s need
o To retrieve design rules

Once the design rules are structured in the knowledge graph,
the assistant shall enable the design engineer to retrieve applicable
design rules. If the designer knows what design rules he or she is
looking for, the conventional approach is to use a full-text search.

Based on some keywords, the assistant shall return a list of relevant
design rules. Fig. 8 is an operational prototype of the full-text search
capability. After searching for the keywords “cutter” and “milling”,
the assistant returns a subset of relevant design rules.

a
b
t
c

6

ice function 1.

o To navigate design rules

The list of design rules resulting from a full-text query may  be
nsufficient. Therefore, the assistant shall enable the designer to
avigate to similar design rules using query expansion techniques
uch as dynamic faceted search (Roy et al., 2009; Ben-Yitzhak et al.,
008). For instance, lexical semantics ameliorates some of the prob-

ems of mismatched vocabularies by expanding query vectors with
ords that are lexically related to the original query (Voorhees,

994). Fig. 8 shows that the assistant dynamically updates the
acets on the left according to the queries. By selecting some of
he facets, the designers can navigate to similar design rules that
re potentially applicable to the design in progress (The facet “tool”
s selected in Fig. 8).

o To recommend design rules

Query expansion helps to uncover potentially applicable design
ules but it relies on an initial full-text search that requires the
esigner to have some clues regarding the query. Alternatively, the

ssistant shall recommend relevant design rules to the designer
ased on the design context. Thus, by sensing relevant information
hat can be used to characterise the situation of a designer, the
ognitive design assistant can recommend, without explicit user
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Fig. 8. Design rules resulting from the full-text query “milling cutter” with the dynamic facets on the left. The query results is refined with the facet “tool”.
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Fig. 9. Schema 

intervention, relevant design rules, where relevancy depends on
the designer’s task (Fig. 9).

� To guide rule compliance in a CAD environment

After filtering a subset of potentially applicable design rules,
the assistant shall enable the designer to associate some formal
design rules (e.g. geometrical, dimensional, and topological con-
straints) with CAD models and make sure they are satisfied (Fig. 10).
The association of design rules stored in the design assistant with
CAD features is possible using the API of the CAD software. Several
approaches are worth considering to present relevant design rules
information to the designer. For example, CAD annotations can be
used to guide the designer while embedding this information into
the CAD model for a possible reuse (Camba et al., 2017).

4. A knowledge graph for a context-aware cognitive design
assistant

Based on the services the assistant shall provide to the stake-
holders, we will derive the data model of the knowledge graph.

4.1. Modelling method
As presented during the state of the art, we  intend to use
a combination of two modelling approaches. With the induc-
tive approach, we can deduce graph structures from the system
expected functionalities. With the deductive approach, we  can

c

c
a

7

ice function 2.

educe graph structures from a coherent description of the con-
ext. More details on these approaches are given in the state of the
rt review.

The previous chapter presents the assistant’s service functions.
unctionalities and behaviours deduced from these main services
an be used as inputs to apply an inductive modelling approach to
ur knowledge graph. It will ensure that the final knowledge graph
s computable and service oriented.

In order to apply a deductive modelling approach, we need
o divide the design context into a coherent set of sub-contexts.
able 2 presents the relevancy of all sub-contexts identified during
he state of the art review for each service function of the assistant.

We can conclude from Table 2 that five sub-contexts may  be
elevant for the assistant: user, operational, social, document, and
ession. From these sub-contexts and our analysis of the design
omain, we  deduce the four sub-contexts of our assistant:

The semantic sub-context is inspired from the document sub-
ontext. It models the contextual information extracted from
ontextual sources in natural language, mainly design rules main
tatements and domain taxonomies.

The engineering sub-context is also derived from the document
ub-context. However, it models a different type of domain specific
ontextual information. This sub-context models technical design
nformation, build of materials and available manufacturing pro-

esses for example.

The social sub-context is built from the user and social sub-
ontexts found in literature. It models both the user information
nd his or her social environment.
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Fig. 10. Schema of service function 3.

Table 2
Relevancy of identified sub-context to the assistant’s service functions.

