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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. However, significant re-
cent developments have been made in solid modeling and 3D computer-aided
design. The use of such tools has become a critical element in the more sophisti-
cated product development processes to be found in modern industry. 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 design. The
technology has been developed as an add-in application for Autodesk Inventor, a
3D solid-modeling environment. The add-in has, at its core, a constraint filtering
system based on generalised arc-consistency processing and backtrack search.
We present our current prototype and a detailed demonstration of its functional-
ity. Finally, we describe our current work on a number of additional features for
the next prototype, which will be deployed in an industrial context.

1 Introduction

Engineering conceptual design can be regarded as that phase of the engineering design
process during which the designer takes a specification for a product to be designed
and generates many broad solutions for it. Each of these broad solutions is generally
referred to as achemd7]. 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].

To support interactive conceptual design a number of issues must be considered.
Firstly, the conceptual design process is initiated by a statement describing the desired
properties of the required product. This statement may not be complete and may be
modified during design. Secondly, conceptual design is a process in which synthesis of
a scheme is a fundamental activity. However, the designer should have the freedom to
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approach the process in anyway he wishes. Thirdly, in so far as it is possible, design-
ers should be alerted to any inconsistencies that exist in their designs. Designers may
seek explanations for such inconsistencies, or justifications for why certain options are
not available to them. Alternatively, designers may wish to be given an explanation de-
tailing how a particular scheme has come about. Fourthly, automated evaluation and
comparison of multiple schemes, throughout the design process, is necessary to focus
the designer on promising alternatives. Finally, designers prefer to use tools which are
familiar to them and, therefore, any additional tools that a designer is expected to use
must have a “look-and-feel” similar to those they already use. It was these considera-
tions 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. We present the current status of our prototype and a detailed demonstration of its
functionality. We report on some industrial experiences and describe our current work
on a number of additional features for the next prototype, which will be deployed in
an industrial context. The CAD technology has, at its core, a constraint filtering system
based on generalised arc-consistency processing [3] and backtrack search. Using the
technology, the designer can be assisted in developing and evaluating a set of schemes
which satisfy the various constraints that are imposed on the design. Explanations and
justifications can be generated to aid the designer’s understanding of the state of the de-
sign problem. Arbitrary constraints can be asserted or retracted by the designer which
permits the incorporation of new requirements into the design specification and give the
designer freedom to approach the process as he wishes.

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 work presented in this paper is based. Section 4 presents an
overview of the current prototype of our CAD technology for supporting conceptual
design. Section 5 outlines our plans for future development and deployment. In Sec-
tion 6 a number of concluding remarks are made.

2 Related Research

In the design literature three phases of design are generally identified: conceptual de-
sign, embodiment design and detailed design [16]. During conceptual design the de-
signer searches for a set of broad solutions to a design problem, each of which satisfies
the fundamental requirements of the desired product. The embodiment phase of de-
sign is traditionally regarded as the phase during which an initial physical design is
developed. This initial physical design involves the determination of component ar-
rangements, initial forms and other part characteristics. The detailed phase of design is
traditionally regarded as the phase during which the final physical design is developed.

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 tech-
niques for supporting configuration design has also been widely reported in the litera-
ture [13, 19].

Modern approaches to product development, such as Concurrent Engineering [4],
attempt to maximize the degree to which design activities are performed in parallel.
Researchers in the constraint processing community have developed constraint-based



technologies that support integrated approaches to product development [5]. Constraint-
based approaches to managing conflict in collaborative design systems have also been
reported [2,9, 11]. Using constraints to co-ordinate distributed agents in engineering
design has also been reported [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 research
does not address the synthesis problem; the vast majority has focused on constraint
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 solving systems of equa-
tions [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. The Design Sheet
system permits a designer to build a model of a design by entering a set of algebraic
constraints. The designer can then use Design Sheet to change the set of independent
variables in the algebraic model and perform trade-off studies, optimization and sensi-
tivity analysis.

