
Abstract 
In this paper, the authors discuss the enablers nec-
essary for design exploration in a product realiza-
tion environment. A product representation schema 
is suggested for constraint satisfaction based search 
and exploration of the design space for customized 
products. A formulation of concept design as a 
CSP is presented. The importance of analysis and 
simulation of systems during design concept in 
evaluating the design space, from both a feasibility 
and optimality stand point, is examined. Capabili-
ties required of CSP algorithms for engineering 
based design configuration are listed. Finally, a 
preliminary case study of an industrial erector set 
configurator, implemented in ILOG, is presented to 
exhibit the some of the issues stated above. 
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1 Introduction 
Current trends in product development center around deliv-
ering products that meet user requirements as closely as 
possible, achieving concurrency in the development stage 
between all entities involved in the product life cycle and 
enabling product realization in a quick manner. These goals 
must be achieved in a distributed setting, since the product 
development centers, manufacturing units and retailers are 
knowledge centers that are dispersed geographically. The 
motivation for attaining these goals originates from the fact 
that decisions made during the conceptual and design phases 
account for 80% or more of the cost of the product [Di-
eter99].  
This paper discusses developments required in order to 
achieve the above goals using constraint satisfaction. The 
outline of the paper is as follows:  
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Section two presents the concept for a representation 
schema for products that encompasses geometry, manufac-
turing, and logistical variables and the mappings between 
the variables. Such a product centric representation of the 
lifecycle variables will be used in a distributed constraint 
satisfaction and optimization based design exploration 
framework. In section three, a formulation of concept design 
as a CSP is presented. Capabilities required of CSP algo-
rithms to enable product configuration and synthesis using 
constraint satisfaction are also examined. An implementa-
tion of a simple product configurator for an industrial erec-
tor set is given in section four, to help put some of the issues 
discussed in the prior sections into perspective. 

2 Product Representation Schema for CSP-
based Design Space Exploration 

In the product lifecycle (Fig. 1(a)), first, the customer re-
quirements (CRs) are identified, and mapped to engineering 
requirements using techniques such as Quality Function 
Deployment (QFD). Concepts are then generated from the 
functional decomposition to meet the engineering require-
ments (ERs). These concepts are represented by design vari-
ables or parameters, which when associated with values, 
impart geometrical form, performance characteristics and 
qualitative aspects to the concept design.  
In [Ashby99] it is shown that function, shape, material and 
process are interrelated. This implies that the entities are not 
independent. If one of the four entities involved is fixed, it 
constrains the remaining three entities to values belonging 
to a subset of their complete domains. As a result, the deci-
sions made in selecting values for the design parameters 
during conceptual design have a constraining effect on se-
lectable processes and materials. In fact, the design deci-
sions made have a far reaching effect, extending through the 
lifecycle of a product. 
Consider a design problem where the customer requirement 
is to obtain speed reduction from a motor to drive a load 
shaft. The progression of the solution to this problem 
through its lifecycle is shown in Fig. 1(b). The customer 
requirements drive the engineering requirements and con-
ceptual phases. A helical gear [Shigley01] assembly is cho-
sen as the concept. Selected relationships between the dif-
ferent phases can be represented as follows: 
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Fig. 1: (a) Product Lifecycle (b) Product Lifecycle for a gear assembly 

(a) 

(b) 

• Manufacturing phase variables 
Process P = F(Gear form, Tolerance, Material) 
Supplier S = G(CRs, Lead time, Capacity, Process) 

• Operation phase variables 
Reliability R = H(ERs, Material, Process)  

Here F, G and H represent functions. The functions are 
mappings that are either discrete one-to-one, one-to-many or 
many-to-many mappings or are continuous functions with 
definite domains. The product representation schema should 
capture these variables and mappings. 
Standards for product representation are outlined in 
[Wong93], [Szykman01], and [Xue04]. The representation 
outlined in these papers goes beyond representing the ge-
ometry of the design artifact, to include function, behavior, 
physical and functional decomposition. A generic product 
information core was developed, that would serve as a stan-
dard to enable interoperability, concurrent development etc. 
However, the representation contains only the taxonomy of 
artifacts and their function, form and relationships. As a 
result, it is limited in application. 
In [Gero90] a design prototype is presented symbolically as 
P = (F, B, S, D, K, C); where F represents function, B repre-
sents behavior, S represents structure, D represents design 
description, K represents knowledge, C represents context. 
The key point in the above design prototype is that knowl-
edge (K) comprises of the following: Relational knowledge 
which establishes dependencies between F, S and B; qualita-
tive knowledge which contains the effects of modifying the 
variables of S on B and F; computational knowledge that 
specifies symbolic or mathematical relationships; con-
straints which appear as expected behavior; and context 
knowledge. Such a representation is suited to configuration 
and synthesis in the product design phase.  
In order to realize products while taking into account lifecy-
cle issues, variables from different phases of the product 
lifecycle such as manufacturing, distribution, operation and 
retirement should also be considered. We propose augment-
ing the above representation of products to encompass these 
variables and their mappings. Capturing the variables in 
each phase of the product lifecycle and the mappings be-

tween the variables will allow for exploration of the design 
space using CSP techniques. The CSP algorithm will evalu-
ate all the constraints represented by the mappings for viola-
tion, during feasibility evaluation.  
Combining this product representation schema with a stan-
dardized method of representing a technical system and its 
decomposition into sub-systems [Gelle04] will provide a 
common interface in data exchange and reuse scenarios. 