Sub-context Remarks Service 1 Service 2 Service
3

User Contextual information on the user is essential to perform user
centric services

X O O

Spatio-temporal We assume that in a design context, the user is always at
his/her office

X X X

Operational Understanding the user’s goal is essential to build a cognitive
assistant

X O O

Social  Social interactions are of major interest for recommendation
systems

X O X

Document It is an essential sub-context for information retrieval domain.
In  our domain, a specific sub-context must be dedicated to
design rule modeling

O O X

Session  The majority of the user’s activity during the design process is
performed on a digital environment, especially on CAD
software.

X O O

Environment We make the hypothesis that the physical environment has no
impact on the design process

X X X

Device  We assume that hardware differences are not relevant in a
design context where all designers are working on a
professional computer.

X X X

 rule a

i
o
t

g
a

Fig. 11. User interface for design

The IT sub-context is similar to the session sub-context and
models the user’s digital environment with a domain focus on the
CAD software used in the design process.

4.2. Semantic sub-context
Let us consider a design rule from an aerospace design manual:
“It is necessary to have between wall corners a radius higher than the
milling cutter radius”. If we want the assistant to facilitate the access
to such a design rule, then there is a need to provide a semantic

a
a

m

8

ddition to the knowledge base.

nput. Thus, the knowledge engineer enters a design rule statement
r uploads a document (Fig. 11) which will be processed to structure
he linguistic features in the semantic sub-context.

Fig. 12 illustrates the semantic sub-context, which is a sub-
raph of the knowledge graph, collecting linguistic features such
s keywords of the design rules. Keywords are words tagged with
 part-of-speech corresponding to a noun, a verb, an adjective, or
n adverb.

However, a full-text search of a keyword requires an exact
atching and supposes that the designer knows what to look for.
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Fig. 12. Example of the design rule linked with 3 keywords.

ordN

k
e

n
k
c
a
a
s

a
c

Fig. 13. Keyword “radius” with W

During the design, it is very likely that the designer has, at best,
a vague idea of the applicable rules. There is therefore a need to
expand queries with relevant keywords to navigate through the
knowledge graph. State-of-the-art strategies for the analysis of
short textual statements suggest enriching the data with external
semantic resources (Shrestha, 2011; Abdalgader, 2014).

To improve the search capability, we enrich the existing
semantic sub-context with additional linguistic features such as
the definitions of keywords, terms that are lexically related to
keywords (synonyms, holonyms, meronyms, hypernyms, derived
related terms), and terms that are related to keywords by com-
monsense knowledge (Fig. 13). The assistant retrieves the lexically

related terms from the thesaurus Wordnet (Miller, 1995) before
removing the inflected forms of the keywords using the lemmatiza-
tion capability of the natural language processing library CoreNLP
(Manning et al., 2014). The features that stand as commonsense

s
s
s

9

et and ConceptNet information.

nowledge come from the semantic network ConceptNet (Speer
t al., 2016).

These thesauruses contain commensense knowledge that may
ot be adapted to our domain. The assistant shall select the correct
nowledge to add in the knowledge graph. For example, in Con-
eptNet, the keyword “radius” is linked with the concepts “circle”
nd “bone”. ConceptNet links “circle” with the context “geometry”
nd “bone” with the context “animal”. The assistant can therefore
elect the concepts related to the scientific or design contexts.

The assistant extracts keywords from the design rules, the titles
nd the chapters. Fig. 14 represents the model of the semantic sub-
ontext in the graph-oriented database Neo4j.
Table 3 contains a detailed definition of the nodes, relation-
hips, and the associated properties that make up the semantic
ub-context. Each entity and relationship owns a property corre-
ponding to a unique identifier that is not mentioned in the table.
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Fig. 14. Semantic sub-context of the knowledge graph.

Table 3
Nodes of the Semantic sub-context.

Concept Commonsense concepts extracted from ConceptNet
<Concept:String>: Name of the concept

Document Any (semi-)structured or unstructured storage medium that contains
design rules.

<Title:String>: Title of the document (e.g. Design for metallic parts)

<Update:Date>: Date of the last time the document was modified

Chapter Structure elements of design rules manuals
<Tilte:String>: Title of the chapter

<Page:Integer>: Page number of the chapter in the source document

<Chapter num:String>: Chapter number in the document structure (e.g. Chapter 1.2)

<Source id:UUID>: Id of the source document the chapter has been extracted from.

