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Abstract

Product design is a highly involved, often ill-defined, complex and iterative process, and the needs and specifications of
the required artifact get more refined only as the design process moves toward its goal. An effective computer support
tool that helps the designer make better-informed decisions requires efficient knowledge representation schemes.
In today’s world, there is a virtual explosion in the amount of raw data available to the designer, and knowledge
representation is critical in order to sift through this data and make sense of it. In addition, the need to stay competitive
has shrunk product development time through the use of simultaneous and collaborative design processes, which
depend on effective transfer of knowledge between teams. Finally, the awareness that decisions made early in the
design process have a higher impact in terms of energy, cost, and sustainability, has resulted in the need to project
knowledge typically required in the later stages of design to the earlier stages. Research in design rationale systems,
product families, systems engineering, and ontology engineering has sought to capture knowledge from earlier product
design decisions, from the breakdown of product functions and associated physical features, and from customer
requirements and feedback reports. VR (Virtual reality) systems and multidisciplinary modeling have enabled the
simulation of scenarios in the manufacture, assembly, and use of the product. This has helped capture vital knowledge
from these stages of the product life and use it in design validation and testing. While there have been considerable
and significant developments in knowledge capture and representation in product design, it is useful to sometimes
review our position in the area, study the evolution of research in product design, and from past and current trends,
try and foresee future developments. The goal of this paper is thus to review both our understanding of the field and
the support tools that exist for the purpose, and identify the trends and possible directions research can evolve in the
future.

Keywords: knowledge representation, knowledge capture, knowledge management, product design, computational
tools, ontology, systems engineering, design rationale, multidisciplinary modeling, virtual reality, collaborative
engineering, simulation

1. Introduction

Design is a process that is omnipresent - it arises not
only in organizations and projects, but also in day-to-
day life. Using existing furniture that seats six people
to come up with an arrangement to accommodate ten
or using a rubber band to fix a rattling lever on a bi-
cycle can be viewed as a design problem, but a rela-
tively simple problem. On the other hand, designing an
electric vehicle or an IC chip is very complex. Design

problems vary in complexity, variety, and arise in all
disciplines. Tong and Sriram [1] describe design as “a
process that constructs a description of an artifact, pro-
cess, or instrument that satisfies a (possibly informal)
functional specification, meets certain performance cri-
teria and resource limitations, is realizable, and satisfies
criteria such as simplicity, testability, manufacturabil-
ity, and reusability”. They also differentiate engineer-
ing design from this definition: “engineering design in-
volves mapping a specified function onto a (description
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of a) realizable physical structure - the designed arti-
fact”. This mapping between function and structure is
often complex: sometimes, a direct correlation cannot
be drawn from a specified function to the behavior of a
specified structure. This complexity may even be inher-
ent in the required function, which may require a com-
plex organization of a large number of parts to satisfy
it. These parts may interact in many ways, and thus the
different ways of designing the parts also interact with
each other. These interactions are further complicated
by non-functional requirements, or certain inherent be-
haviors of the structure that are not necessarily required.
Thus, in design problems, the mapping of function onto
a structure is generally not straightforward.

Tong and Sriram [1] use the term ‘ill-structured’ in
reference to such problems. Rittel and Weber [2] use
the term “wicked problems” to characterize the design
problem. They compare it to any ‘tame’ problem, for
which “an exhaustive formulation can be stated con-
taining all the information the problem-solver needs for
understanding and solving the problem”. On the other
hand, “to describe a wicked problem in sufficient de-
tail, one has to develop an exhaustive inventory of all
conceivable solutions ahead of time”. In addition, the
design problem representation is often ill-defined to be-
gin with and becomes better defined with increasingly
formal specifications as it is gradually solved. Such
factors put a substantial demand on the necessity of a
wide variety of knowledge sources - heuristic, quali-
tative, quantitative, and so on. The design problem is
then solved in a multi-stage, iterative, and collaborative
process, with extensive communication and coordina-
tion among teams of experts in various disciplines.

Pahl and Beitz [3] classify the activities of design-
ers into: 1) conceptualizing, 2) embodying, 3) detail-
ing, and 4) computing, drawing, and information col-
lecting. While the first three categories are divided in
time in the design process, meaning that they occur in
specific stages in the design process, the fourth cate-
gory of activity takes place throughout the design pro-
cess. By the end of the design process, there is substan-
tial information accumulated that would potentially be
useful for future designs if this information were sent
back to the designer at earlier stages in the design pro-
cess. Today, there is enormous pressure on the designer
in terms of demands for a faster turnaround time, lower
margin for error, efficiency in managing resources not
just for the product but also for the design process, a
greater need to collaborate in multi-disciplinary teams.
All this is further complicated by the virtual explosion
in the volume of data that needs to be processed in order
to make better-informed decisions. The process of con-

verting data to information, and subsequently to knowl-
edge, and to represent, store, and use that knowledge
has become increasingly crucial.

While knowledge is viewed as structured informa-
tion, it can also be considered as information in con-
text. This context depends on a number of variables -
the product being designed, the organization, the design
philosophy followed, the particular stage of design at
which the knowledge is being used, and, most important
of all, the mind of the designer. While it is important to
structure and organize data for easy retrieval and reuse,
it is also important to understand that neither the mind of
the designer, nor the process of design ideation, follows
a specific structure or sequence. Earlier computer-aided
design systems were driven more by the computer than
by design, thus forcing the designer to learn procedures
to use different computational tools. This often impedes
with the ideation process and creativity of the designer.
The computer-aided design tool of the future needs to
be driven more by the design rather than by the com-
puter [4]. Research in product design needs to bridge
the gap between the unstructured, disruptive ideation
process that the designer is comfortable with, and the
structured way of storing and indexing knowledge for
retrieval through a computer. When managing knowl-
edge, it is essential to keep in mind the points of view of
different users to the same knowledge, the redundancies
or gaps in knowledge caused by different software, and
the fact that knowledge is often transformed by enter-
prise processes [5]. Goel et al. [6] propose four char-
acteristics of the next generation computer-aided design
(CAD) systems:

• Focus on conceptual design, especially creativity,

• Emphasis on creative design including analogical
design,

• Support for collaborative design, and

• Grounding in design cognition.

They describe the DANE (Design by Analogy to Na-
ture Engine) system for supporting cross-domain analo-
gies in biologically-inspired design as a prototype. Un-
derstanding design-cognitive perspective is rapidly be-
coming an important area which may provide answers
that would drive the next-generation computational sup-
port tools.

In this paper, we attempt a review of the product de-
sign process from a knowledge capture and representa-
tion perspective, keeping in mind the designer, the de-
sign process, and the current demands of the market on
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Figure 1: Paper Overview

the product design industry. Most of the potential chal-
lenges such as the vastness and diversity of research,
were reduced by the diverse fields of expertise of the au-
thors involved in writing this review, as well as their ge-
ographical locations. We focused on a time frame of the
last 20 years in general and the last decade more specif-
ically, in order to balance the breadth and depth of the
review, relaxing the timeframe where it was necessary
to look further in the past to establish relevance. Publi-
cations in major journals like Computer-Aided Design,
Journal of Computing and Information Science in Engi-
neering, Artificial Intelligence in Engineering, Design
and Manufacturing, and Journal of Mechanical Design
were referred to seed our search, which spread out to
include literature from other diverse areas. However, it
still is possible that we have overlooked research worth
mentioning here, and hope that adequate reader feed-
back will help us in future reviews that we may under-
take.

The paper structure, indicated in Figure 1, is as fol-

lows: section 2 discusses the perception of knowledge,
its types and its representations with respect to prod-
uct design. Section 3 looks at knowledge processing
in design from two perspectives: 1) individual applica-
tions (e.g. conceptual design, modeling and analysis,
etc.), and 2) integrated system view, especially collab-
orative design. Section 4 discusses the computational
tools that are being developed for design and how these
tools handle knowledge representation. Finally section
5 discusses future trends in research in this area. In-
dividual sub-sections will be accompanied with similar
figures to provide a roadmap to the reader.

2. What is knowledge in product design?

The question of “What is knowledge?” can have a
variety of answers, as there are various meanings of
the term even in the context of engineering and design.
Knowledge is not directly available but is obtained by
interpretation of information deduced from analysis of
data. Data is available to an organization in the form
of observations, computational results and factual quan-
tities. Interpretation, abstraction or association of this
data leads to generation of information. Finally, knowl-
edge is obtained by experiencing and learning from this
information and putting it into action [7]. In fact, look-
ing at engineering design from a teleological point of
view, it can be said that the primary function of engi-
neering design research should be to transform empiri-
cal or rational knowledge into a form that can be used
for practical deployment [8].

Sainter et al. [9] describe knowledge as the “expe-
rience, concepts, values, beliefs and ways of working
that can be shared and communicated”. Sriram [10]
describes knowledge in the context of intelligent engi-
neering systems as “something that an intelligent being
possesses and utilizes for problem solving”. Sunnersjö
[11] uses the term ‘knowledge’ in terms of design as
an understanding of given information - its content, its
origins, and its applicability. He argues that “the knowl-
edge should include not only the rules that the designer
should adhere to, but also the background knowledge
that makes the design rules possible to review and un-
derstand”.

The definitions and understanding of knowledge
within the realm of product design are varied, depend-
ing on various contexts. The question “what is knowl-
edge?” is likely to produce different answers when
posed to different design teams for the same product, or
to analogous design teams of different products, or even
to similar design teams in different organizations. While
it is important to understand and define what knowledge
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Figure 2: Classifying knowledge - the different dimensions

is, it is equally important to understand that the defini-
tion of knowledge depends upon the context. While all
the above definitions are valid, it would be unwise to
apply any one of the above definitions to all aspects of
product design.

2.1. Classification of knowledge

Classifying knowledge, just like understanding
knowledge, is crucial in order to determine ways to rep-
resent it [12]. In the field of design and engineering,
knowledge can be classified along several dimensions.
Each classification has its own basis, as shown in figure
2.

Formal Vs. Tacit. Formal knowledge is embedded in
product documents, repositories, product function and
structure description, problem solving routines, tech-
nical and management systems, computer algorithms,
expert knowledge systems, etc. [7]. These create the
intellectual platform necessary to build and manufac-
ture a product. On the other hand, knowledge tied to
experiences, intuition, unarticulated models or implicit
rules of thumb is termed tacit. Nonaka [13] popular-
ized the concept of tacit knowledge, by highlighting the
problems of the previously narrow approach to knowl-
edge, and suggesting a more holistic approach capturing
tacit and often subjective insights, experiences, and in-
tuitions of personnel. Tacit knowledge is necessary to
create new value in a product. It exists as the intellec-
tual property of designers or a particular design team
directly involved in the product development effort. It is
generally gained over a long period of time with learn-
ing and experience, is difficult to express, and can only

be transferred by the willingness of people to share their
experiences. Unfortunately, this knowledge is also lost
with the loss of the person or team from the organiza-
tion.

Product Vs. Process. Product knowledge includes
various pieces of information and knowledge associ-
ated with the evolution of a product throughout its life-
cycle. This includes requirements, various kinds of
relationships between parts and assemblies, geometry,
functions, behavior, various constraints associated with
products, and design rationale. Process knowledge can
be classified into design process knowledge, manufac-
turing process knowledge, and business process knowl-
edge. Design process knowledge, which can be encoded
as methods in a product representation, provides mech-
anisms for realizing design details at various stages of
the product life cycle. Manufacturing process knowl-
edge is mainly concerned with activities associated with
the manufacturing floor [14]. Business process knowl-
edge includes all processes associated with marketing,
strategic planning, supply chain management, financial,
and other associated functions. While product and pro-
cess knowledge are not independent of each other, they
are distinct aspects of the dimension, and hence merit
separate consideration.

Compiled Vs. Dynamic. Compiled knowledge is es-
sentially knowledge gained from experience that can be
compiled into rules, plans or scripts, cases of previously
solved problems, etc. In compiled knowledge the solu-
tions are explicit. Dynamic knowledge encodes knowl-
edge that can be used to generate additional knowledge
structures, not covered by compiled knowledge. In dy-
namic knowledge the solutions are implicit. Dynamic
knowledge can be classified into qualitative knowledge
and quantitative knowledge. At the qualitative level,
the knowledge may consist of: commonsense reason-
ing, approximate theories, causal models of processes,
general problem solving knowledge, etc. The quanti-
tative level could consist use of: constitutive, compati-
bility, equilibrium equations (physical laws), numerical
techniques, closed form equations, etc [10].