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]. Of
all of the systems reviewed here, CUP is most similar to the approach that we have
adopted. However, our technology is entirely constraint-based which gives us the op-
portunity to exploit the semantics of constraints and use inference as a core technique
for navigating the design search space, providing explanations and an immediate declar-
ative approach to modeling the evolving schemes that the designer wishes to explore.

3 The Approach

In this section we will give an overview of the approach to conceptual design that has
motivated the design of the CAD system which we will present in Section 4. The model
of conceptual design adopted here is based on the well accepted observation that during
this phase of design a designer works from an informal set of requirements that the
product must satisfy and generates alternative schemes which satisfy 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 functional decomposition
which 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
aspects 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 literature
available [14, 15].



3.1 The Design Specification

The conceptual design process is initiated by the recognition of a need or customer
requirement. This need is analyzed and translated into a statement which defines the
functionality that the product should provide (referred tdfusctional requirements)

and thephysicalrequirements that the product must satisfy. This statement is known as
adesign specificatian

A design specification will contain both abstract functional requirements as well
as concrete physical requirements. The functional requirements define the “purpose”
of the desired product at as high a level of abstraction as possible. In addition, two
classes of physical requirement can be identified: product requirements and life-cycle
requirements. These requirements can be eithgzgorical requirementthat define
constraints between attributes of the product or its life-cycle, or they cpreferences
related to subsets of these attributes.

Essentially, the design specification comprises a set of constraints which must be
satisfied and a set of objective functions with respect to which the desired product must
be Pareto optimal [14].

3.2 Conceptual Design Knowledge

In order to successfully synthesize alternative schemes that meet the requirements de-
fined in the design specification, the designer needs considerable knowledge of how
function can be provided by physical means. This knowledge exists in a variety of
forms; a designer may not only know of particular components, sub-assemblies and
technologies that can provide particular functionality, but may be aware of abstract
concepts which could also be used. For example, a designer may know that an elec-
tric light-bulb can generate heat or, alternatively, that heat can be generated by rubbing
two surfaces together. The latter concept is more abstract that the former. In order to
effectively support the designer during conceptual design, these alternative types of de-
sign knowledge need to be modeled in a formal way. However, a CAD system which
supports conceptual design must also be capable of dealing with the designer’s “off-
the-cuff” ideas and store them for future use if they are deemed useful.

Reasoning about Function We employ &unction-means maapproach to cataloging

how function can be provided by means [6, 14]. In a function-means map two different
types of means can be identifiedksign principlesanddesign entitiesA design prin-

ciple is a means which 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 principle 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 collec-
tively replace the function being embodied by that principle. The functions which define
a design principle will, generally, have a numbercohtext relationglefined between
them. These context relations describe how the parts in the scheme, which provide these
functions, should be configured so that the design principle is used in a valid way. For
example, in Figure Iprinciple 1 comprises two functiongl andf2, between which a
context relatiorrl is defined.



Note that a design principle is not just a model of a known physical design solution,
but is an abstraction which can be used to encourage creativity and analogical reason-
ing during design. An example of this was presented above when defining an abstract
concept for generating heat by rubbing two surfaces together.

A design entity, on the other hand, is a physical, tangible means for providing func-
tion such as a component or sub-assembly. A design entity is defined by a set of param-
eters and the constraints that exist between these parameters. For example, an electronic
resistor would be modeled as a design entity which is defined by three parameters, re-
sistance, voltage and current, between which Ohm’s Law would hold.

Embodiment of Function As the designer develops a scheme for a product every func-
tion in the scheme is embodied by a means. Each means that is available to the designer
has an associatesgt of behaviorsEachbehavioris defined as a set of functions that the
means can be used to provide simultaneously. Each behavior associated with a design
principle will contain only one function to reflect the fact that it is used to decompose a
single function. However, a behavior associated with a design entity may contain many
functions to reflect the fact the there are many combinations of functions that the entity
can provide at the same time. For example, the bulb design entity mentioned earlier may
be able to fulfill the functionprovide lightandgenerate heasimultaneously. However,

when a design entity is incorporated into a scheme it is not necessary that every function
in this behavior be used in the scheme.

O

principle 1

Fig. 1: An example of scheme configuration.