Rule Design rules
<Main Statement:String>: Natural language statement of the design rule

<Schema:String>: Design rules can be associated with an image or a schema. The Schema string points to the design rule’s schema in the assistant resources.

<Formula:String>: Design rules can be associated with a formula (e.g. “R = (milling cutter radius) + 1 mm”)

<Last modification:date>: Date of the last modification of the design rule

Keyword Keywords extracted from source documents
<Lemma:String>: Lemma of the keyword

<Stem:String>: Stem of the keyword

<Tag:String>: Part-of-speech

Definition Keyword definition extracted from WordNet or from glossaries

sents 
<Statement:String>: Statement of the keyword definition in natural language

<Score:Float>: Similarity score of the definition computed during NLP process. It repre
4.3. Engineering sub-context

The linguistic features stored in the semantic sub-context facil-
itate the retrieval of design rules, but product design relies more

o
t
s
i

10
how strongly the definition of a keyword relates to the semantic sub-context.
n technical words than common knowledge. Thus, we  propose
o enrich the knowledge graph with a second sub-context that
tores engineering entities and relationships. So far, the engineer-
ng entities are technical words such as the name of a material,
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antic and engineering sub-contexts.

w

Fig. 15. Example rule with sem

a manufacturing process, and the domain of expertise the design
rule belongs to (e.g. mechanics, electronics, etc.). Fig. 15 shows that
a designer who is looking for applicable design rules related to the
machining process “milling” will obtain more results than a query
on the semantic sub-context.

Entities of the engineering sub-context (Fig. 16) are keywords
with a specific tag. So far, the tagging process relies on a rule-based
classifier feed by multiple internal sources of knowledge includ-
ing glossaries, dictionaries, taxonomies, and bill of materials. The
expertise domain can also be inferred using a supervised machine
learning-based classifier (Pinquié et al., 2018) (Table 4).

4.4. Social sub-context

Accessing relevant design rules is possible through linguistic,
commonsense, and engineering features, but one key characteristic
of context-aware recommendation systems is the social dimension.
The social sub-context is present in all contextual models pre-
sented in the literature review. In information retrieval, it is used to
perform recommendations based on users’ preferences. Thus, the
context-aware cognitive design assistant could sense the activity
of designers and recommend design rules based on social activi-
ties and affinities. For instance, if a designer with a similar profile
as mine systematically searches, consults and implements design
rules that I have never came across, then it is very likely that they
should be recommended to me  (Fig. 17).

The social sub-context (Fig. 18) is in two parts. The first part is
static and captured after each designer has filled a user profile. This
includes the entities “:Role”, “:Expertise”, “:Skill”, “:Team”, “:Com-
pany”. The “:FRIEND OF” relationships come from a list of contacts
of the social platform used by the company (e.g. a PLM software,
or communication platforms such as Teams, Slack, Skype Enter-
prise, etc.). The second part is dynamic and captures the activity of
designers. So far, the assistant memorises the full-text queries and
the design rules a designer has consulted (Table 5).
4.5. IT sub-context

Many rules constrain the computer-aided modelling practices
and engineering features occurs in CAD environment. For instance,

t
d
t
i

11
Fig. 16. Engineering sub-context of the knowledge graph.

hen a designer is modelling a feature named “fillet”, the assis-
ant shall use its context-aware capability to recommend applicable

esign rules. The dynamic capture of the current working IT situa-
ion corresponds to the IT sub-context. Entities of the IT sub-context
nclude the software (e.g. CATIA), the workbench (e.g. Part Design),
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Table  4
Nodes of the Engineering sub-context.

Tool Tool used in some manufacturing process (e.g cutting tools for milling)
<Name:String>: Name of the tool

<Dimensions:String>: String describing the tool dimension.

<Tool type:String>: Type of tool

Part Part of an engineering product (e.g. aircraft wings)
<Name:String>: Name of the part.

<Description:String>: Description of the design part.