2.2. Classification of knowledge representation

Bringing knowledge forward and making it explicit is
one of the key roles of knowledge representation. Davis
et al. [15] describe knowledge representation in terms
of five roles, as

1. A substitute for an entity such that one can deter-
mine effects by thinking rather than acting,

2. A set of ontological commitments or ways of
thinking about an entity,
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3. A part of intelligent reasoning expressed in terms
of sanctioned and recommended inferences,

4. A computational environment for thinking, and
5. A medium of human expression.

Sowa [16] describes knowledge representation as a
multidisciplinary subject that combines techniques from
logic, ontology, and computation. The origins of knowl-
edge representation lie in research in artificial intelli-
gence, but its influence has extended to many fields,
including the design process. Bernard and Xu [17]
propose a reference framework for the representation
and the characterization of knowledge that is applica-
ble to all types of knowledge. Like knowledge, knowl-
edge representation can be classified as well. Owen and
Horváth [7] classify knowledge representations into five
categories: pictorial, symbolic, linguistic, virtual, and
algorithmic. Figure 3 shows some of the various repre-
sentation forms with respect to product design for both
product and process knowledge, with some examples.

From figure 3, it immediately becomes apparent that
there are various representations that can fit under more
than one category. For example, fishbone diagrams can
fall under both pictorial as well as symbolic representa-
tions. Assembly charts can fall under both algorithmic
and pictorial representations. Thus while the classifica-
tion of knowledge representation is helpful, it does not
mean that there is a clear line of demarcation between
different representations.

There have been well-established forms of represent-
ing mathematically and geometrically related knowl-
edge. Experimental knowledge is also well represented
by simulation analysis and virtual reality prototypes.
Researchers have been working on developing means of
representing tacit heuristic knowledge. Mapping heuris-
tic knowledge to a physical form is a very hard problem,
these mappings are not unique. Heuristic methods based
on geometry attributes, composition, and inheritance for
determining mapping in engineering ontologies are still
developing areas. Developments in this area will lead to
enhanced ability to create, share, and exchange knowl-
edge for solving design evaluation problems [18]. Since
knowledge can be seen as information in context, it fol-
lows that the representation of knowledge would depend
on both the content and the context of the information.
A good product design support tool should therefore
have the ability to not only capture knowledge through
the design process, but also represent it in ways that re-
flect the relevant context. A significant part of research
in product design is thus concerned with this capture,
representation, and reuse of knowledge. The next sec-
tion takes a knowledge-oriented look at previous and

ongoing research in product design.

3. Research in product design: the knowledge per-
spective

Engineering design is the activity of finding solutions
to technical problems by applying insights from natural
and engineering sciences, at the same time taking into
account the conditions and constraints of a given task
[3]. Engineering design research is the instrument of ex-
ploration, description, arrangement, rationalization, and
utilization of design knowledge [19]. Thus, simply put,
research in engineering design is a way to explore, un-
derstand, and use design knowledge, so that it may be
used to find solutions to certain problems.

Research in engineering design has developed rapidly
in the recent past, and as a result, the development is of-
ten disjoint in nature. A framework for reasoning has
been proposed by Horváth [8], based on the teleology
of research in engineering design. As mentioned ear-
lier in section 2, Horváth argues that one goal of de-
sign research is to transform knowledge from various
fields into a form that can be used for practical applica-
tions. On this basis, engineering design knowledge and
research have been broadly classified into source cate-
gories, channel categories, and sink categories. Source
categories include forms of knowledge that provide the
fundamental reasoning mechanisms for engineering de-
sign. Channel categories provide knowledge that help
couple theoretical knowledge with practical (heuristic)
knowledge. Finally, sink categories concern knowledge
required for the deployment/ application of engineering
design knowledge.

For more than three decades, researchers have been
working towards better ways of representing design as a
synthesis procedure, which was significantly influenced
by Alexander [20] and Simon [21]. Early research on
computer support for engineering design concentrated
on problem-solving techniques [22, 23, 24]. Blackboard
systems in artificial intelligence, with their flexible or-
ganizational principles, their ability to decompose prob-
lems into loosely coupled subproblems, and the provi-
sion for knowledge abstraction, were suggested as ap-
propriate to handle the ill-structured and knowledge-
intensive nature of design problems [25]. Establish-
ment of CAD/CAE (Computer-Aided Engineering) sys-
tems led to widespread research in the area of paramet-
ric model generation, geometry modeling and constraint
solving [26].

On the product design and manufacturing front, it
was becoming clear to organizations that there were pit-
falls to vertical integration, where all activities in prod-
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Figure 3: Classification of knowledge representations: Based on Owen and Horváth’s [7] classification, with representative examples from product
design.

uct development were done in-house: while it made
coordination easier, the assets needed to support ver-
tical integration were inordinately expensive [27]. In
addition, managing the wide range of skills and activi-
ties that are required to develop products of increasing
complexity also becomes uneconomical. Outsourcing
parts of the product design and manufacturing came to
be seen as more economical. In the realm of product
design, this led to an increasing need for collaborative
design processes and means to communicate informa-
tion pertaining to the requirements, constraints, spec-
ifications, features, and associated decisions and pro-
cesses. On the other hand, technical breakthroughs by
an organization higher up on the supply chain like Intel
and Shimano provide an incentive for profitability of the
proprietary systems developed, thus pushing the mar-
ket toward a more vertical integration. Fine [28] calls
this cycle of alternating vertical integration and disinte-
gration to modular products the “Double Helix” of the
industry, and argues that an organization’s key compe-
tence lies in designing its value chain network — decid-
ing what to and what not to outsource.

The current challenges faced by the engineering de-
sign industry are the need to attract and retain cus-
tomers, the need to maintain and increase market share
and profitability, and the need to meet the requirements
of diverse communities [29]. Tools, techniques, and
methods are being developed that can support engineer-
ing design with an emphasis on the customer, the de-
signer, and the community. The development of deci-
sion support tools and methods for achieving integra-
tion can be seen as two prongs in design research. It
has been speculated that 75% of the manufacturing cost
is committed early in the design process [30], when the
knowledge of the product is unclear, incomplete, and
difficult to represent. It is therefore essential to equip
the designer with effective tools that help make better-
informed decisions, and better explore the design space
in the early stages of design.

The explosion in the volume of data that could be
shared and the need for collaborative engineering to in-
crease competitive advantage in this era of globaliza-
tion requires companies to adequately store, transfer
and make maximum use of the available knowledge.
Lack of a unified protocol for knowledge representa-
tion is one primary reason for lack of interoperability
of design support tools, in particular in the early de-
sign stages [31]. Developments in information tech-
nology led to better digitization of information, which
started the development of systems like Product Data
Management (PDM) and later Product Lifecycle Man-
agement (PLM) that captured information about a prod-
uct throughout its life cycle. Looking at the product and
the product design process from an integrated point of
view is crucial to collaborative engineering, especially
for inter-disciplinary, complex systems [32]. Managing
the effective communication of product knowledge and
appropriately representing this knowledge among dif-
ferent groups then becomes the challenge.

The challenges of knowledge modeling and represen-
tation can thus be seen from two perspectives:

1. The encoding of design product and process
knowledge at different design stages in a way that
will lead to better quality design, and

2. The capture, use, and communication of knowl-
edge between different individuals, teams, and or-
ganizations.

The first challenge is more apparent when consider-
ing design processes or events that are largely sequen-
tial, while the second challenge is predominant when
considering design processes that occur concurrently or
simultaneously. Product design involves both kinds of
processes, so we will consider both views of knowledge.

3.1. Design processes view of knowledge
The design process view of knowledge is concerned

with knowledge that is generated and used at various
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Figure 4: Knowledge representations in product design. The design stages shown at the top are based on Pahl and Beitz [3]. The columns
below each stage of design show examples of representations of knowledge used at each stage. These are then tagged as (P)ictorial, (S)ymbolic,
(L)inguistic, (V)irtual, and (A)lgorithmic, using Owen and Horvath’s [7] classification of knowledge representations

stages of the design process. Figure 4, based on Pahl
and Beitz’s [3] idea of process flow in design, shows
the design process and, based on the authors’ experi-
ences, lists various forms of knowledge that are used
or produced at each stage. Please note that this is a
representative figure, indicative of the predominance of
certain forms of knowledge in certain stages of design,
and other forms of knowledge often spill over from one
stage to another. It can be seen that in the early stages of
design, knowledge representation is predominantly lin-
guistic and pictorial in nature. The other representations
such as symbolic, virtual, and algorithmic appear in the
embodiment design onwards, when much of the design
is already committed. More and more information is
accumulated as design reaches the embodiment and de-
tailed design phases, and the challenge is to reuse or re-
inject this knowledge into the earlier phases of design
using an appropriate representation. This section thus
discusses the knowledge-intensive aspects of early de-
sign, such as ideation, concept generation and its inter-
action with the designer’s mind, and the different types
of modeling used.

Figure 5 outlines the structure of this section, and
gives an overall view of the topics discussed in the sec-
tion.

3.1.1. Conceptual design
Ullman defines a concept as “an idea that is suffi-

ciently developed to evaluate the physical principles that
govern its behavior” [30]. Thus it is best to generate
concepts whose behavior(s) are modeled based on the
function(s) of the product being designed. The function-
behavior based modeling approach was the focus of
research in the 1990s. Research on conceptual de-
sign evolved from using top-down refinement and con-
straint satisfaction strategies in the 1980s [1] to using
case-based/analogy-based [33] and Function-Behavior-
Structure (FBS) modeling in the 1990s [34] and its ex-
tension into an ontology in the 2000s [35]. The FBS On-
tology categorizes the properties of an object into into
three levels: function, or “what the object is for”, the
behavior, or “what the object does”, and the structure,
or “what the object consists of” [36].

Developing different techniques in functional model-
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Figure 5: A design process overview of knowledge

ing provides an abstract and direct method for under-
standing and representing an overall product or artifact
function without reliance on physical structure [37]. An
FBS modeler was developed by Umeda [38] and ex-
tended by others [39, 40] to support functional design in
the analytic as well as synthetic phase according to the
designer’s intention. Stone and Wood [41] developed a
design language called a functional basis to characterize
product function using a verb-object format.

The process of synthesis involves the transformation
of the intended behavior into structure [35]. Welch and
Dixon [42] propose a transformation of functional re-
quirements to a new representation of behavior called
behavior graphs by mapping the desired parameter re-
lationships to relationships based on physical principles
and phenomena. Neville and Joskowictz [43] present
a language for describing the behavior of fixed-axes
mechanisms, which uses predicates and algebraic re-
lations to describe the configurations and motions of
each part of the mechanism and the relationships be-

tween them. Mervi [44] presents a mapping from the
functional model to a physical structure involving spe-
cific shape, dimension and relations between the com-
ponents for creating an assembly family. Qian and Gero
[45] argue a topological structure for design by analyz-
ing function and structure representation in different de-
sign domains.

Gorti and Sriram [46] develop an approach to map-
ping an evolving symbolic description of design into
a geometric description, which derives spatial relation-
ships between objects as a consequence of the func-
tional relationship and presents the evolving descrip-
tions of geometry. Damski and Gero [47] demonstrate
a framework to represent graphical shapes as predi-
cates in logic in two dimensions, which is applied to
demonstrate shape concepts associated with topology
and emergence. Sheu and Lin [48] present a represen-
tation scheme with five basic constituents: B-rep solid
components, measure entities, size, location and con-
straints; here, dimensions are used to determine the size
and locations of form features. However, the scheme
requires a large shape feature database and constraint li-
brary to be established in advance. Dani and Gadh [49]
describe a virtual reality environment–covirds (COn-
ceptual VIRtual Design System) for creating concept
shape designs, which uses a bi-modal voice and hand-
tracking based user interface in determining the shape
and dimensions of the product rather than specifying
shape and dimensions in traditional CAD models. Taura
et al. [50] propose the shape feature generating process
model (SFGP model) representing free form shape fea-
tures with the aim of making the system capable of hold-
ing and manipulating the shape features after synthesis
to support early design process. Labrousse [5] proposed
an extended conceptual and operational approach based
on a FBS-PPRE (Process-Product-Resource-External
effect) generic model for the modeling and the life-cycle
management of all enterprise objects and in particular
adapted to design issues.

