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Abstract. Engineering conceptual design can be defined as that phase of the
product development process during which the designer takes a specification
for a product to be designed and generates many broad solutions for it. It is well
recognized that few computational tools exist that are capable of supporting the
designer work through the conceptual phase of design. This paper presents a
prototype constraint-based computer-aided design (CAD) technology, devel-
oped as an add-in to Autodesk Inventor, which can be used to support designers
working in the early stages of design. The prototype has, at its core, a constraint
filtering system based on generalized arc-consistency processing and backtrack
search. We present aspects of our current prototype, focusing in particular on
those aspects related to the interactive specification, development and configu-
ration of the designer’s concepts from an initial high-level specification.

1 Introduction

Engineering conceptual design can be regarded as that phase of the engineering de-
sign process during which the designer takes a specification for a product to be de-
signed and generates many broad solutions for it. Each of these broad solutions is
generally referred to as a scheme [7]; however, in this paper we will interchangeably
use the terms scheme, design and concept. It is generally accepted that conceptual
design is one of the most critical phases of the product development process. It has
been reported that more than 75% of a product’s total cost is dictated by decisions
made during the conceptual phase of design and that poor conceptual design can
never be compensated for at the detailed design stage [10].

The technology presented here has many features that are crucial for supporting
designers during the conceptual phase of design. For example, designers can specify
an initial statement describing the desired properties of the required artifact. The
designer is free to modify this at any time by adding/removing constraints. Further-
more, the designer has the freedom to approach the design process in any way he
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wishes. The prototype ensures consistency amongst the designer’s decisions and can
explain why inconsistencies have occurred. Finally, designers prefer to use tools
which are familiar to them and, therefore, any additional tools that a designer is ex-
pected to use must have a “look-and-feel” similar to those they already use. It was
these considerations that set the agenda for the work reported here.

This paper presents a prototype constraint-based computer-aided design (CAD)
technology that can be used to support designers working in the early stages of de-
sign. The CAD technology has, at its core, a constraint filtering system based on
generalized arc-consistency processing [3] and backtrack search.

The remainder of the paper is organized as follows. Section 2 presents an overview
of the relevant literature. Section 3 presents an overview of the theory of conceptual
design upon which the prototype is based. Section 4 presents a summary of some of
the important features of the CAD system. Section 5 presents a walk-through the
current prototype, describing in some detail how a scheme can be developed and
configured by the designer. In Section 6 a number of concluding remarks are made.

2 Background

In the design literature three phases of design are generally identified: conceptual
design, embodiment design and detailed design [16]. Constraint-based applications
for design have been more commonly applied to the post-conceptual phases of design
[11, 12, 21]. The use of constraint processing techniques for supporting configuration
design has also been widely reported in the literature [13, 19]. Applications of con-
straints to supporting Concurrent Engineering, Integrated Product Development and
agent-based design have also received significant interest [2, 4, 5,9, 11, 17].

Constraint-based approaches to supporting conceptual design have been reported
in the literature for quite a number of years [8, 18, 20]. However, most of this re-
search does not address the synthesis problem; the vast majority has focused on con-
straint propagation and consistency management relating to more numerical design
decisions. For example, “Concept Modeler” is based on a set of graph processing
algorithms that use bipartite-matching and strong component identification for solv-
ing systems of equations [20]. The Concept Modeler system allows the designer to
construct models of a product using iconic abstractions of machine elements. Based
on the earlier work on Concept Modeler, a system called “Design Sheet” has been
developed [18]. This system is essentially an environment for facilitating flexible
trade-off studies during conceptual design. It integrates constraint management tech-
niques, symbolic mathematics and robust equation solving capabilities with a flexible
environment for developing models and specifying tradeoff studies.

While not a constraint-based system, the Conceptual Understanding and Prototyp-
ing Environment (CUP) is an approach to supporting conceptual design that unites
ideas from traditional mechanical design with 3D layouts and knowledge engineering
[1]. However, our technology is entirely constraint-based which gives us the opportu-
nity to exploit the semantics of constraints and use inference as a core technique for
navigating the design search space and providing explanations, as well as a declara-
tive approach to modeling the evolving schemes that the designer wishes to explore.



3 Underlying Engineering Design Principles

The model of conceptual design adopted here is based on the generally accepted ob-
servation that during this phase of design a designer works from an informal set of
requirements that the product must satisfy and generates alternative schemes consis-
tent with them. Central to the process of scheme generation is an understanding of
function and how it can be provided. The process involves the development of a func-
tional decomposition that provides the basis for a realization of physical elements that
form a scheme. In addition to determining which physical elements comprise a
scheme, the relations between them must also be specified to a sufficient extent to
permit the evaluation and comparison of alternative schemes.