3.3 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 embody all leaf-node functions in the functional
decomposition with design entities. During this embodiment process, the context rela-
tions from the design principles used in the scheme will be used as a basis for defining
the interfaces (constraints) between the design entities used in the scheme.

For example, in Figure 1 an example scheme structure is illustrated. The top-level
function in this scheme . This function is embodied using a design principle called
principle 1 This design principle introduces two functiorf$,and f2 to replace the
functionf0. A context relationrl, is specified between these functions. The function
is embodied by a design principlerinciple 2, which introduces two further functions,
f3 andf4 into the scheme. A context relatior®, is specified between these functions.
The functionf3 is embodied with the design entignt 1, the functionf4 is embodied
with the design entityent 2and the functiorf2 is embodied with the design entignt
3. However, between which design entities should the context relatioasdr2 be
considered?

The context relation2 must exist between the entities that derive from the functions
f3 andf4. The design entitiesnt 1andent 2are used to embody these functions. Thus,
the context relation2 must be considered between these entities. Since, the design
entitiesent 1andent 2are the means used to provide the functié@isndf4, these
entities can be regarded as bedigectly used to provide these functions.

The context relationl is a little more complex. This context relation must exist
between the entities that derive from the functiéhsndf2. The design entitent 3
is used to embody the functid@. Thus this entity can be regarded as beiliigctly
used for the functiof2. The functionfl is provided by the design principfginciple 2,
whose child functions are in turn embodied by the design engtiédandent 2 Thus,
these design entities can be regarded as bieidigectly used to provide the function
f1. Therefore, the context relatioh must be considered between the combination of
design entitiegnt 1andent 2on the one hand, areht 3on the other hand.

The precise nature of these interfaces cannot be known with certainty until the de-
signer embodies functions with design entities; this is because the link between func-
tions and design entities is generally not known with certainty during the development
of the functional decomposition for the scheme. Until the precise nature of a particu-
lar interface is known, they are modeled as constraints between design entities which
can be used to reason about the product structure; for example, interfaces may repre-
sent simple spatial relationships which can inform an evaluation related to the relative
position of parts in a product.

The types of interfaces that may be used to synthesize a product structure 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 An Overview of the Current Prototype

In this section we present the key features of our current prototype CAD technology
for supporting conceptual design, which we call ConCAD Expert. The technology is
seamlessly integrated with Autodesk Invehtdrhis particular CAD system has been
chosen for a number of reasons. In particular, as well as being one of the most popular
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 been designed to interface to the Inventor (version 5.3) CAD
system as an add-in application that can be invoked by the designer at any point. At its
core is an interactive constraint filtering system based on generalised arc-consistency [3]
and backtrack search. The system is fully interactive, monitoring the consistency of
designer 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 developed to store the parts available to the CAD system. The XML schema
that has been used, represents a part file and the various attributes of each part. We now
present many of the features of our prototype in the form of a “walk-through”.

Once the conceptual design tool has been invoked, the designer can use a Functional
View panel (see left-hand side of Figure 2) to define the functionality and physical
constraints that the desired product must satisfy.
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Fig. 2: Beginning a conceptual design session using a design principle.

Once the ConCAD Expert add-in has been invoked the designer can begin to de-
velop his concept by developing a functional decomposition and mapping functions

! Seehttp:/iwww.autodesk.com/inventor



onto parts which will be loaded into Inventor automatically. In Figure 2 the designer
begins to design an engine by incorporating a pre-defined design principle for an inter-
nal combustion engine. The result of this action can be seen in Figure 3, where each
of the functional elements of an engine can be seen in the Functional View pane. Note
that this is an abstract description. Each of the elements in the Functional View pane
relates to a design element which is represented as a function. No parts have yet been
selected at this point. However, the designer is free to select parts if desired, or can
extend the functional description of each element further by incorporating additional
design principles into the scheme. Furthermore, the designer can define context rela-
tions (constraints) between elements of the functional description, in addition to those
that form part of the definition of the engine design principle, if desired. These will
define how each of the elements must relate each other in the part model.