Additionally, research has focused on supporting de-
sign creativity and exploration of conceptual solutions,
managing uncertainty in conceptual design, and meth-
ods that support the flow of cognitive processes of de-
signers during conceptual design. Gero and Maher [51]
use analogical reasoning and (mathematical) mutation
as computational processes, and use an explicit repre-
sentation of design knowledge to support design cre-
ativity. Horváth and van der Vegte [52] represent de-
sign concepts using a new product modeling methodol-
ogy called the “nucleus theory” on the basis that all
engineering products can ultimately be broken down
into physically coupled pairs, and this lowest level en-
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tity or nucleus carries morphological and functional in-
formation and can be used as a generic modeling pat-
tern. Ölvander et al. [53] use equation-based models
to quantify, and then optimize, the morphological ma-
trix. Malak et al. [54] propose a set-based approach to
concept design that enables systematic arrival at a so-
lution, in spite of imprecise characterizations of design
concepts. Shai et al. [55] revise and use the infused de-
sign approach [56, 57], and propose a method for sup-
porting creative concept design.

3.1.2. Function to form mapping and representation
From 1990 to 2000, research in product representa-

tion focused chiefly on interactions between designers,
between designers and computers, and between design-
ers and users, especially in the early stages of design.
In the last few decades, the importance of cognitive sci-
ence has emerged through the increasing focus on cre-
ativity in design thinking, and in the ergonomic and
psychological evaluation of design tools like CAD and
CAE. Since social and cognitive requirements drive the
design process throughout, computers needed to be de-
signed to facilitate human activity and experience [58].

Lawson [59] points that “of all the questions we can
ask about design, the matter of what goes on inside the
designer’s head is by far the most difficult and yet the
most interesting and vital”. Design involves a highly
organized mental process: manipulating many kinds of
information, blending them all into a coherent set of
ideas and finally generating some realization of those
ideas. The challenge of psychological studies on the
novice designers’ mental process during creative de-
sign is to know whether they effectively represent the
problem when a set of constraints needs to be satisfied.
Expert designers, in comparison, have sufficient knowl-
edge and ability to stand back from the specifics of the
accumulated examples, so more abstract conceptualiza-
tions and problem-solving strategies are pertinently es-
tablished [60] and variable preference constraints are si-
multaneously satisfied [61] in the process of design.

The design process, especially creative design, in-
volves the use of visual imagery using pencil-paper or
digital freehand tools [59]. Research in cognitive sci-
ence has suggested a strong connection between se-
mantic attributes and visual attributes [62], which ex-
plains the frequent use of pictorial representation, es-
pecially sketches and drawing, among designers. De-
signers are visual and not verbal people [63], and engi-
neers often find the need to sketch their rough ideas in
order to think [64]. Schooler et al. [65] argue that ver-
balization interfered with solving insight problems that
require non-verbal information including visual rein-

terpretation. Goel [66] demonstrates that paper based
systems support creative thinking by facilitating lateral
transformations because of the qualities of denseness
and ambiguity within the mark itself. Stones and Cas-
sidy [67] report from their study on novice graphic de-
signers that pencil-paper based sketching supports cre-
ative thinking in terms of fluency and flexibility in de-
sign synthesis, while the computer seemed to hinder
them. While they caution against attributing this solely
to the computer and not to the designer’s skill in using
the software, they also draw attention to Schenk’s study
[68] that highlight designers’ preference of generating
sketches over using digital tools.

Ullman et al. [64] classify the “marks on paper” en-
gineers make into two broad categories: support nota-
tion and graphic representations. Support notation in-
cludes explanatory notes, dimensions, calculations etc.,
while graphic representations include drawings of ob-
jects and their functions, plots, and charts. They con-
duct a detailed study and confirm three of their hypothe-
ses:

1. Drawing is the preferred method of external repre-
sentation,

2. Sketching is an important form of representation in
mechanical design, and

3. Drawing is a necessary extension of visual im-
agery.

Their fourth hypothesis, that drawings require trans-
formations dependent on the medium, was difficult to
support, partly because of the single medium (paper)
used in their study, but also because understanding how
humans store and manipulate visual information is not
very well known. Goldschmidt [69] suggests that the
interactive imagery offered by the sketching process in-
troduces a special kind of dialectics in design reason-
ing, and contrasts this with visual thinking processes
that do not involve sketching. Self-generated sketches
allow the designer the flexibility to sidetrack, manip-
ulate, and edit or overwrite. Furthermore, the lack of
constraints allows the designer to try out anything that
comes to mind [70]. Ferguson [71] divides sketches into
three categories: the thinking sketch which the designer
uses to aid his/ her thinking, the talking sketch which
is used for communication in a discussion, and the pre-
scriptive sketch which specifies the design for people
not involved in the design. Understanding the cogni-
tive aspects of the first two categories would provide
substantial knowledge that could help develop compu-
tational support tools for the early stages of design.

Design representational language [72, 73, 74] in
cognitive and innovative idea generation is another
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area of research that may provide some clues to ap-
propriate knowledge representation in the conceptual
stage. Graphical idea representation, especially sketch-
ing, may be better suited for design representation in
terms of its straightforwardness, conciseness, and easy
flaw-detection. Several cognitive models and relative
experiments for novel designs are developed based on
cognitive psychology, mental imagery, and visual think-
ing. The future trends will be the construction and de-
velopment of specific and precise models to offer more
insight into the cognitive processes [75]. There are
probably other preliminary design tasks where the com-
puter and symbol systems excel for novice designers.
Designers use a range of tools such as words, sketches,
computer and sketch modeling in their ideation process
in different crucial moments of discovery. As Jonson
[76] suggests, “CAD may foster new patterns, relation-
ships, or aesthetics expanding, rather than reducing de-
signers creative options”. To do this, however, future
systems need to help the visualization of function in
the early stages when the geometry is not fully defined
[4, 77].

3.1.3. Modeling and Simulation
The use of models in engineering design have been

widespread early in the 20th century, beginning with
iconic models or physical representations of a design.
This was followed by analog models, or the use of one
thing to represent another, leading to analog comput-
ers in the 50s [78]. The most commonly used mod-
els by engineers are symbolic models, which are pre-
dominantly mathematical models. Analog and symbolic
models represent increasing levels of abstraction from
iconic models, and are less expensive to create. Other
models like models of the design process, models that
represent design information and knowledge, and mod-
els of design sets have also been developed to aid the
designer in his/ her work [79]. The design problem it-
self has been modeled and represented in different ways.
Feldkamp et al. [80] model the design problem using
a structural model, a taxonomy-based library of solu-
tions, and constraint-propagation techniques. Simpson
et al. [81] introduce design capability indices, which
are based on process capability indices used in statis-
tical process control. These design capability indices
are used to determine the capability of a family of de-
signs represented by ‘ranged sets’ of design solutions
in satisfying a ranged set of design requirements. This
helps maintain flexibility in the design requirements and
parameters early in the design process. Devanathan
and Ramani [82] model the embodiment design as a
generalized configuration problem using a combination

of constraint-satisfaction and optimization techniques.
The design can also be modeled as a set of variables that
constitute a ‘design space’ represented by a polytope,
in which case a parametric design problem is modeled
as a geometry problem, enabling design exploration to
be carried out using computational geometry algorithms
[83].

Current product development practices require mod-
eling and simulation of many aspects of a given product:
appearance, shape, behavior etc. [84]. The heteroge-
neous, or multidisciplinary nature of today’s products
has necessitated developments in modeling of multi-
physics systems. Michopoulos et al. [84], in their re-
view of computational methods in the modeling and
simulation of multi-physics systems acknowledge the
importance of experiment-based data gathering from
multi-physics systems to drive automated modeling and
of managing the representational complexity of these
models. Knowledge representations that remain com-
mon to all domains, or are easily transformable into the
relevant domains, have also been identified as a future
area of development in multi-physics models.

Computation-intensive design problems have been
common challenges in the design industry today. To re-
duce the computation burden, approximation techniques
such as metamodeling are used. Wang and Shan [85] list
the areas where metamodeling can play a role. These
areas include model approximation, design space explo-
ration, problem formulation, and optimization support.
In their review of metamodeling, the lack of research
on large-scale problems and the modeling, sampling,
and visualizing challenges posed by these problems are
presented. Representing prior knowledge of computa-
tionally intensive processes in meta-modeling and in-
telligent sampling to minimize the number of sampling
points to represent a function in a meta-model are stated
as some of the challenges.

Designers are no longer merely exchanging geomet-
ric and mathematical data, but more general knowledge
about design and the product development process, in-
cluding specifications, design rules, constraints, and ra-
tionale. Product Data Technology (PDT) was developed
in the late 1970s to support the product information cap-
ture throughout its lifecycle in a computer-interpretable
form. For PDT to function effectively, there needs to
be an adequate exchange standard for product data. The
development of the Standard for the Exchange of Prod-
uct model data (STEP), the Unified Modeling Language
(UML), Parts Library (PLIB), the Process Specification
Language (PSL), Manufacturing Management Data Ex-
change (MANDATE) are all exchange specifications for
various components, aspects, or processes in product
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design [86].
Cross-domain analogies have always been a creative

way of thinking for designers. Recent approaches in this
direction have resulted in more and more biologically
inspired concepts and approaches being brought to de-
velop solutions of engineering problems. A deeper un-
derstanding of properties of biological organisms such
as adaptivity, robustness, versatility, and agility [87]
also guide the construction of new representational and
functional models [88] during the design process and
improve the quantity and quality of the generated de-
sign ideas in conceptual design phase. Recently, there
have been some attempts for understanding of the pro-
cesses of biologically inspired design as an early design
activity. Vincent and Mann [89] propose the extension
of the TRIZ database including biological information
and principles. Mak and Shu [90] develop a taxon-
omy of verbs that relate biological and engineering de-
signs. Helms et al. [91] state that a detailed information-
processing model need to be provided in biologically in-
spired design, which focuses on the cognitive processes
or ‘mechanisms’that facilitate and constrain the design
practices and products. Mak and Shu [92] find that func-
tional descriptions of biological systems in the form of
flow of substances improve generated design ideas. The
use and application of biological knowledge models to
support design remain to be developed to meet the re-
quirement and challenge in early stage of product’s life
cycle.

3.1.4. Ontology and the semantic web
While these approaches provide the opportunity for

progressive automation of processes in the industry, the
use of ontologies can help integrate and migrate valu-
able, unstructured information and knowledge, and pro-
vide a richer conceptualization of a complex domain
such as construction [93]. The diversity and complex-
ity of engineering design requires the knowledge repre-
sentation forms to be both flexible and robust in nature
[24]. The interoperability of knowledge based systems
also requires a formal protocol for knowledge represen-
tation. These systems take past knowledge from the de-
sign and interact with the designer in form of questions
and answers [94]. Hence, there is a great interest in de-
veloping ontologies for managing knowledge. An on-
tology is a system of fundamental concepts that allows
the designer to model and represent a particular domain
of the world around him/her in terms of axiomatic def-
initions and taxonomic structures [95]. For a particular
domain, an ontology is a highly structured system of
concepts covering the processes, objects, and attributes
of that domain as well as all their pertinent complex

relations [96]. It also provides formal definitions and
axioms that constrain the interpretation of these terms
[97] [98]. An ontology is often captured in some form
of semantic network - a graph with nodes representing
concepts or individual objects and arcs representing re-
lationships or associations among the concepts [99].

Recent research in ontologies is helping establish
common vocabularies and capture domain knowledge,
and they have proven to be an advantageous paradigm
over recent years [100]. The Core Product Model
(CPM) is a generic, abstract model with generic seman-
tics, with meaningful semantics about a particular do-
main to be embedded within an implementation model
and the policy of use of that model. It was built on
earlier product representations described in Gorti et al
[24]. In addition to traditional geometric representa-
tions, CPM supported the notions of form, function,
and behavior. The Open Assembly Model (OAM) ex-
tended CPM to provide a standard representation and
exchange protocol for assembly, which includes for tol-
erance representation and propagation and kinematics
representation [101]. A formal semantic model, based
on CPM/OAM, and consistent with OMG’s (Object
Management Group) Model-driven Architecture, is de-
scribed in Lee et al. [102]. Witherell et al. [103]
showcase the potential value of ontology in representing
application-specific knowledge while facilitating both
the sharing and exchanging of this knowledge in en-
gineering design. Horváth et al. [104] apply the on-
tology paradigm to formalize design concepts, using
the advantage of the formal specifications to capture
domain knowledge at the conceptual level. Bohm et
al. [105] develop a method to transform heterogeneous
product knowledge into a coherent design repository.
They point out seven main groups of information types
that comprise the design information captured by the
design repository data schema, and organize the infor-
mation using formal concept analysis (FCA). The FCA
is semantically enriched using Web Ontology Language
(OWL) to transform stored information into reusable
knowledge.