Process Manufacturing process that the company can use to create their design
(e.g. milling)

<Name:String>: Name of the process

<Documentation:String>: Link to retrieve technical information about the process in the assistant resources

Rule Design rules
C.f.  Table 3

Material A material available to the company to create their designs (e.g.
Titanium)

<Name:String>: Name of the material (e.g. aluminium)

<Type:String>: Type of material (e.g. metal)

<Characteristics:String>: Mechanical characteristics of the material

ign ru
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Fig. 17. Path between two des

and the feature (e.g. Extrusion), the data being edited (e.g. Beam),
and the name of the PDM project that stores the data. The self-
relationship [:LINK TO] represents a link between data in the PDM
software (e.g. link between a CAD model, its FEA mesh, and its 2D
drawing). Fig. 19 illustrates how the example design rule relates to
the IT sub-context.

The link between the IT sub-context and design rules can
be more complex than this example. We  can see that the IT
sub-context is not directly connected to design rules but uses
domain specific contextual information from semantic and engi-
neering sub-contexts as intermediary. Therefore, the capability of
the assistant to deduce design rule recommendations from the IT
sub-context depends heavily on the quality of the domain specific
knowledge available to the assistant. For example, an aeronautical

company will have to implement specific semantic and engineer-
ing information about aircraft in order to interpret correctly the
IT sub-context of an Aircraft part modelling. Fig. 20 represents the
knowledge graph of the IT sub-context (Table 6).

t
o
t

12
les in the social sub-context.

.6. Consolidation of sub-contexts

Graph pattern queries on a sub-context help to answer ques-
ions such as “What design rules apply for material < Aluminum>?”,
What design rules apply for process < Milling>?”, “What design
ules apply for part < Rib>?”.  . . However, results will be limited
o a specific sub-context. What happens if we want to make a
uery involving several sub-contexts? For example, to answer
he question “Which colleague is considered as an expert for the
art I am designing?”, there is a need to consolidate the social
ub-context and the engineering sub-context using a relationship
amed [:INCLUDES] (Fig. 21). To answer this question, the assis-
ant traverses the graph with the path: “(:Part) <- [:INCLUDES] -
:Expertise) <- [:HAS EXPERTISE] - (:User)”.
The knowledge graph resulting from the literature review and
he functional analysis might be incomplete and will be continu-
usly refined according to the experiments we  will carry out with
he context-aware cognitive design assistant prototype.
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Fig. 18. Knowledge graph of the social sub-context.

Table 5
Nodes of the Social sub-context.

User User of the assistant
<Name:String>: Name of the user

<Seniority:Integer>: Professional experience of the user in years.

<Mail:String>: Professional mail address of the user

Team Group of users working on a common goal
<Name:String>: Name of the team

<Team goal:String>: Goal of the team described in a small string. (e.g. fuselage design)

Company Company
<Name:String>: Name of the company

<Activity:String>: Company’s domain of activity (e.g. aircraft industry)

Role Role of an employee in a company (e.g. surface designer)
<Name:String>: Name of the role

<Description:String>: Description of the role (e.g. “High quality final surface modelling of the wing”)

Skill Skill (e.g. CAD surface design)
<Name:String>: Name of the skill

<Description:String>: Description of the skill (e.g. “Technical A5 surface design with specialized CAD software”)

Expertise Subject or topic in which a user is considered expert
<Name:String>: Name of the expertise

r
t

t
a
t

<Description:String>: Description of the expertise

5. CADCA preliminary validation

5.1. Conditions

To demonstrate the feasibility of our approach, we developed
a demonstrator implementing the design rules recommendation

engine (service function number 2) of the Context-Aware Cognitive
Design Assistant. In this experiment, only the semantic sub-context
is used to perform recommendations. Participants are asked to real-
ize several design operations with the support of a set of 45 design

P
u
A
P

13
ules that make up the “Design for Milling” section of an aeronau-
ical design manual.

We divided designers into two groups: a control group and a
est group. As the Context-Aware-Cognitive Design Assistant aims
t replacing unstructured design rules documents, participants of
he control group can access the design rules set via an unstructured

DF document. Participants of the test group access the same rules
sing the demonstrator of the Context-Aware Cognitive Design
ssistant. Fig. 8 illustrates the user interface of the demonstrator.
articipants of the test group are able to type queries into the search
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Fig. 19. Path between the IT sub-context and a design rule.

raph o
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Fig. 20. Knowledge g

bar and to explore related design rules using the recommended
dynamic semantic filters that stand as query expansions.