In the remainder of this section a brief overview of some of the most important as-
pects of our approach to conceptual design will be presented. For a more complete
discussion of the theory the reader is encouraged to refer to the more detailed litera-
ture available [14, 15].

The Design Specification The conceptual design process is initiated by the recogni-
tion of a need or customer requirement. This need is analyzed and translated into a
statement that defines the functionality that the product should provide and the physi-
cal requirements that the product must satisfy.

Conceptual Design Knowledge We employ a function-means map approach to
cataloging how function can be provided by means [6, 14]. In a function-means map
two different types of means can be identified: design principles and design entities.
A design principle is a means that is defined in terms of a set of functions that must
be provided in order to provide some higher-level functionality. Design principles are
abstractions of known approaches to providing function. By utilizing a design princi-
ple the designer can decompose higher-level functions without committing to a
physical solution too early in the design process. The functions that are required by a
design principle collectively replace the function being embodied by that principle.
The functions that define a design principle will, generally, have a number of context
relations defined between them. These context relations describe how the parts in the
scheme, which provide these functions, should be configured so that the design prin-
ciple is used in a valid way. Note that a design principle is not just a model of a
known physical design solution, but is an abstraction that can be used to encourage
the designer to develop the design space to be explored. A design entity is defined by
a set of parameters and the constraints that exist between these parameters. For exam-
ple, an electronic resistor would be modeled as a design entity that is defined by three
parameters, resistance, voltage and current, between which Ohm’s Law (a constraint)
would hold.

Scheme Configuration using Interfaces Generally, the first means that a designer
will select will be a design principle. This design principle will substitute the required
(parent) functionality with a set of child functions. Ultimately the designer will em-
body all leaf-node functions in the functional decomposition with design entities.
During this embodiment process, the context relations from the design principles used



in the scheme will be used as a basis for defining the interfaces (constraints) between
the design entities. The types of interfaces that may be used to synthesize a product
will be specific to the engineering domain within which the designer is working.
Indeed, these interfaces may also be specific to the particular company to which the
designer belongs in order to ensure the configurability of the product.

4 Features of the Current Prototype

In this section we briefly present the key features of our prototype CAD system for
supporting conceptual design, which we call ConCAD Expert. The technology is
seamlessly integrated with Autodesk Inventor?. This particular CAD system has been
chosen for a number of reasons. In particular, as well as being one of the most popu-
lar 3D solid-modeling design environments, Inventor has an architecture similar to
most tools of its kind, but has a very rich API through which we can integrate with
the host CAD system. Our technology has, at its core, an interactive constraint filter-
ing system based on generalized arc-consistency [3] and backtrack search. The sys-
tem is fully interactive, monitoring the consistency of the designer’s decisions and
providing feedback when an inconsistency has been detected or the designer has

requested justifications or explanations from the system. It was developed using C#,

and uses the Autodesk Inventor 5.3 COM API. An XML database has been devel-

oped to store the parts available to the CAD system. The XML schema that has been
used represents a part file containing the various attributes of each part. The CAD
system is capable of the following:

1. It can reason about both physical and functional design requirements. This has
been enabled through the implementation of a constraint-based meta-layer within
the host CAD system;

2. In terms of functional features, the CAD technology can use abstract descriptions
of design principles to decompose the functional requirement of a design. Design
principles can be created and stored on-the-fly for future use;

3. The technology supports inference (generalized consistency processing) over de-
signer-specified/implied constraints. In addition, the configuration of parts and as-
semblies in the CAD system is checked for consistency against the constraints rep-
resented in the design specification, constraints introduced as a result of the design
principles incorporated by the designer, and constraints arising from the definition
of parts and subassemblies.

4. The decisions underpinning the functional and physical synthesis of the design are
available at all times and can be regarded as a history of the design’s evolution.

5. While the system ensures consistency amongst a designer’s decisions, it does not
strictly forbid any action that the designer may wish to take. In this way the tech-
nology acts as an intelligent assistant that provides advice on the consequences of
decisions, rather than preventing the designer from making inconsistent ones.

2See ht t p: / / www. aut odesk. cont i nvent or



However, a number of issues are not addressed by the current prototype. Amongst
these is support for freeform sketching. Also, the role of intelligent user-interfaces for
conceptual design is outside the scope of our current work.