Knowledge Management (KM), developed to capture
and reuse knowledge in an organization, can be used
to integrate ontological structures into design process
management. Holsapple and Joshi [106] identify the
lack of a well-integrated framework that would unify
KM, and develop a KM ontology (H and J ontology)
that can be used and further developed by KM practi-
tioners. A case study by Sicilia et al. [107] on integrat-
ing the H and J ontology inside the OpenCyc knowl-
edge base allowed the concept and predicate definitions
of OpenCyc to be extended consistently to produce a
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well-equipped knowledge representation for KM appli-
cations. The MOKA European project proposed a KM
methodology adopted by different European companies,
based on the ICARE ontology used to model and struc-
ture knowledge in a full web knowledge-base. Ammar-
Khodja et al. [12] extended this ontology to ICARREF,
accordingly to the FBS-PPRE model.

Nanda et al. [108] contribute an integration of three
steps of knowledge representation, management and ap-
plication. These steps are to visualize relationships cap-
tured in new product data information management and
to navigate through the extensive information for de-
signers. Several approaches such as network bill of ma-
terial (NBOM), product vector matrix (PVM) and func-
tion component matrix (FCM) are used to represent and
map different design information structures and to fa-
cilitate design information management. After storing
knowledge through the use of formal knowledge rep-
resentations, indexing techniques, and the issue of the
role of standardized language and terminology, desired
knowledge from the repository is retrieved. Once the in-
formation is stored in the appropriate format, a product
family can be redesigned using either the component-
based approach or the product-based approach [109].

A view of the various models used in engineer-
ing design shows the variation in the type of knowl-
edge ranging from the primarily symbolic and linguistic
ontology-based models that represent abstracted func-
tions of concepts, to mathematical models for exploring
and optimizing the design space, to multidisciplinary
models, which are used to represent the behavior of de-
signs mathematically or virtually. All these models try
to capture and represent different aspects of the product
design at different stages of the design process in dif-
ferent design teams. There may not be a single unified
model that captures all aspects of a design. In such a
situation, the answer may lie in the direction of more
flexible systems, or even multiple systems that are best
fits for required applications, with means to exchange
information between these systems.

3.2. Integration of interacting Knowledge Systems

The term Concurrent Engineering was first used in
the US in 1989 to describe the intent or the method of re-
ducing lead time, thus increasing competitiveness with-
out any detrimental effects on quality or cost [110, 111].
This is achieved broadly by (1) integrating product de-
velopment with design, process planning, and produc-
tion processes, and (2) within these individual pro-
cesses, distributing a process into several simultaneous
processes. Concurrent engineering today is evident in

almost all products, from the automobile to the elec-
tric kettle. Thus, product designers have the need to ex-
change ideas, daily progress reports, and details of ac-
tual designs, both within and in between teams, which
in turn can be inter-disciplinary, and placed in different
locations. This need cannot be effectively met without
systems that could allow the seamless transfer of infor-
mation and knowledge between different teams, loca-
tions, systems, and disciplines.

In addition, the product itself can be considered to be
an integration of various systems. Such systems think-
ing is already prevalent in the design of software sys-
tems. Product systems, however, have the added re-
quirement of engineering analysis of reliability, robust-
ness, performance, and other parameters [112], which
are even more critical at the systems level, when there
are unforeseen effects of system-to-system interactions.

Thus the integrated systems view of knowledge refers
to both: the knowledge that is generated by interaction
between designers, teams, or organizations during the
course of a product design, as well as the knowledge
concerned with the objectives, processes, and results
of disintegrating a product into two or more complex
systems during the design processes, and re-integrating
these systems to form the product.

In this section, we will discuss the evolution of re-
search in design with such a ‘systems’ view. The struc-
ture of this section is illustrated in figure 6.

3.2.1. Systems Architecting and Requirements Specifi-
cations

The complexity of most products and their design
processes led to the idea of ‘systems’ thinking [113],
where each product is seen as an agglomeration of sys-
tems, each system in turn an integration of subsystems,
and so on. Maier and Rechtin [114] define a system as
“a set of different components so connected or related
as to perform a unique function not performable by the
elements alone”. The International Council of Systems
Engineering (INCOSE) definition of a system is “a col-
lection of components organized to accomplish a spe-
cific function or set of functions”. The product break-
down structure (PBS) was seen as an intuitive way of
looking at the product architecture [115], but the rigid
and largely static system could not effectively work in
the inherently dynamic product design process.

Chung et al. [116] develop a Product-Node (PN)
architecture which is based on the PBS system, but
is more flexible and is thus more suited for the de-
sign process. A graphical modeling language, Systems
Modeling Language (SysML) was developed specifi-
cally for specifying, analyzing, designing, and verifying
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Figure 6: An overview of the integration of interacting knowledge
systems

complex systems [112]. SysML is based on the Uni-
fied Modeling Language (UML) 2.0. It extends UML
to model systems knowledge, namely requirement and
parametric diagrams [117, 79]. SysML quickly became
known as a powerful tool to express the result of a
design activity. However, it has some shortcomings,
most importantly capturing interconnections within di-
agrams.

3.2.2. Collaborative engineering
The complexity of modern products poses several

challenges to the designer. This increasing complexity
necessitates a distributed and heterogeneous collabora-
tive engineering design environment [118, 119]. Con-
current design of products and processes has thus be-
come essential, and successful firms today are those
that are able to manage concurrent activities in an intra-
or inter-organizational network and deliver value to the
marketplace.

Cross functional teams, which are the essence of such
networks, need a more intensive knowledge exchange

process. The knowledge exchanged includes geome-
try, design rules and constraints, requirements, ratio-
nale, etc. Collaborative engineering thus requires the
support of computational frameworks. The research
for computational support for collaborative engineer-
ing has focused on areas like architectural frameworks,
shared representations of product information, engi-
neering repositories, constraint management, coordina-
tion, conflict mitigation, organizational issues, collabo-
rative design, and decision-based design issues [120].

The product design process builds an information
model of the product through connection to the infor-
mation and expertise that resides in the designing com-
munity [121]. This includes personal experience and
informal networks of contacts in design [122]. Com-
putational support for the generation and use of shared
representations in collaborative engineering needs to in-
clude functional abstraction, geometric representation,
constraints, and generation of multiple functional views
through the product life cycle. Ontologies aid in this
sharing by providing a common vocabulary with shared
semantics. Sure et al. [123] introduce OntoEdit - an
ontology editor that aids collaborative development of
ontologies for the Semantic Web. CAD systems, mean-
while, are moving beyond the representation of purely
geometric entities, to integrating knowledge from the
design and manufacturing domains into the CAD mod-
els as well. Staley and Anderson [124] suggest a 20-
point functional specification based on then-current re-
search on CAD databases. The specification includes,
but is not restricted to requirements like support for mul-
tiple representations, support for iterative design, sup-
port for multiple levels of detail, support for engineering
transaction processing, and maintenance of data con-
sistency. Turner [125] and Anderson [126] take the
idea forward and suggest a feature-based model as a
means of capturing and transferring knowledge from
CAD to process planning. They propose and implement
a generic object-oriented model of a feature, which in-
corporated a hierarchical vector-based tolerance struc-
ture, that in turn is used by their geometric reasoning
model to classify and refine features into machinable
cavities for automatic process planning. Shah et al.
[127], in their review of feature recognition techniques
from CAD models, identify the need for a domain-
independent representation of feature information, and
the need for an embodiment of non-geometric data rel-
evant to a domain or discipline in the feature data. They
suggest a construct called the exemplar, a pattern of
topological, geometric, algebraic, and semantic rela-
tionships, as a means of representing data richer than
features. The concept of associative feature was in-
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troduced by Ma and Tong [128] to bridge the gap be-
tween the interfacing of knowledge-oriented tools and
CAD applications, to aid intelligent product develop-
ment. Chen et al. [129] extend this concept and develop
a unified feature-based modeling scheme that includes
the functional requirements and the concept design into
the feature modeling process, and supports geometri-
cal and non-geometrical feature associations, which in-
clude facts in the higher-level knowledge model.

Szykman et al. [130, 131] developed the NIST de-
sign repository - an intelligent knowledge-based design
artifact modeling system for capturing, representing,
and reuse of knowledge in an organization. Xue and
Yang [132] extended the NIST design repository model
and introduced a concurrent engineering-oriented de-
sign database representation model (CE-DDRM) for
supporting aspects of the product life cycle in concur-
rent design. The CE-DDRM model describes both ge-
ometric and non-geometric information, and also inte-
grates function, behavior, and form into the same com-
puting environment. Kim et al. present a paradigm of
ontology-based assembly design in [133]. In this paper
they describe a collaborative assembly design frame-
work, supported by an assembly design (AsD) ontology.

In their review of product family design and platform-
based product development, Jiao et al. [134] discuss the
need to incorporate more front-end issues like customer
modeling and integration, marketing and economic is-
sues, as well as back-end issues involving marketing
and supply chain. Thevenot et al. [135] suggest a metric
called the design for commonality and diversity method,
based on functional attributes to help designers decide
where to use common components and where to use
unique ones. Ouertani et al. [136] propose a standard-
ized approach to trace and share product knowledge and
identify key constructs to support traceability during the
product development process. They also propose a def-
inition for product knowledge and its traceability. Hoff-
man et al [137] argue that geometric modeling of me-
chanical components and systems is no longer a mere
supporting activity, and that interoperability of virtual
models is critical to digital, model-based engineering.
They propose a query-based approach that supports the
transfer of a model from one system to another and ad-
dresses the issues of geometric interoperability, and il-
lustrate their approach in a CAD – analysis interoper-
ability example, and state that the approach would over-
come barriers in realizing the potential of todays model-
based engineering and platform-based engineering sys-
tems.

The need brought about by heterogeneous and multi-
disciplinary engineeering design knowledge for higher

semantic modeling in engineering design is actively be-
ing addressed [138]. In a collaborative design envi-
ronment, assembly design sharing, consistent interpre-
tation of constraints and requirements, and the evolu-
tion of a web of relations to form a knowledge base. In
addition, Design Theory and Methodology (DTM) re-
search, as Tomiyama et al. summarize in their review
of the subject [139], also needs to expand into consid-
erations of product complexity, multi-disciplinarity, in-
tegration of domains, and consideration about global-
ization trends, to name a few. Engineering repositories
and product families have come a long way from stan-
dard component-sharing to decision support based on
function breakdown. The semantic web has a key role
to play in product design - existing knowledge mod-
els can be connected via the internet and design col-
laborators can access product models, reuse existing de-
sign knowledge, and promote interchange of knowledge
across multiple projects and disciplines.

3.2.3. Design rationale encoding and use
In the 1980s the concept of ‘design rationale’started

gaining importance. Products and their components or
features were defined in terms of the way they worked,
but not why they were designed in a certain way [140].
This resulted in the collaborating teams needing in-
ordinate effort and communication to understand each
other’s designs. Design rationale systems were in-
troduced as a basis of reasoning and communication
among such teams. Knowledge representations used
to capture design rationale fall under two categories -
argumentation-based techniques and descriptive tech-
niques. Argumentation-based systems have a struc-
tured, graphical format of nodes and edges for connect-
ing design issues and relationships [141], and descrip-
tive approaches record the sequence and the history of
activities in the design process [142]. Questions, Op-
tions, and Criteria (QOC) [143] is an example of an
argumentation-based technique while Issue-Based In-
formation Systems (IBIS) [144, 145] is an example of
a descriptive technique.