5.2. Task

Participants have the role of a designer in a manufacturing com-
pany. They have to realize a design task while respecting applicable
design rules of the set. Each participant is given an initial CAD
part with the task to realize three pockets. The sketch of the first
pocket is imposed to every participant. Then, they must realize the
two pockets inside the first pocket, as presented in Figs. 22 and

23. Milling is the only manufacturing process authorized to realize
these operations.

The design goal is to minimize the mass of the part and the
design space is constrained by the design rules. Among the 45

u
e

v

14
f the IT sub-context.

esign rules provided, only 9 are applicable. Thus, designers have
o retrieve applicable design rules to provide an acceptable design.

.3. Participants

Five participants (all male) with design skills and an average age
f 30.6 years have been tested. Three of them declared a novice level
ith the CAD environment used for the test. All others declared

n intermediate level. None of them had any knowledge on the
esign rules before the test. Three of them declared that they never

sed any design rules in their design experiences. The others only
xperienced designing with a small set of a dozen rules.

We consider that participants equipped with design skills but
ery small knowledge about design rules stand as inexperienced



A. Huet, R. Pinquié, P. Véron et al. Computers in Industry 125 (2021) 103377

Table  6
Nodes of the IT sub-context.

Software CAD software used by the designer (e.g. CATIA)
<Name:String>: Name of the software

<Functionnality:String>: Description of the software (e.g. general CAD design)

CAD document Document containing CAD data
<Name:String>: Name of the document

<Last modification:Date>: Date of the document last modification.

CAD Part CAD model of a specific part
<Name:String>: Name of the Part

<Characteristics:List>: Technical characteristics of the CAD Part (e.g. Volume, Mass, etc.)

< Last modification:Date>: Date of the CAD Part last modification

Body CAD element containing geometrical elements
<Name:String>: Name of the Body

< Last modification:Date>: Date of the body last modification

Shape Geometrical element
<Name:String>: Name of the shape

<Type:String>: Type of shape

<Feature:String>: CAD operation at the shape’s origin

Parameter Named variable. Its value influences the CAD design
<Name:String>: Name of the parameter

<Value:Numerical>: Numerical value of the parameter

Workbench Specific workbench of a CAD tool (e.g. Part Design in CATIA)
<Name:String>: Name of the Workbench

<List of tools:String>: List of CAD operation available to the designer in this workbench

wledge graph consolidation.

Table 7
Design rules retrieval performances.

precision recall

Control group 0.36 0.28
Fig. 21. Example of kno

designers in a manufacturing company. 3 participants were part of
the test group and 2 of the control group.

5.4. Results analysis and discussion

During this experiment, participants had to retrieve applicable

design rules while modelling their CAD part. We  measured the
precision and recall for the design rules retrieval activity. Design
performance is measured with the final CAD part of each partic-
ipant. We  take into consideration the number of design errors in

t
a
t
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Test  group 0.61 0.3
he final part (one error is counted for each violated design rule)
s well as the total volume of the part. We  measured the total
ime of the experiment as well as the time dedicated to CAD mod-
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Table  8
Design rules retrieval performances per participant.

Participant 1 2 3 4 5

Level of CAD expertise Novice Novice Novice Intermediate Intermediate
Group Control Control Test Test Test
Size  of the design rule set 45 45 45 45 45
Number of applicable design rules 9 9 9 9 9
True  positive 2 3 2 4 2
False  positive 5 4 1 2 2
True  negative 31 32 35 34 34
False  negative 7 6 7 5 7
Precision 0.29 0.43 0.67 0.67 0.5
Recall  0.22 0.33 0.22 0.44 0.22

Table 9
Average design performances.

Number of design errors Final volume of the CAD model in cm3

Control group 3.5 194.3
Test group 3.7 174.7

Table 10
Time measures of the experiment.