5 An Interactive Design Session

In this section, a detailed interaction between a designer and the CAD system is pre-
sented. Not all features of the system are presented. Rather, we focus here on how the
functional decomposition of a design is developed, and how this impacts the physical
design. In the example scenario we consider here, we simulate an interaction with a
designer who wishes to develop a concept for a two-stroke engine. Our focus here is
to simply present how our system supports the development of a concept from first
principles.
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Fig. 1. Beginning our design project: deciding on a principle we wish to employ.

In Figure 1, the designer has set about developing a concept for the desired arti-
fact. In Figure 1(a), we see the starting state of the CAD system that primarily com-
prises a Functional View of the product. This panel is used by the designer to specify
the functional decomposition of the product, the initial functional requirements, the
physical requirements, and any additional constraints that are added during the design
process.

Also in Figure 1(a) the designer specifies a new design principle that he wishes to
employ in the new design. This new design principle, based on a two-stroke engine,
comprises a number of functions that the user specifies. Figure 1(b) illustrates the
function decomposition after the designer incorporates the new principle into his
design. Clearly, we can see that the designer now must consider embodying several
functions in order to develop a concept based on the principle he has employed.



Constraint Satisfaction Problem x|

Iivariables:

two_stroke_engine_mix:{Carbl.0 iam,Carbl, 1.iam,Carbl 2 iam,Carb2, 0. iam,Carbz, 1 iam}val=null

twa_stroke_engine_clutch:{Clutch Belll.0.iam, Clutch Belll. 1.iam, Clutch Belll . 2.iam, Clutch Bell2.0.iam, Clutch Bell2. 1.iam}val=nul
twa_stroke_engine_internals:{Engine Internals1.0.iam,Engine Internalsl. 1 iam,Engine Internalsl.2.iam,Engine Internals2. 0.iam,Engine

Internals2. 1 iam}wal=null

two_stroke_engine_exhaust: {Exhaust Systemi.0.iam,Exhaust Systeml. 1.iam,Exhaust Systeml.2.iam,Exhaust Systemz, 0.iam,Exhaust Systemz, 1.iam}val=null
two_stroke_engine_flywheel:{Flywheell.0.iam, Flywheell 1 iam,Flywheelz,0.iam, Flywheel2 . 1 iam,Flywheel2, 2 iam}val=nul
twa_stroke_engine_cool:{Engine Head1.0.ipt,Engine Head 1. 1.ipt,Engine Head2.0.ipt, Engine Headz. 1.ipt,Engine Head2. 2. ipt}val=null
twio_stroke_engine_mount: {Motor Mount1.0.ipt,Mator Mountl. 1.ipt, Matar Mountl, 2.ipk, Matar Mounk1, 3.ipk,Makor Mount2, 0. ipkhval=null
twio_stroke_engine_cover:{Engine Rear Cowerl.0.ipt,Engine Rear Cower1.1.ipt,Engine Rear Cowerl,2.ipt, Engine Rear Cover2,0.ipt,Engine Rear
Cover3.0uipthval=nul

twa_stroke_engine_support:{Engine Casel.0.ipt,Engine Casel. 1.ipt,Engine Casel.2.ipt,Engine CaseZ.0.ipt,Engine Case2.1.ipk,Motor Mount1,0.ipt, Matar
Mount1.1.ipt,Mokor Mount1,2.ipt,Motor Mountl . 3.ipt,Mator Mount2.0.ipt}hval=null

IiConstraints:
twa_stroke_engine_mix.Function==rix
twa_stroke_engine_clutch. Function==clutch
twio_stroke_engine_internals. Function==internals
two_stroke_engine_exhaust, Function==exhausk
two_stroke_engine_flywheel,Function==fl»wheel
twa_stroke_engine_cool. Function==coal
twa_stroke_engine_mount. Function==mount
twio_stroke_engine_cover, Function==cover
twio_stroke_engine_support, Function==support

HiGeometric Constraints:

Fig. 2. The constraint satisfaction problem (CSP) representation of the design.

The consequences of the designer’s decisions up to this point can be clearly seen in
Figure 2. As the designer develops a concept, the CAD system builds a constraint
satisfaction problem representing the design. It is based upon this model that the
inference capabilities of the CAD system reason about the consistency of the design-
ers decisions. In Figure 2 we can see that there are a set of variables, each with corre-
sponding domains, and some functional constraints. We can also see that the designer
has not yet entered any physical or geometrical constraints.
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Fig. 3. Adding additional constraints to the model

However, in Figure 3 the designer adds additional constraints into the model. In
Figure 3(a) the designer defines a constant (a variable and a unary constraint) stating
that the maximum cost of a carburetor element in the design must be 155 units. This
constant is used in the definition of a more complex constraint in Figure 3(b) relating
the constant with a property of the design. Specifically, the designer ensures that the
maximum cost of the embodiment of the “mix” function is less than the maximum
allowed value. In Figure 4 we see the consequences of this decision on the choices
that the designer has available.
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Fig. 4. Part of the CAD system interface after the designer has introduced a new constraint.