Lee [146] reviews design rationale systems with re-
gards to the services they provide and how they cre-
ate, manage, and access rationales. He also lists the
advantages of such systems as enabling better support
for redesign and reuse, collaboration, dependency or
constraint management, design maintenance, learning,
and documentation. Design rationale systems have also
been used in conflict resolution in a collaborative de-
sign environment [147]. Capturing design rationale can
help extract existing design knowledge from past de-
signs, capture it through systematic dissection and man-
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age the product information in an online design knowl-
edge base. Using this knowledge base, design rules are
formulated that can then be reused to build new design
concepts [54, 148]. Szykman et al. [142] mention de-
sign rationale as an important issue in supporting an
evolving product knowledge base. They observe that
recording knowledge and constructing design rationale
has been implemented in design rationale systems both
through automatic capture and through user interven-
tion. The latter approach has not been very successful
since designers are reluctant to spend time on annotat-
ing their designs with rationale.

While automated design rationale capture tools have
been implemented [149, 150, 151, 152], completely au-
tomating design rationale was noted as a significant
challenge. Shum et al. [153] acknowledge the ‘intru-
siveness’of human intervention-based design rationale
capture. Subsequent systems like Questmap and Com-
pendium [153], and DRed [154] evolved based on the
IBIS system. Shum et al. [153] acknowledge that the
capture of design rationale cannot be completely au-
tomated, and training the designer to capture rationale
becomes necessary. Bracewell et al. [154] note that a
general-purpose open source modeling tool that can be
easily customized can be an alternative to an application
developed from scratch.

The design rationale system has had a long history in
the movement to provide computational support for de-
sign, but its inherent structured approach, which is often
intrusive to the designer [153] and also not conducive to
capturing tacit knowledge, has limited its adoption in
the industry. There has been some success, notably the
incorporation of a design rationale editor (DRed) into
the Rolls-Royce PLM toolset [154]. Design rationale
systems can capture knowledge either automatically or
by user intervention. However, user intervention-based
design rationale capture has met with only limited suc-
cess, as designers are typically very reluctant to spend
time on annotating their designs with rationale [142]. A
promising approach is suggested by Sung et al. [155]
where individual designer behavior in a CAD environ-
ment is logged and interpreted to interpret patterns in
sequences of user actions, and use these to offer context-
sensitive help to individual users. While structuring of
knowledge and capturing of rationale for design is es-
sential, it may require less structured approaches, espe-
cially from the point of view of the product designer.

4. Computational Support Tools in Design

The design process is very dynamic - there is continu-
ous interaction between problem definition and solution

generation. A design solution goes through multiple it-
erations before it is optimally or robustly determined.
The use of computational support tools in design enable
the capture of knowledge generated at each design stage
and the representation of this knowledge to provide de-
sign decision support. There are a number of support
tools for the later stages of design, especially the de-
tailed design stage, while there are relatively fewer sup-
port tools in the earlier conceptual stages of the design
process. This reduces the efficacy of the designer in ma-
nipulating, organizing, representing, and using design
data [156]. The lack of support during the conceptu-
alization stage limits the potential of design space ex-
ploration as designers are limited by past knowledge,
experience and constraints on time and resources.

There is an increasing need to make computer support
tools more designer-centric. This requires an under-
standing of the cognitive working of designers so that
the transformation from thought to representation could
be made and generated knowledge is effectively cap-
tured [4]. Knowledge representation techniques range
from computer-centric techniques, which ensure that
the computational implementation is carried out effi-
ciently, to human-centric techniques, which aid the cre-
ativity of the designer. These representations could
range from formal specification methods like language
or geometric models to visual methods like images
[157].

The evolution of support tools for engineering design
is supported by collaboration, artificial intelligence and
developments in information technology [119]. Work in
the 80s on computational support included ways to inte-
grate codified design knowledge from different systems,
like Chalfan’s symbolic computing approach [158] to
codify the domain knowledge related to the product’s
design that provided a means to loosely integrate dif-
ferent programs and create a generic design analysis
tool. A lot of work was done in the 1990s on paramet-
ric modeling using CAD systems and automatic uncou-
pling and storage of geometric constraints [159, 160].
Geometric modelers, sketchers and constraint solvers
became the key components of a parametric computer
modeling system [161]. Though artificial intelligence
was commercialized in early 1980s, it found an applica-
tion in computer aided conceptual design only by mid-
1990, when “Conceptual design became a process based
on search, logics, grammars, planning, learning, case-
based reasoning, qualitative reasoning, first principles,
constraint propagation, collaboration, emergence, anal-
ogy, evolutionary systems, and neural networks” [162].

Similar to the preceding section, this section on com-
putational tools discusses computational tools for prod-
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uct design with both a process view as well as a sys-
tems view. The process view of computational tools will
try and establish the ways in which the designer is sup-
ported in his/her process of ideation, concept generation
and knowledge capture and retrieval, while the systems
view will look at tools that aid the designer in a collab-
orative environment, and in the design of a product as a
system.

4.1. Process view of Computer Support Tools

The application of computer support tools in early de-
sign had been quite difficult as the knowledge about de-
sign requirements and constraints available during con-
ceptual design phase is often imprecise, approximate or
incomplete [119]. Figure 7 shows the development of
various computational support tools over the years and
their application in the design process.

We can see in the figure a gradual spread of computa-
tional support tools towards the earlier stages in the de-
sign process. There have been early and subsequently
significant development in tools like CAE, parametric
CAD modeling, optimization - tools that are used in the
later stages of design. Most of these tools have found in-
dustry application. Some tools like PLM, languages like
SysML, and knowledge management tools, although
relatively recent, have also found industry application.
Tools that are applied to the early and unstructured de-
sign problems, like gesture-based sketching, are still in
their nascent stages in the industry. In recent times, re-
search is actively being done to overcome these prob-
lems and provide support upstream in the design pro-
cess. CAD software is being continuously modified to
incorporate support for concept development and con-
figuration activities. A wide span of issues are being ex-
plored, like sketching of shapes, conceptual design, re-
quirement engineering, decision making, design search
and reuse, all of which cover some computational and
design issues of interest in conceptual design [54]. Fig-
ure 8 gives an outline of this section, and an overview
of the topics discussed.

4.1.1. Sketching tools in conceptual design
Sketching is one of the most important activities in

the design and development of new products [174]. It
is the main design tool used for archiving the geometric
form of design and communicating ideas between peo-
ple. Traditional CAD systems use WIMP (Windows,
Icon, Menu, Pointing) style-based Graphical User Inter-
faces (GUIs), which require the designer to be trained
in a particular application’s menu-based system. The
added cognitive load often is a detriment to the designer.

4.1 Process view of computational support tools 
Tools for stage-wise design knowledge 
capture and use; knowledge support  & 
simulation 
 

4.1.1 Sketching tools in conceptual design 
Cognitive load of WIMP based systems; 
simulating pen-paper-based media; 
cognitive advantages  

4.1.2 Design decision making 
Decision support for early design;  
computational support for  resource 
allocation decisions; coupled constraints; 
sensitivity analysis;  

4.1.3 Search and reuse in design 
Problems in traditional catalog-based 
systems; need for classification schema; use 
of ontologies; shape search 

4.1.4 Virtual Reality support 
Prototyping and simulation-based design;  
applications in manufacturing and testing; 
application in multidisciplinary engineering 

References: [64, 163, 174 – 182]  

References: [153, 183 – 188]  

References: [133, 192 – 203]  

References: [204 – 224]  

Figure 8: A process-oriented overview of computer support tools

Designers thus continue to use the convenient, portable,
and cheap pen-paper medium for rapid construction and
evaluation of the new ideas. Hence, to be a useful aid
for conceptual design, sketching on CAD platforms will
need to be developed [64].

Since Sutherland’s Sketchpad [163], numerous works
have been investigated in drawing diagrams on 2D and
3D free-hand sketch. Stahovich et al. [175] demon-
strated a system that could interpret the causal func-
tionality of a two-dimensional mechanism depicted in
a sketch, and generate alternative designs. A gesture-
based system for interactively constructing 3D rectilin-
ear models is developed by Zeleznik et al. [176], who
develop a prototype system “SKETCH-N-MAKE” for
the design and manufacturing of parts; Cohen [177] pro-
posed a constructive approach to modeling free-form
shapes using Skin algorithm. Qin et al. [178] estab-
lished an on-line sketching system to 2D and 3D geom-
etry based on fuzzy knowledge. Cherlin et al. [179] pre-
sented a sketch-based system for the interactive mod-
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VR tools in Design (1995) 
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1963 Pen-based digitizing (1963) 
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Figure 7: First occurrences of computer-based support for product design. The degree of shading indicates the tool’s prevalence at the corresponding
design stage. Examples are representative of tools first developed in their category, like Sutherland’s Sketchpad for CAD [163], the NASTRAN
solver for CAE [164], Pro/E feature-based modeling application for CAD [165], the LS-CLASS Multi-disciplinary optimization program [166], the
ICAD programming tool for Knowledge-Based Engineering [167], PDM and PLM specifications and software [168], Virtual Reality tools [169,
170], and more recently, Digital sketching tools [171], SysML for systems engineering [172], and Vuuch for collaborative product development
[173]. The list is not comprehensive, but indicate the development trend in computer support tools.

eling of a variety of free-form 3D objects using just
a few strokes. Yang et al. [180] presented a sketch-
based modeling of parameterized objects. For the sys-
tems which also explore the physical analysis of 2D
and 3D shapes, Murugappan and Ramani [181] develop
a tool (FEAsy) to help users quickly transform, simu-
late and analyze the finite models through 2D freehand
sketch. An iterative, Tablet-PC-based design system is
presented by Tian et al. [174] for a fast kinematic simu-
lation and finite-element-based static analysis.

The importance of pictorial representation is evident
in figure 4, especially for the earlier stages of design.
Sketching is one of the most intuitive ways designers
communicate, especially in the early stages of design.
Designers use informal sketching as a principal medium
of external thinking - they provide an external memory
for images in the designer’s mind, they allow for easier
manipulation of ideas, and they allow the information to
be represented in various forms [182, 64].

4.1.2. Design decision making
As mentioned earlier, research focus has shifted up-

stream in the design process to support early design
decisions and to handle design rationale. During the
design process, the designer repeatedly seeks guidance

[4]. The designer needs to decide whether he or she
should develop more evaluation information, or gener-
ate new potential solutions, refine feature criterion and
targets, negotiate changes in criterion features and tar-
gets, decompose the issue into sub issues, or reach con-
clusions and document results. Recent research con-
centrates on support for design decisions, for traditional
decision processes involving materials and resource al-
locations, as well as more recent developments in the
form of system durability - for instance, a methodol-
ogy for decision support in the selection of product de-
sign projects [183]; using RQFD (Resource QFD) to
support resource allocation decisions and risk manage-
ment in product development [184]; a decision sup-
port system that uses utility theory to provide a math-
ematically rigorous means for capturing designer pref-
erences, along with a decision support problem con-
struct to aid engineering judgement for decision making
[185], etc. Design for manufacturability (DFM) is an-
other area where the decision support has found appli-
cation. Xiao et al. [186] introduce a Collaborative Mul-
tidsciplinary Decision-making Methodology (CMDM)
with a game-theoretic approach to aid decision making,
using a leader/follower protocol to separate design from
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manufacturing teams and resolve interactions between
the teams’ decisions. Molcho et al. [187] introduce a
Computer-Aided Manufacturability Analysis (CAMA)
tool that provides necessary information and insight to
the designer about the manufacturability of a proposed
design.

Currently, not many commercial tools exist to sup-
port design decisions at the conceptual design phase.
Designers often use a familiar solution that has worked
well in the past, instead of exploring new and alterna-
tives [188]. Also at times, while designing a complex
system with coupled constraints, the designer might not
be aware of all the relationships between the various
variables. Hence, he/she may fail to estimate the ef-
fect of the changes in one part of the design on the
other. An estimation of the sensitivities of all variables
in the conceptual phase is hence very helpful. This reit-
erates the need for development of early design support
systems so that designer can make robust design deci-
sions during conceptual stage and avoid time/monetary
wastage in making poor decisions. Interactions between
the designer and the computational synthesis tool aid
the designer’s decision-making during concept evalua-
tion so that it can be analyzed, modeled, and later used
for faster search of larger design spaces [154].

4.1.3. Computational support for search and reuse in
design

Engineers spend a significant amount of time search-
ing for the right product information during the design
process. This is compounded by the fact that product
information exists in varying forms at different stages
of the design process. More than 75% of the design ac-
tivity comprises reuse of previously existing knowledge
[189]. Considering that engineers spend about 60% of
their time searching for the right information [30], this
translates to considerable inefficiencies for an organi-
zation. There has been considerable research in search
and retrieval as well as in the indexing and storage of
information in a relevant manner.