Atthe moment, the designer can select design principles from a predefined database,
or can manually define them on-the-fly. Obviously, we would like the conceptual design
system to store any new descriptions for use in future projects. At the moment, this must
be done by manually including them in the database. However, in the next version of
the system the identification and storage of design principles will be done automatically.
In this way the CAD system will acquire the design principles for a particular design
domain over time.
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At any point in time the designer can view which means in the CAD database are
recommended for use in the designer’'s scheme. Recommended means must not only
satisfy the functional requirements defined in the functional decomposition, but must
also be consistent with the physical constraints defined explicitly by the designer and
implicitly by any other means used in the scheme.

In Figure 3 the designer has asked the CAD system to recommend means for the
carburettor element in the functional decomposition. As can be seen on the middle-left
side of the figure, five alternative means have been found for this element from which
the designer is free to choose. In this example, all means that can provide the required
functionality for this element are recommended; otherwise they would have been dis-
played in theOther Meandox. A means is no longer recommended if it satisfies the
functional constraints, but violates one or more physical constraints.

However, for the purposes of explanation lets assume that before the designer selects
one of these means he defines an additional constraint in the CAD system. An interface
used to do this is shown in Figure 4. The designer is free to define constraints on any
characteristic of the scheme. In this figure, the designer has defined the constraint that
ensures that the mass of the means that will be used to provide the functionality of the
carburettor will have a mass that is no more than a given maximum value.
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Fig. 4: Specifying additional constraints.

The consequence of this constraint is that some of the means which could have
been used as a carburettor have been removed and placed in aditiesf Means
which contains those means that are no longer recommended for this situation. This
scenario is depicted in the lower left of Figure 5.

Also presented in this figure is a window showing the attributes of a particular means
selected by the designer. In this figure the designer has clicked on the recommended



part,Carb2.1.iam Note in the attributes window that the mass of the part satisfies the
constraint that the maximum mass of the carburettor be no more than 150g.
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Fig. 5: The effect of the designer’s constraint.

As the designer makes decisions and interacts with the CAD system, a CSP model
describing the characteristics of the desired product is being developed. Part of the con-
straint model that the designer has developed at this point in our example is presented
in Figure 6.

In this figure we can, firstly, see at the top the set of constant definitions. Secondly,
we can see the set of variables in our design and their corresponding domains. Finally,
we have the set of constraints defined by the design specification for the product, any
additional constraints defined by the designer or constraints added to the model which
are implied by the designer’s decisions.

To illustrate the consequences of constraint addition and domain filtering in our
prototype, Figure 7 shows the effect of adding an overall cost constraint to the model.
This constraint was entered using the interface presented in Figure 4. We can see from
Figure 7 that the list of of recommended means has been reduced further through in-
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ffConstants:
MaxCarbMass = 150
MaxExhMass = 2200

Iivariables;

Carburettor:{Carbl,0.iam, CarbZ, 1.1am}

ClukchBell: {Clutch Bell1 . 0.iam, Clukch Bellt . 1.iam, Clutch Belll . 2.iam, Clutch Bell2.0.iam, Clutch Bell2.1.iam}

Enginelnternals:{Engine Internalsi.0.iam,Engine Internalsi.1.iam,Engine Internals1. 2.iam,Engine Internals2.0.iam,Engine Internals2. 1 iam}
Exhaust:{Exhaust Systeml.2.iam,Exhaust Systemaz. 1.iam}

Flywheel: {Flywheell . 0.iam, FlywheelL, 1.iam,Flywhesel2,0.iam, Flywheel2, 1 .iam,Flewheel2, 2, iam}

EngineHead:{Engine Head1.0.ipk, Engine Headl. 1.ipt,Engine HeadZ, 0. ipk,Engine Headz, 1.ipt,Engine HeadZ, Z.ipt}

MotorfMount:{Motor Mounti.0.ipt,Mokor Mount, 1.ipt,Motor Mounk1.2 ipk, Motor Mount1.3.ipt, Motor Mount2. 0.ipt}