Figure 4 presents the interface of the CAD system after the designer has made sev-
eral more decisions. Firstly, once the designer specified the principle underpinning
the function decomposition, by clicking on particular leaves of the function tree, the
CAD system can advise on consistent means for providing that function. Using a
color-coding system, the designer can distinguish between sub-assemblies, parts and
design principles. Furthermore, the means that are available to the designer are parti-
tioned into two sets: the set of “Recommended Means” and the set of “Other Means”.
The former is the set of means that can provide the desired functionality and are also
consistent with the physical constraints in the CSP model. On the other hand, the
latter is the set of means that, while satisfying the functional constraints in the model,
violate at least one physical constraint. Both sets are shown so that the designer can
see the consequences of his decisions. Explanations and detailed property information
is available by clicking on a means. The information provided will help the designer
determine why a particular means is no longer recommended for use.

Also shown in Figure 4 is the current CSP model encoding the designer’s deci-
sions. It can be clearly seen that the set of means being recommended for the “mix”
function has been reduced. The new constant definition and cost constraint can also
be seen in the model.

Earlier, when describing how design principles could be specified, we did not il-
lustrate a context relation being defined. Context relations are critical parts of the
definition of a design principle in conceptual design since they specify how a design
principle is to be used in a valid manner when parts are being introduced into the
scheme.

Figure 5 presents a sequence of interactions that a designer can use to spec-
ify/modify the context relations associated with functions in a design principle. In



Figure 5(a) the designer selects the “cool” function of the two-stroke engine princi-
ple. In Figure 5(b) the designer states what the relation between this function and
another function should be. In this case the designer states that a spatial relationship
must hold between the part(s) providing the cooling function in the engine and the
part(s) providing the flywheel functionality. However, in general, context relations
can also define how parts are interfaced with each other. We shall see below how this
affects the placement of parts.
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Fig. 5. Defining a context relation between functions in a design principle.

However, before moving on, it should be noted that the functional decomposition
in this figure is more detailed than previously. This is due to the designer employing
another design principle into the design. It can be clearly seen how the functional
decomposition can be developed during design, becoming a complex tree of functions
and relationships between them that must be satisfied when a collection of parts is
used to provide the necessary functionalities.
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Fig. 6. Positioning the flywheel and the cooling element to satisfy the spatial context relation.



In Figure 6 we see how a context relation affects the placement of parts in the
CAD system. Depicted here is a scenario in which the designer has selected a part to
provide the cooling functionality and a second part for the flywheel functionality. As
the designer positions the part for the latter, a geometric constraint, in this case a
spatial constraint, is being checked for consistency. Figure 6 shows the result of this
check, indicating, in this case, that the constraint has been satisfied.

JlGeometric Constraints:
two_stroke_engine_cool.¥_coordinate stwo_stroke_engine_flywheel.¥_coordinate

Fig. 7. Part of the CSP model, after the designer has incorporated parts for the cooling and
flywheel functions, showing the geometric/spatial constraint implied by a context relation.

In Figure 7 we can see part of the current state of the CSP model as these interac-
tions are taking place. Note the geometric constraint in the figure. It is this constraint
that was being propagated and checked in Figure 6. As the designer develops the
concept further, employing new design principles, incorporating parts into the design,
etc., this CSP model will become far more detailed. Figure 8 presents an example
state of the CAD system after the designer has made several more decisions.
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Fig. 8. The interface of the CAD system after many more interactions with the designer.

Note that in the process we have described the designer is free to make any deci-
sions that he wishes at any stage in the design process. The CAD technology we de-
scribe simply maintains the consistency of the designer’s decision, but does not
strictly forbid any form of action. This is a critical characteristic that CAD technolo-
gies for supporting conceptual design must exhibit.



6 Conclusions

While engineering conceptual design is regarded as the most critical phases of prod-
uct development few computational tools exist that are capable of supporting the
designer work through the conceptual phase of design. This paper presented a proto-
type constraint-based computer-aided design (CAD) technology, developed as an
add-in to Autodesk Inventor, which can be used to support designers working in the
early stages of design. The add-in has, at its core, a constraint filtering system based
on generalized arc-consistency processing and backtrack search. We presented as-
pects of our current prototype, focusing on those aspects related to the interactive
specification, development and configuration of the designer’s concepts from first
principles.
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