There exists a gap between the high-level, conceptual
mental model of a product needed by a customer and
the low-level, physical query that searches and retrieves
the needed information from a library. The key issues
of old catalog services such as IndustryNet®[190] and
Alta Vista™[191] include recognizability, usability, ef-
ficiency, and manageability of various design informa-
tion. The emergence of Active Catalog system estab-
lishes a set of integrated ontologies and semantic net-
work which improve the correctness (hit ratio) and the
completeness (coverage) of both the search and appli-

cation [133] in the context of heterogeneous, internet-
based distributed computing environments.

Li et al. [192], in their review of product informa-
tion retrieval, classify indexing and retrieval systems
as shape-based, knowledge-based, and ontology-based
systems. McMachon et al. [193] identify engineers’
needs for support in the management of text documents,
especially in the early stages of design, the need for
a unified system for the storage, classification, and re-
trieval of these documents. They develop an informa-
tion system with a flexible architecture called Waypoint
that employs a user-predefined classification schema, to
address these issues.

Engineers have always depended on referring docu-
ments for information to execute specific tasks in prod-
uct design. While the digitization of data has made
this access easier, engineers rely mostly on keyword
searches to obtain this information [193]. Through elec-
tronic document management (EDM) and product data
management (PDM) systems, there is some support for
the knowledge retrieval in organizations. However, de-
sign information is largely contextual and such systems
provide limited support, and often retrieve information
that is not relevant [194]. Ontology-based systems of-
fer effective indexing mechanisms that provide ways to
structure documents which are typically maintained un-
structured in organizations [195, 196, 96]. Kim and Kim
[197] introduce a “causal knowledge” model, which
represents design processes in the form of a network of
vertices and edges, with the vertices representing de-
sign/ process alternatives, with context-sensitive prob-
abilities assigned to the vertices. They compare it to
procedural knowledge from the perspectives of knowl-
edge expression ability, decision alternative representa-
tion ability, reasoning capability, and knowledge culti-
vation ability, and argue that causal knowledge is supe-
rior for knowledge representation and reuse.

There is an increasing interest for the use of 3D con-
tent due to continuous development of multimedia tech-
nologies, virtual worlds and augmented reality [198].
Proliferation of 3D models on the Internet and in-house
databases has led to the development of technology
for effective content-based search and retrieval of 3D
models [199]. This has led to significant research and
development in shape similarity detection, multi-level
representation for shape matching and retrieval, fea-
ture extraction, model decomposition and segmentation
[200]. However, a problem with shape search tech-
niques is that there is not any particular search tech-
nique that fits all applications, as each distinct prob-
lem requires some customization according to its do-
main. An engineering shape benchmark (ESB) is de-
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veloped by Jayanti et al. [201] with the motivation
of determining whether various shape representations
have enough shape content in them to discriminate be-
tween different forms that exist in the engineering do-
main. Alizon et al. [202] develop a ‘Reuse Existing
Unit for Shape and Efficiency’(R.E.U.S.E) method for
knowledge reuse of manufacturing information in de-
sign through three stages: similarity study, efficiency
assessment, and configuration. Some of this research
has resulted in commercial tools for search in the manu-
facturing supply chain, such as Vizseek™ [203], which
is also moving towards creating a “social network” of
members with specific manufacturing capabilities in or-
der to foster better collaboration.

4.1.4. Virtual Reality Support in Design
Virtual reality (VR) tools are primarily applied down-

stream in the design process. The simulation of envi-
ronments or processes that would occur in the manu-
facture, assembly, or use of a product is critical in pro-
viding information that would help support decisions
earlier in the design process. One of the strengths of
virtual reality lies in applications that have complex
relationships among product data that need human in-
terpretation and decision-making applications that en-
able exploration of patterns or trends in abstract high-
dimensional data [204].

In product design, Virtual prototyping and
simulation-based design are two important appli-
cations of VR [205]. In simulation-based design,
Jayaram et al. [206, 207] and Wang et al. [208] devel-
oped a virtual assembly design environment (VADE)
to aid designers in assembly planning and verification,
maintenance verification, and design for assembly.
Gill and Ruddle [209] use Jack, an ergonomics and
human factors product by Siemens PLM, to evaluate
manufacturing ergonomics. Ryken and Vance [210]
propose the implementation of VR in stress analysis,
and use a surround screen virtual environment to
display and interact with the geometry. Jayaram et
al. [211] use VADE with Jack to suggest ways to
implement a quantitative ergonomic analysis in virtual
environments. Bernard and Hasan [212] introduced the
working situation model for safety evaluation during
the design process of systems. This model has been
the base of an information system used for configuring
a VR environment including a Knowledge-Based
Engineering (KBE) system. This environment is
dedicated to risk evaluation during the design phase
of systems, by considering different configurations of
the system [213, 214]. Dukic et al. [215] perform a
verification of visual demands in car assembly work

using virtual tools, while Dorozhkin et al [216] use VR
as an immersive environment to perform concurrent
simulation of a tractor assembly line with the capability
to modify simulation parameters while immersed in
the virtual environment. A virtual environment for
disassembly to produce necessary information for the
identification of the disassembly path is proposed by
Cappelli et al. [217].

VR has been developed as an internet tool, as well.
Kan et al. [205] develop an internet-based VR-based
collaborative environment called VRCE to aid collabo-
rative design for low-cost products developed by small
to medium size organizations. Ottosson and Hold-
madahl [218] combine a content management system
and transforming VR files, so that the VR application
could be used as an ordinary web application.

Virtual prototyping is the process of evaluating the
product performance, and simulating the product, its
user, and their interaction [219]. Several conceptual de-
sign virtual prototype systems and environments such
as JCAD-VR [220], Active World [221], Design World
[222] have been developed. VR environments have also
been used in design synthesis, especially in difficult-to-
visualize scenarios like spherical four-bar mechanism
synthesis [223].

Real-time collaborative 3D virtual environment for
multidisciplinary design is another growing research
area where the scope of a problem is determined by ex-
ploring a range of alternative solutions to a brief or set
of requirements in the conceptual design phase. Rele-
vant challenges in this area are different decomposition
schema of the model among the collaborators; relation-
ships within and across the different schema; multiple
representations and versioning of elements; ownership
and access to elements and properties of elements and
shared visual representation in a 3D virtual world [224].

4.2. Integrated view of Computational support for de-
sign

Developments in information technology and the web
created fundamental shifts in the way engineering was
done by enabling the use of many new tools for human
interaction and collaboration [225]. Dynamic business
needs coupled with globalization required the product
development teams (like design, manufacturing, sales
and management) to do real-time sharing product data
in a concurrent manner [226, 227]. Existence of a prod-
uct data management (PDM) tool became pivotal to the
rapid launch of new products in the market. Network
Centric CAD was developed, where the design process
was driven by the availability of design information,
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Figure 9: Integrated view of computational support for design

such as component databases, CAD models and simula-
tion results, all accessible through a computer network
[228]. However, the implementation of industrial prod-
uct data exchange systems has been slow owing to the
fact that there are diverse data formats and standards,
giving rise to conversion problems between different
CAD/CAE applications. This section discusses, as in-
dicated in figure 9, the challenges faced in collabora-
tive and multidisciplinary design environments and the
development of computational support tools to address
these challenges.

4.2.1. Collaborative design
With the increase in globalization, the amount of

information about the product that needs to be man-
aged and shared across various development platforms
is very large. Research is actively carried out for devel-
oping methodologies and technologies of collaborative

computer-aided design systems to support design teams
that are geographically dispersed [229, 230]. Collabora-
tive design can heavily reduce introduction time to mar-
ket and redesign cost for the new product development.
Rapid advances in information technology has provided
the platform for distributed CAD systems to support
collaborative design, which allows the users to remotely
view and augment a product model. Design and prod-
uct history, such as previous modification processes and
feature information of the product is also available to
all teams [231]. Updates to the product model are dis-
played instantly to the users after any design modifica-
tions have been made to the CAD model. Li et al. [230]
review the methods and technologies for collaborative
computer-aided designs, and state the importance of ad-
vancements in 3D streaming technology, which will en-
able collaborative, dynamic review of components over
the web.

The importance of collaborative design is steadily in-
creasing, and with it computer technology must not only
increase the capabilities of the individual specialists, but
must also enhance the ability of collaborators to inter-
act with each other and with computational resource
[119]. A number of emerging technologies including
distributed agents and Web technology have been pro-
posed to implement collaborative design systems. The
Web is used as a medium to share data, information and
knowledge for product data management [232] and su-
pervision of design process and working system by the
design team members [233]. Huang et al. [234] pro-
posed the framework of Web-based collaborative design
system and developed Web-based DFX tools. Rodgers
et al. [235] developed WEbCADET system for dis-
tributed design support.

The Distributed and Integrated Collaborative Engi-
neering Design (DICE) project [118], started in 1986 at
MIT, made several novel contributions to collaborative
design, with the introduction of synchronous and asyn-
chronous communication tools, integration of qualita-
tive and quantitative geometric reasoning, knowledge-
based design, use of asynchronous teams for solving
both symbolic and numeric constraints, design rationale
capture, and collaborative negotiation. Agent-based de-
sign systems use communicative and intelligent coupled
network of problem solvers. Similarly, research systems
such as PACT [236], DIDE [237], A-Design [238] and
workflow approaches [239, 240] were developed. A key
requirement of these tools will be the representation of
knowledge in an appropriate form, based on the design-
ers’ needs, the context in which it is being used, and the
nature of the information being conveyed.
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4.2.2. Systems Integration Support
It is a common practice in product design to break

a problem into chunks of smaller problems, in order
to simplify the overall problem, and to address these
chunks of problems concurrently, reducing the lead
time. The systems engineering view of the product is
an example of such an approach, and so is problem de-
composition, frequently used in breaking down a large
optimization problem into smaller, more manageable
pieces. The main challenges in this practice are the de-
composition itself, as it is often difficult to identify suit-
able sub-problems, and the integration of the solutions
of the individual problems into the overall system [241].
Eppinger et al. [242] suggest the use of the Design
Structure Matrix (DSM) for managing complex task-
based design processes as well as complex parameter-
based component designs. Browning [243] reviews the
application of DSMs in four areas: Component-based
system architectures, people or team-based organiza-
tions, activity-based processes, and parameter-based de-
sign relationships, and concludes that DSMs “facilitate
intelligent system decomposition and integration analy-
sis”.

Suh [244] introduces the concept of axiomatic design
as a way to reduce complexity, and introduces two ax-
ioms - the ‘independence axiom’ which requires that
“the functional independence be satisfied through the
development of an uncoupled or decoupled design” ,
and the ‘information axiom’ which states that “the de-
sign that has the least information content is the best
design”. He uses these axioms, along with the Func-
tional Requirements (FR) and Design Parameters (DP),
to create a case for reusability of FR/DP relationships
to form a knowledge base that can be used to develop a
controllable and robust system.

Recent research on system integration has been in the
area of improving the integrated system robustness, by
exploring integration from a system configuration view-
point to minimize system-to-system interactions and
overall system sensitivity to noise factors [245]. Re-
search in Robust Design also aims to solve integration
issues as it involves the development of methods in-
tended to make a product’s function more consistent in
the face of variations in downstream processes, environ-
ments, and customer use patterns [246], like a Taguchi
method-based model to minimize the impact of de-
sign parameter changes on implementation processes by
considering possible design parameter changes [247].