Experimentation time Percentage spent of CAD modeling activity

37.2 %
55.6 %

•

•
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Control group 1h26min 

Test group 1h17min 

elling. Tables 7–10 present the experiment’s results. These tables
are associated with small paragraphs of our results interpretation.

Results show that precision is significantly higher for the test group
while recall is similar. Participants in the test group tend to select fewer
design rules in total but with less false positive.

The small recall number of all participants may be explained by
the difficulty of the task. None of our participants was familiar with
the technical English used in design rules. Moreover, the test places
participants in a situation where they have to discover, analyse and
apply a completely unknown set of design rules in one go. The fact that
some of applicable design rules were not retrieved by any participant
may  indicate a limitation in our test scenario.

Design performance results do not indicate any significant differ-
ence in the number of design errors between our two  groups. The
average volume of the final part is 19.6 cm3 smaller in the test group. It
represents a 10 % volume reduction. This reduction may be attributed
to a better understanding and confidence over design rules limitations
in the test group. One possible bias is the higher number of intermediate
CAD designers in the test group.

In general, designing a part at manufacturability limits only is a
difficult task that sometimes go against participants’ habits. Results
on design performances are encouraging and must be confirmed and
improved in future works.

hile the two groups spend approximately the same time on the
experiment, results show that participants of the test group spend more
time designing. As one of the goals of CACDA is to improve the retrieval
of design rules in order to minimize its cognitive weight for the designer,
these results are encouraging.

Several limits need to be considered in the final analysis of these
results:

• The CACDA demonstrator used in the experiment only features
the semantic sub-context. Therefore, results shall be further
improved with the implementation of the entire knowledge

graph.

• The set of design rules include 45 design rules whereas industrial
design manuals feature hundreds of them. Moreover, the man-
ufacturing process of the test part was imposed and only design

m
a
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Fig. 22. Final part of a participant.

rules related to that specific process were selected. A more com-
plex part with more design rules would be a better representation
of the reality.
Participants were asked, in a small period, to find and understand
design rules by their own  among a set of design rules that was
new for them. In industry, designers would potentially have more
time to get familiar with the dataset.
The small scale of this experiment limits the soundness of these
results, but it establishes a quantitative reference that paves the
way for future improvements. Further experiments with more
participants need to be realized to confirm the interest and fea-
sibility of the multiple design sub-contexts.

In general, results indicate that the use of our demonstrator for
esign rules retrieval generates several improvements in compar-

son with unstructured documentation. The test group performed
etter in terms of precision in design rules retrieval, volume reduc-
ion in final part and time efficiency. It sets a first reference for
omparisons and improvements in future works.

. Conclusion and future works
The storage of design rules in large and unstructured docu-
ents is no longer an efficient solution for design rules retrieval

nd application. Thus, we propose a Context-Aware Cognitive
esign Assistant to simplify design rules application and improve
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Fig. 23. Initial part of the experiment.

computer-aided design efficiency. The design assistant shall pro-
vide three mains services. The first one is to structure design rules
and contextual information into a computable knowledge graph.
The second one is to retrieve applicable design rules. The third one
is to support the compliance of design rules.

The first part of the paper details the main stakeholders of design
assistants and the services it shall provide to them. This operational
end-user analysis supports service-oriented modelling strategies
to build a computable knowledge graph for the assistant. The sec-
ond part of the paper proposes a knowledge graph that underlies
the design assistant. This knowledge graph structures design rule
information and design contextual knowledge in a computable for-
mat.

Finally, we present a preliminary validation experiment for
a proof of concept of our design assistant. Results show that
in a design context our cognitive assistant enables the partici-
pants to select applicable design rules with more precision while
spending more time on the CAD modelling activity. In fact, par-
ticipants using an unstructured design rules document achieved
a precision of 0.36, and spend 37.2 % of their time on CAD
modelling activity, whereas those using our assistant show a
precision of 0.61 and spend 55.6 % of their time on CAD mod-
elling.

Future works aim at improving both the demonstrator of the
Context-Aware Cognitive Design Assistant and our test protocol
to confirm the preliminary results presented in this paper. These
future tests will include all sub-contexts of the knowledge graph,
a more complex design part, and more participants to support our
preliminary results. These future tasks will also enable us to refine
the knowledge graph data-model.
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