RearCover:{Engine Rear Caverl.0.ipt,Engine Rear Coverl.1.ipt,Engine Rear Coverl.2.ipt,Engine Rear Cover2.0.ipt,Engine Rear Cover3.0.ipt}
EngineCase:{Engine Casel.0.ipt,Engine Casel.1.ipk,Engine Casel.2.ipt,Engine Case2.0.ipt,Engine Case2.1.ipk,Motor Mountl0.ipk, Motor Mount1,1.ipt, Matar
Mountl,2.ipt,Motor Mount1, 3 ipk,Motor Mount2,0.ipt-

JConstraints:

Carburetkor Function==rix
ClutchBell. Function==clutch
Enginelnternals.Function==internals
Exhaust. Function==exhaust
Flywheel. Function==Fflywheel
EngineHead. Function==coal
MatorMount, Function==mount
RearCover Function==cover
EngineCase.Function==suppart
Carburettor Mass <=MaxCarbMass
Exhaust.Mass <=MaxExhMass

Fig. 6: The CSP can be viewed at any stage during the design process.

ference, which in the prototype is based on generalized consistency processing. In this
figure the designer has asked for an explanation for whyCm1.0.iamis no longer
recommended by selecting it from the list. An explanation is given in Figure 8 which
specifies the constraints with which the part is inconsistent. Explanations are currently
generated directly from the inference algorithm used in the prototype.

Figure 9 presents the extended CSP model of our scheme which includes the designer-
specified cost constraint (shown last in the figure). Note how the domains of the more
expensive parts were heavily reduced whereas the smaller cheaper parts such as the
mountwere unaffected.

As the designer develops the functional decomposition he can also select parts for
providing the necessary functionality. There is no restriction placed on the order that the
designer develops a scheme. Figure 10 shows the CAD system interface after the de-
signer has begun to select parts. The constraint model that the CAD system contains at
this point not only includes constraints on the functional decomposition and each part,
but also constraints on the way parts can be configured. These interface constraints de-
rived from the constraints that the designer specified while developing the functional
decomposition for the product, as well as the various design principles that were em-
ployed. As the designer develops the scheme further, inference on these constraints will
assist the designer make consistent decisions on a valid configuration of these parts.

The designer does not need to fully specify the entire design at this point since that
is a detailed design task. All that is required is that the designer specify the scheme to an
extent which permits it to be evaluated against the constraints in the design specification
and compared against any alternative schemes that have been developed.
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Fig. 7: A constraint was added setting the total Cost below a certain threshold. The Carb1.0.iam
assembly violated this constraint because it was too expensive.
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Explanation:
Carburettor. Cast+ClutchBell. Cost+Enginelnternals. Cost+Exhaust. Cast+Flywheel, Cost+EngineHead. Cost+Motarkount. Cast+RearCaver  Cost+EngineCase.Co

ske=TotalMaxCost

Fig. 8: An explanation showing the cost constraint that the the Carb1.0.iam assembly has violated.

5 Next Steps

The CAD technology presented here is being developed for industrial deployment. In
anticipation of the release of the tool, we are currently developing the next generation
of the CAD system which will have a number of additional capabilities. Some of these
are discussed below.

In the current prototype the designer either manually enters the entire functional
specification for an artifact, or uses predefined principles. We are currently working on
an approach which helps capture new design principles and modifications of existing
ones, and store them in the database for future use. In this way, not only will the CAD
system be capable of learning from the designer, but will also alleviate a company from
having to completely specify a design knowledge-base before the CAD technology is
useful. The approach we are adopting is designer-driven. The designer decides what
constitutes a sufficiently detailed abstract description of a principle. The system facili-
tates the designer by storing his concepts, whatever they may be. This feature is critical
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HiConstants:

MaxCarbMass = 150
MaxExhMass = 2200
TotalMaxCost = 650

Iivariables:

Carburettor:{CarbZ.1.iam}

ClutchBell: {Cluteh Belld . 2.iam, Clutch Bell2. 1 .iam}

Enginelnternals: {Engine Internalsi.0.iam,Engine Internalsi. 2.iam}

Exhaust:{Exhaust Systemi.? ism}

Flywheel:{Flywheell.0.iam,Flywheel 1. 1 .iam, Flywheel2, 0.iam, Flywheel2. 1 iam, Flywheel2. 2 ianm}