4.2.3. Product Lifecycle Management (PLM)
PDM systems were developed to manage heteroge-

neous product-related data and provide access of rel-

evant files to designers, engineers, manufacturing per-
sonnel, management, and other groups that need to work
together in a manufacturing enterprise [168]. They were
used to keep track of various product data and the pro-
cesses related to product development. PDM systems
managed documents such as reports, CAD data, draw-
ings, analysis data through the design process. How-
ever, there were several shortcomings of PDM systems,
such as the lack of formal product representation in the
form of function, behavior and structure, lack of reuse
of design knowledge, lack of impact analysis, etc [248].
The concept of PLM appeared in the 1990s as an ex-
tension of PDM. PLM is defined as the process of man-
aging a company’s products from their conception, de-
sign, manufacturing, all the way to its use and disposal
[249]. It is an integrated approach including a consis-
tent set of methods, models and IT tools for manag-
ing production information, engineering processes and
applications along the different phases of the product
lifecycle [250]. Anderson [251] defines the need to ex-
amine the difference in strategic variables - in our case
product, processes, and resources - between stages of
the product lifecycle, as well as differences among the
determinants of high performance across stages of the
product life cycle. PLM has been used by organizations
as a means to streamline their processes and to manage
their product knowledge. While PDM focused on man-
agement of product data chiefly with respect to design
and manufacturing, PLM extended the process to cover
other phases in the product life cycle, like supply, use,
and disposal. Another main difference between PDM
and PLM is that while PDM concentrated on data man-
agement, PLM supports the management of knowledge
through the product life cycle [252].

PLM software solutions can be separated into two
main categories: Engineering oriented (EO) and Busi-
ness oriented (BO) [253]. Usually, the EO PLM solu-
tions are more concerned with the technical issues re-
lated to the product; they deal solely with a physical
product and cannot manage a service. The original in-
tent here is to integrate CAD, CAE, and computer-aided
manufacturing (CAM). To support collaboration needs,
it was necessary to provide solutions for document gen-
eration, drawing sharing, and more recently, knowledge
management.

Recent research is focusing on developing a generic
representation of product knowledge that includes other
kinds of product knowledge beyond form, function, and
behavior, in order to support a broader level of infor-
mation exchange and interoperability [32, 254]. Prod-
uct knowledge is represented in terms of requirements,
specifications, artifacts, form, functions, behaviors, de-
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sign rationale, constraints and relationships. Such a
representation supports multiple levels of abstraction,
which provides computational support for early design
activities [255]. Other tools are slowly being integrated
into the PLM system. For example, Bracewell et al.
[154] develop a design rationale editor (DRed) and suc-
cessfully integrate it into the Rolls-Royce PLM toolset.
We are likely to see a similar merging in areas of shared
interests between supply chain and PLM software tools
in the future.

4.2.4. Knowledge Management and Mass Customiza-
tion

Mass customization (MC) is the process of design-
ing and manufacturing products customized to meet the
user’s needs, but at speeds and costs equivalent to mass
production. Product families or the concept of mass cus-
tomization has been recognized as necessary to cater to
a variety in customer needs, while keeping manufac-
turing costs low [256]. In achieving mass customiza-
tion, product platforms have been widely considered a
critical factor. Meyer and Utterback discuss the idea
of product families as early as 1992 [257]. Meyer and
Lehnerd [258] describe the product platform as a set of
subsystems and interfaces that form a common structure
from which a stream of derivative products can be effi-
ciently developed and produced. Robertson and Ulrich
[259] define it as a collection of assets like components,
processes, knowledge, people, and relationships, shared
by a set of products.

Commonality or standardization and sharing of com-
ponents, modularity and application in configurations,
scalability or sorting changeable product parameters,
and postponement of variation as far as possible in the
manufacturing system are the strategies that are key to
a product platform application [260]. In addition, an
effective product platform should lend itself to future
product expansions. Different methods have been pro-
posed to design product platforms that allow for such
expansions, based on utility-based compromise decision
support problems [261], or software implementation us-
ing mechanical buses [262]. The use of mathemati-
cal models for optimal configurations has also been ex-
plored, for instance Huang et al. [263] utilize mathemat-
ical models for tradeoffs between robustness and cus-
tomization; Siddique and Rosen [264] suggest a design
space modeling methodology to ease the exploration of
large combinatorial design spaces that are inevitable in
designing configurations in product families.

From a product platform variant, products can be de-
rived and then formed into a product family. A chal-
lenge while designing an appropriate product family has

been in mapping product variety to the right market seg-
ment. A state of the art on this mapping, i.e., product
family positioning and on product family design is pre-
sented by Jiao et al. [134]. Hernandez et al. [265]
propose a six-step method for mass customized prod-
ucts, combining multiple approaches. The steps are as
follows: 1) define the space of customization, i.e., the
set of all combinations of values of product specifica-
tions that are to be satisfied; (2) formulate an objective
function; 3) identify modes for managing product vari-
ety like modular combinations, dimensional customiza-
tion, customization in configurations etc. in order to
customize the product; 4) determine the number of hi-
erarchy levels and decide the ways to handle product
variety in these levels; 5) formulate a multi-stage opti-
mization problem; and 6) solve the problem.

The method has several advantages, like cost-
effectiveness and versatility, but it requires the formu-
lation of an objective function that captures the various
costs involved in a design. Thus, different mass cus-
tomization strategies need different information systems
to support them, and the integration of these information
systems within the entire supply chain plays an essen-
tial role in the successful implementation of mass cus-
tomization [266]. Frutos and Borenstein [267] list nec-
essary functionalities for such an information system as

1. Facilitation of collaborative product development,
2. Eliciting knowledge about clients,
3. Virtual enterprise environment
4. Providing enrichments to clients, and
5. Providing an open system architecture.

For the success of an MC system, a main factor is
Knowledge Management, since it allows collaboration
between customers and vendors [267, 268]. There are
various definitions of Knowledge Management (KM)
[269]; a simple way of looking at it is as a business
process that identifies knowledge from previous expe-
riences and selectively applies it to current decision-
making processes. Effective application of KM in an
organization leads to cost reduction in design, produc-
tion, and distribution [12]. KM tools were defined by
Ruggles [270] as technologies for knowledge genera-
tion, codification, and transfer.

The context of KM implementation is often complex
and highly dynamic, and various types of tools have
been developed for various applications. They are listed
as follows:

• General tools and methods serving for formal and
informal knowledge sharing, like yellow pages,
knowledge maps, wikis, etc.
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• KM tools for knowledge capitalizations, like AC-
QUIRE® and XpertRule®, which help capture
expertise for use in expert systems

• KM tools for knowledge sharing, like Centric In-
sight®, which allows people to find and share
knowledge in a secure environment, and Open Text
Corporation, which provides a KM tool to enhance
web-based knowledge sharing capabilities.

• KM tools for knowledge retrieval, like Open Text
Discovery Server, a search engine for enterprise in-
formation retrieval, and a knowledge-based reposi-
tory developed by Wong et al. (2006) that can per-
form search and analysis, and then provide users
with summarized results

• KM tools for query, which enable quick, efficient
responses to each potential query, can provide ex-
act knowledge to user requirements. The Open
Text Federated Query Server, and AQUA, and au-
tomated real-time question answering system, are
examples of such tools.

There are several effective KM tools available, and
while selecting the most appropriate tool is not easy,
there exist criteria like the ones provided by Tiwana and
Ramesh [271] which help the selection process. There
are, however, several barriers that lead to non-successful
implementation of KM, like knowledge confidentiality,
lack of adequate training in KM use, language, cost,
technology levels and so on [272]. In developing ef-
fective MC systems, it is thus crucial to also implement
methods and tools for effective knowledge management
for the product life cycle [273].

Support tools for design thus encompass a wide range
of requirements, disciplines, and applications. Ullman
[4] and Rezayat [274] give many requirements for an
ideal engineering design support system. Some key as-
pects of such a system include:

• Intelligent design and engineering using
knowledge-based systems, software agents,
web-based standards, key characteristics and
features, and practical human/electronic protocols

• Integration of requirements and constraints into the
development of parts and assemblies

• Integration of material, manufacturing and cost to
management of product life cycle

• Design knowledge capture and dissemination
through web-based and non-web based applica-
tions

• Use of multimedia/virtual-reality/net-conferencing
for collaborative design and engineering

• Product integration and management through
network-centric CAD and global access to infor-
mation

• Innovative methods for performing engineering
analysis and simulation for design optimization as
well as for product definition in the conceptual de-
sign stage

• Freehand sketching for CAD

• Guidance to the designer for decision making dur-
ing the conceptual design phase

There may not be a single design support tools that
addresses, or perhaps even needs to address all these
requirements. However, it would be useful for anyone
developing support tools for design, to keep these re-
quirements in mind.

4.3. Computational support tools - an industry view
While it is educational to study the directions re-

search has taken in developing computational support
tools for design, it is useful to also take a look at the
commercial side of design. Early developments in com-
putational support tools in the industry involved the
development of detailing and solid modeling applica-
tions. This work was mostly supported by the avia-
tion and the automotive industry, and in some cases
the U.S. government. These were initially available
for internal use. For instance, Lockheed supported re-
search and development of the Computer Augmented
Design And Manufacturing (CADAM) system [279];
GE and Calma developed a Design, Drafting, Manufac-
turing (DDM) system [280]; Structural Dynamics Re-
search Corporation (SDRC) developed the Integrated
Design and Engineering Analysis Software (I-DEAS)
[277]; McDonnell Douglas developed the Unigraphics
application; and Dassault Systemes developed the Com-
puter Aided Three-dimensional Interactive Application
(CATIA)[279]. The automobile industry followed suit
—Volkswagen developed their VWSURF system [281],
Ford developed the Product Design Graphics System
(PDGS)[282], and Renault integrated EUCLID to de-
velop its CAD system [281]. CAD systems of today
have evolved to an extent that they no longer are re-
stricted to a geometric rendering of the design, but are
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Figure 10: Integration of support tools for design in the industry - a view of acquisitions and integration of products among four major organizations
that provide software support for the product lifecycle. References: Autodesk archives [171, 275], PTC History and acquisitions: [165]; Siemens
PLM Timeline: [276, 277]; Dassault Systèmes history: [278, 279]. The list of acquisitions is not comprehensive, but represents the industry trend.

capable of supporting richer and more diverse data asso-
ciated with the product. These systems also come with
advanced simulation and lifecycle management appli-
cations and have integrated many aspects of product de-
sign into more monolithic tools.

A timeline of significant acquisitions and the result-
ing product launches or integrations are shown for four
organizations the provide CAD, CAE, and PLM solu-
tions: Autodesk, Dassault Systèmes, Parametric Tech-
nology Corporation (PTC), and Siemens PLM Software
in figure 10. These four organizations garner the high-
est market share in the CAD industry [283]. It is inter-
esting to note the parallels in their timelines: the grad-
ual expansion from solid modeling and surfacing soft-
ware, to the integration of other design modules like
CAE and PLM/PDM have occurred in all four organi-

zations. Most of these are through various acquisitions
and partnerships with other organizations that special-
ize in those specific design modules. During the last
two decades, two critical milestones that influenced the
CAD industry are:

• Samuel Geisberg’s concept of feature-based para-
metric modeling, which uses parameters, dimen-
sions, features, and relationships to capture in-
tended product behavior and create a recipe which
enables design automation and the optimization of
design and product development processes, and

• The development and extension of PLM solutions.

A broad range of catalogs in PLM such as visu-
alization, collaboration, document management, pro-
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cess planning, factory layout and quality manage-
ment are now gradually employed by SIEMENS PLM
Software’s Teamcenter®, Dassault’s Enovia™, PTC’s
Windchill®, and a PDM application in the case of
Autodesk® Vault. KBE was also incorporated into
CAD tools in the early 2000s. For example, the
Intent!™ KBE language from Heide Corporation
(later known as Engineering Intent) was integrated into
NX™ as the Knowledge Fusion tool, and into Au-
todesk® in the form of the Intent KBE application.
KnowledgeWare and Component Application Architec-
ture (CAA) were equivalent applications in CATIA®,
and Mathcad® was the corresponding PTC application
that incorporated programming and knowledge model-
ing tools in CAD, chiefly to support generative design,
configuration design, customization, and optimization
from within the CAD application. Such tools have
found applications in Computer-Aided Process Plan-
ning (CAPP), like the USIQUICK project [14] devel-
oped in CATIA CAA by Harik et al. [284], and an
integrated CAD/CAPP system implemented on Solid
Edge® by Zhou et al. [285]. In contrast, some orga-
nizations (not indicated in the figure) have focused on
the need to create a design or modeling framework that
integrates the data and analyses performed between dif-
ferent modeling and simulation applications. Modeling
framework software like Adaptive Modeling Language
(AML) developed by Technosoft, ModelCenter devel-
oped by Phoenix integration, and iSight™ developed
by Engineous Software (now part of Simulia) have con-
centrated on different ways of integrating the modeling
and analysis capabilities available commercially [286].
The acquisition of Engineous by Dassault serves to un-
derline the need for and importance of such modeling
frameworks.

With recent environmental regulations, modules
like SolidWorks® SustainabilityXpress and Au-
todesk® Eco Materials Adviser give users access to
measure, document, and report carbon footprint, green-
house gas, hazardous materials, and other environmen-
tal concerns. PTC’s acquisition of Synapsis Technology
and Planet Metric has resulted in the incorporation en-
vironmental compliance in their InSight® product an-
alytics software. This enables users, manufacturers and
retailers to model, analyze, and optimize environmental
performance, cost, and reliability throughout the entire
value chain, from concept to end-of-life, in the near fu-
ture. An earlier partnership between Siemens PLM and
Synapsis Technology initiated the incorporation of en-
vironmental compliance into Teamcenter.

Sketching support as a tool for conceptual design is
a recent development and is seen only in two organiza-

tions: Autodesk®, with its Sketchbook® Pro, and Das-
sault, with its CATIA Natural Sketch, integrate gesture-
based 2D and 3D sketching into the design process,
more specifically for Industrial designers.

The current industry trend, as can be seen from the
figure, is tending towards integration of various appli-
cations into one monolithic system. While this may os-
tensibly indicate better interoperability between various
applications and thus various stages of the design pro-
cess, the fact remains that there are multiple design ven-
dors who provide services to multiple OEMs or Tier-I
suppliers, all of whom may not use the same monolithic
systems. Thus the problem of collaborative design and
knowledge reuse is not solved, but merely percolates
lower down the supplier layers.

5. Discussion and future trends

In the previous sections we identified the role of
knowledge in various design stages and across design
disciplines. We also reviewed a number of existing sys-
tems that encode a variety of knowledge representation
schemes. With the advent of the Internet we will con-
tinue developing software frameworks for distributed
design that will improve the ability to represent, cap-
ture and reuse design knowledge, and will enable design
integration across time and space, and disciplinary or
corporate boundaries in a seamless manner. To achieve
such an environment the following areas of research in
knowledge-based systems were envisioned in a previous
review paper [142].

1. Development of a comprehensive representation
for product development knowledge

2. Integration of traditional engineering software with
knowledge-based applications

3. Mechanisms for indexing, searching, and retriev-
ing design cases

4. Design rationale capture and conflict mitigation
5. Need for commercial CAD/CAM/CAE vendors to

support knowledge design knowledge capture and
reuse.

It has been a decade since that paper was published.
Although much progress has been made as outlined in
the current paper, we are yet to see wide spread use
of knowledge-aided systems in the industry. Nearly
two decades ago Alan Mullaly, Chief Engineer for the
Boeing 777 aircraft, had this to say about AI’s role in
mechanical design: “Computers don’t design airplanes.
We have not put the knowledge that is in the airplane
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designer’s head into AI (artificial intelligence) that bal-
ances all these objectives. But, someday we will con-
tinue to probably move to that. Right now the knowl-
edge to design airplanes is in the designer’s head”. Al-
though AI has made some inroads into design automa-
tion, primarily in VLSI design, Mullaly’s observations
hold even today. There are several reasons for this:

1. Knowledge management problems. Many organi-
zations have problems with knowledge manage-
ment as described in [287, 288, 289]

2. The knowledge-acquisition bottleneck. This is due
to inadequate tools for knowledge-acquisition in an
intuitive manner. There is also a need for devel-
opment of machine learning tools for automated
knowledge acquisition.

3. Vendor resistance. There is reluctance among
CAD tool vendors to fully support KAD
(knowledge-aided design) for fear of losing
market share for traditional CAD tools. As noted
in the previous section some commercial vendors
are making progress in providing knowledge
encoding facilities.

4. Lack of design knowledge-bases. We do not have
appropriate standards nor do we have widely
accessible design knowledge repositories.

Trends for the future
The current convergence of technologies in computing
and communication systems is reducing the technical
barrier to innovation by increasing the ease of access to
information and providing frameworks for real and vir-
tual product development. We are poised on the brink
of a fundamental shift in the way products are realized
and the way knowledge is assimilated and disseminated.
Some of the driving factors that are already bringing
about this change, or are likely to do so in the near fu-
ture, are listed below:

1. The rise of the wikis. The development of the
wiki in 1995 as a system for writing documents
collectively, and its emergence in the form of the
Wikipedia project in 2001 introduced a way of col-
laborative sharing that was fine-grained and com-
plex [290]. A wiki is a database of interactive web
pages that allows members of a user group to col-
lectively edit the same material from any computer
with an Internet connection. While several medi-
ums for communication during design have been
discussed in earlier sections, the wiki is unique in
that “it closely emulates a real verbal discussion
with the added feature of being persistent” [291].

Studies of wiki in the light of collaborative de-
sign show that wikis can support the activity, al-
though the state of use and technology inhibit more
efficient use [292]. The use of wikis as a tool
in project-based design courses have yielded pos-
itive results [293, 294, 295, 296]. Wikis provide
a flexible and self-organizing platform that is es-
pecially useful from the point of view of early de-
sign, when the information and knowledge is un-
structured, and from the point of view of collab-
orative design, where all communication is per-
sistently recorded and loosely organized through
user-defined tags.

2. Problem solvers. We are likely to see development
of intelligent systems that encode design knowl-
edge and aid students in answering text book ques-
tions, in a similar manner to Project Halo [297]
for biology. This may involve the development
of large engineering knowledge-bases, first pro-
posed in [298]. Computational search engines
such as Wolfram|Alpha [299]and enterprise search
frameworks like Autonomy IDOL™ [300] can
be integrated into such knowledge-base frame-
works. The MEml (Mechanical Engineering mod-
eling language) effort to capture mechanical engi-
neering knowledge at various levels of detail may
be a step in achieving this goal. Such knowledge-
bases will also aid in the advancement of machine
learning systems for design.

3. Bioinspired knowledge for design. The abstraction
of biological concepts for inspiration and use by
engineers is a challenge that is being addressed by
researchers in biologically-inspired design. Bio-
inspired designs can be classified under the heads
of ‘conceptual’, where the result of the inspiration
is an artifact, or ‘computational’, where the result
is a process [301]. Both areas face the challenge
of the identification of relevant biological phenom-
ena, the abstraction of concepts to a level that can
be understood by engineers without a background
in biology, enabling non-obvious applications of
the phenomena, and avoiding misinterpretations of
the underlying biological phenomena [90]. Cur-
rent research approaches to meet these challenges
are from the areas of Natural Language Processing
(NLP), Functional Basis [41], and Ontologies.

4. Ontologies and semantic interoperability. Section
3.1.4 discussed the role of ontologies for design
support systems. These ontologies are required for
both encoding design knowledge and for facilitat-
ing semantic interoperability. Development of en-
gineering ontologies in the large scale can evolve
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in a similar manner to the compilation of the Ox-
ford Dictionary. Researchers (across the globe)
could undertake ontology development in selected
areas and then contribute to a global repository.
This would require the establishment of appropri-
ate standards for encoding ontologies. Systematic
methods for evaluating these ontologies should be
developed. We recommend the establishment of a
Global Center for Engineering Ontologies, similar
to the National Center for Biomedical Ontologies
[302] in the U.S.

5. Mass Collaborative Product Development. The
paradigm of mass-collaborative product develop-
ment (MCPD) gained popularity in the software
domain with the creation of software like Linux
and Apache. This model is now gaining popu-
larity in the physical product and services domain
in two forms: Crowdsourcing and mass collabo-
ration. Crowdsourcing [303] is where design and
development is carried out in response to an open
challenge with a reward, like InnoCentive [304],
Quirky [305], Local Motors [306] and Darpa’s Ve-
hicleforge program [307]. In mass collaboration,
a product emerges as a result of people with sim-
ilar interests working together on an idea. Exam-
ples include the Arduino™ Controller [308] and
the Open Source Car (OScar) [309]. Le and Pan-
chal [310] suggest that products with a modular ar-
chitecture are more suitable for the largely decen-
tralized development and decision-making that is
prevalent in the MCPD model. One can foresee
a merging of the MCPD model into product fam-
ilies, discussed earlier in section 3.2.2, and repre-
sentation of physical modules with a sufficient de-
gree of abstraction analogous to the way classes
and modules are represented in open-source archi-
tecture could gain importance. Business models of
the near future would do good to design towards
sustainable platforms like shapeways [311]

6. Natural User Interfaces. Reality-based systems fa-
cilitate intuitive human-computer interaction with
little user training or instruction [312]. This is evi-
dent in the recent upsurge in touch-based personal
computing devices like smartphones and tablet
computers, and in gesture-based controls in gam-
ing, like the Nintendo Wii™ and the Microsoft
Kinect™. Gesture-based interactions in VR sys-
tems have already been discussed in section 4.1.4,
and studies of natural gesticulation in the descrip-
tion of 3D objects [313] and the creation of free-
form shapes using augmented reality interfaces
[314] give an indication of how these interfaces can

be used as an alternative for designers to give form
to and communicate their ideas in 3D space. The
portable and ubiquitous nature of tablet computers
make them ideal for collaborative design processes
like the recording and progressive documentation
of design discussions. It is thus likely that NUIs
may prove an important factor towards mass col-
laboration and the democratizing of the design pro-
cess.

7. Sustainable systems. Sustainability and global-
ization are two forces that will shape the future
of product engineering and manufacturing. The
needs of sustainability and the global distribution
of design and production require going beyond tra-
ditional geometry-based CAD to semantics-based
KAD. Information/knowledge-based models for
products and manufacturing processes that con-
tain key attributes necessary for sustainable and
lifecycle information-based manufacturing (such
as energy and environmental costs of manufactur-
ing equipment or material recovery costs of prod-
uct components) will need to be developed. Fur-
ther, a computational framework that supports sus-
tainability evaluations will require a move from
product data exchange to product information and
knowledge exchange across different disciplines
and domains in a networked information infras-
tructure, servicing all phases of the life cycle. This
necessitates seamless exchange of vast quantities
of information across the design and manufactur-
ing network. Hence, sustainability-based lifecycle
support systems will need both syntactic and se-
mantic interoperability through well-defined stan-
dards. The integration of SustainabilityExpress
into Solidworks and PTC’s acquisition of Planet-
Metric are indications of the rising significance of
sustainability in the industry. These acquisitions
increase the need for better knowledge manage-
ment in the industry.

We see a strong trend towards the true democratiza-
tion of product conception and realization, influenced
by two main factors: (1) the development of design and
programming frameworks that are becoming more ac-
cessible and intuitive to use and learn, and (2) the de-
velopments in manufacturing and supply chain prac-
tices towards a more scale-free framework. This has
already become visible in the “mobile app store” in
both Android [315] and iOS [316] operating systems
that provide frameworks for users to develop and mar-
ket applications without the need to be embedded in
an organizational framework, as well as within crowd
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funding networks like Kickstarter [317] that provide a
network for individual or small groups of product de-
velopers to showcase their prototypes to potential in-
vestors. The rising popularity in the “Makers” subcul-
ture [318] – a more engineering and design-oriented as-
pect of the do-it-yourself culture – is encouraging in-
dividuals to participate in open value creation systems
like open design and open production [319]. Free CAD
applications like Trimble® sketchup [320] and the Au-
todesk® 123D® family [321] are beginning to focus
on this trend, which in turn aids in creating a repository
of designs and models for the open source community.

West’s analysis of open source platform strategies
[322] indicates two strategies that are hybrids of pro-
prietary and open platforms: (1) “opening parts”, or re-
taining control of core layers and opening up commod-
ity layers, and (2) “partly open”, or restricted disclosure
of technology such that it provides value to customers,
while still protecting it from competitors. On the other
hand, there exist open-source hardware platforms like
the Arduino™ where the hardware design and the soft-
ware are both open. The value to the inventor is brought
in the form of consulting services and new knowledge
from the open community of users [323]. Fine’s notion
of ‘industry clockspeed’ [324] emphasizes the impor-
tance of a firm’s capability to design and assemble as-
sets, organizations, and competencies for a competitive
advantage that is at best temporary. It is thus vital for
new innovative business model designs to take this trend
into account and develop sustainable platforms that aid
knowledge sharing and reuse on a global level. With
the current focus on innovation as the critical factor in
boosting the economy, an open architecture framework
for products, processes, and services could very well
shape the future.
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