EngineHead:{Engine Head1.0.ipt,Engine Head1. 1.ipt,Engine Head2.0.ipt,Engine Head2.1.ipt,Engine Head2.2.ipt}

MotorMount: {Motor Mount1.0.ipt, Mokor Mount1.1.ipk,Mokor Mounkl,2.ipt,Motor Mountl, 3.ipk,Makor Mount2, 0,ipk}

RearCover:{Engine Rear Coverl.0.ipt,Engine Rear Coverl,1.ipk,Engine Rear Coverl.2.ipt,Engine Rear Cover2,0.ipt, Engine Rear Caver3.0.ipt}
EngineCase:{Engine Casel.0.ipt,Engine Casel.1.ipt,Engine Casel,2.ipt,Engine Case2.0.ipt,Maotor Mountl.0.ipk,Matar Mounk1, 1.ipt,Motor Mountl, 2.ipt, Motor
Mounk1,3.ipt, Motor Mount2, 0.ipt}

HiConstraints:

Carburettor Function==rix
ClutchBell. Function==cutch
Enginelnternals, Function==internals
Exhaust Function==exhaust
Flywheel.Function==Flywheel
EngineHead . Function==caal
MatorMount, Function==maunt
RearCover Function==cover
EngineCase . Function==support
Carburettor Mass<=MaxCatbMass
Exhaust.Mass<=MaxExhMass
Carburettor . Cost+ClukchBell. Cost+Enginelnkernals, Cost+Exhaust . Cost+Flywheel Cost+EngineHead. Cost+MaotorMaunt Cost+RearCover . Cost+EngineCase, Co

ste=TotalMaxCost

Fig. 9: The CSP after the overall cost constraint was added.

for real-world deployment; the need to invest heavily in knowledge-base development
is a significant disadvantage of many intelligent CAD tools.

In addition to the above, we wish to extend the functional reasoning capabilities
of the CAD system in a number of ways. In particular, we are developing a set of
standard interface constraints to assist with reasoning about scheme configuration. For
example, the ability to add spatial constraints is important in order to more accurately
evaluate schemes. There are a number of other interface constraints that also need to be
implemented as primitives, such as mechanical and electrical connections which have
some default semantics. At present the designer does not have access to such default
interfaces and must define them explicitly within the solid modeling environment of the
host CAD system.

At present the functional description of a product is defined textually. We are in-
terested in developing a sketch-based interface for describing the critical functional
elements and their relationships. This interface would allow designers to develop their
ideas as a marked-up sketch. The mark-up on the sketch would indicate critical elements
and the relations between them [22].

Another critical area is explanation generation. We are currently developing novel
explanation generation algorithms suited for interactive constraint satisfaction. Improved
explanation generation capabilities will also provide us with a basis for providing feed-
back on comparisons between different design solutions that the designer wishes to
consider.

Finally, the approach underlying the CAD technology described here has been eval-
uated in a number of industrial contexts. In particular, the approach has been evaluated
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Fig. 10: Developing the scheme’s part model in the host CAD system, Autodesk Inventor.

through several case-studies performed in conjunction with industry. Evaluations have
been carried out in the fields of discrete electronic design, mechatronics and optical
systems. For further details on how the technology has been used in industry, the reader
is encouraged to refer to the literature available [14, 15]. In all cases designs of com-
parable sophistication to those developed by real-world designers and engineers using
traditional methods were produced. Further evaluations will be undertaken using the
prototypes developed as part of the work reported here.

6 Concluding Remarks

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 to it. It is well recognized that few computational tools
exists that are capable of supporting the designer work through the conceptual phase
of design. This paper presented a prototype constraint-based computer-aided design
(CAD) technology that can be used to support designers working in the early stages of
design. We presented the current status of our prototype and a detailed demonstration
of its functionality. Finally, we described our current work on a number of additional
features for the next prototype, which will be deployed in an industrial context.
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