3 Formulation of the concept design as a CSP 
This section is divided into three sub-sections. The first sub-
section reviews optimization techniques that utilize model 
analysis for concept design. The second sub-section ad-
dresses the potential role of CSP in the concept design. The 
capabilities required of CSPs for this purpose are also dis-
cussed. Finally, the third sub-section proposes a formulation 
of a design concept as a CSP. This formulation is explained 
using a representation called “concept graph”. 

3.1 Prior work in analysis-based concept design 
synthesis 

Consider the vehicle decomposition in [Michelena99], as 
seen in figure 2. The vehicle is hierarchically decomposed 
into systems, sub-systems and components. Note that such 
decomposition is possible only once specific concepts have 
been selected for the functions in the functional decomposi-
tion. The vehicle requirements are translated into vehicle 
design targets for the systems, which in turn are cascaded 
down to subsystem and component targets. This translation 
is accomplished by means of analytical models of the sub-
systems and sensitivity analysis. Analysis is necessary to 
translate customer requirements to engineering requirements 
for systems, sub-systems and components.  
In the example, once the targets are established for the 
nodes in the decomposition, analytical target cascading 
(ATC) is used to determine optimum values for the design  
parameters for all nodes. Since the systems represented by 
the nodes are uncoupled this is done in parallel. Analysis of 
the node models are used to determine whether a target is 



met. The goals of Analytical Target Cascading (ATC) are to 
enable the design of complex systems to occur at a much 
earlier stage and to generate prototypes that more effectively 
satisfy functional requirements.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A detailed description of ATC is available in [Allison04]. In 
such a problem, if the design parameters have continuous 
domains, gradient based approaches can be used to obtain 
parameter values. If the domains of selectable values are 
discrete, gradient free algorithms such as Genetic Algo-
rithms (GA) can be utilized. For example, GAs were used to 
obtain instantiations for joint types and their optimal loca-
tion in a structural frame for the “joints” node in Fig.2 [Sai-
tou04].  
As seen above, analysis combined with a hierarchical opti-
mization scheme or stochastic optimization can solve a con-
cept design problem. The next few paragraphs attempt to 
make a preliminary evaluation or the role of CSPs in design. 
A comparison of stochastic and systematic constraint satis-
faction is available in [Freuder95].  

3.2 Role and requirements of CSP in concept de-
sign 

In the discrete optimization problem, Fig. 2, only feasible 
joints were included in the domain, though a creative formu-
lation of an objective function can help determine feasibility 
in case infeasible joints are present in the domain. Using 
CSP, it is possible to determine whether a design problem is 
satisfiable, i.e. feasible.  
CSP solution methodology should be harnessed for its abil-
ity to produce all possible valid solutions, which is helpful 
in a design exploration scenario. When optimality consid-
erations are important, branch and bound search techniques 
for optimization in CSPs, such as those in [Larossa98] can 
be used. GAs have been applied to constraint satisfaction 
optimization problems in [Tsang90]. 
The ATC problem described is uncoupled allowing optimi-
zation of the different nodes to run in parallel. In the cir-
cumstance that there is a coupled problem, with domain 
values that are potentially infeasible, CSPs can play a part. 
This will call for constraint satisfaction between two mod-
ules that are being synthesized using optimization or CSP 
techniques. Such a coupling is captured in Fig. 3. 
From the discussion in section 3.1, it is clear analysis plays 

a key role in design evaluation. CSP algorithms should be 
able to handle constraints, the satisfaction or violation of 
which depends on the results of an analysis of models repre-
senting a system, such as those that appear in Fig. 2.  
In addition, the following combined capabilities (1 – 4) are 
required of CSPs in a design synthesis environment: 
1. Continuous and discrete domain handling: Design pa-
rameter domains are both continuous and discrete. CSP 
should be able to handle both continuous and discrete do-
mains. Gelle has presented formalism for conditional mixed 
constraint CSPs in [Gelle03].  
2. Dynamic constraint handling: During the design process, 
the product design specifications evolve and change con-
stantly. The design specifications, which represent con-
straints, may be changed to include new variables i.e. new 
constraints may be inserted, or they may be relaxed or re-
moved.  CSP algorithms need to be able to handle this dy-
namicity of constraints. Dynamic constraint satisfaction 
algorithms have been described in [Mittal90] and [Soin-
inen99]. A partial constraint satisfaction algorithm useful in 
such a situation was suggested first in [Freuder89].  
3. Distributed constraint handling: In the current business 
environment design and configuration activities occur in a 
distributed manner. Yokoo and Hirayama have developed 
multi-agent system based algorithms for distributed con-
straint satisfaction [Yokoo00]. Felfernig et. al. [Felfernig01] 
formalize a definition of distributed constraint satisfaction, 
and presents a basic architecture and cooperation algorithm 
for distributed configuration systems.  
4. Object oriented constraint satisfaction: It is useful to draw 
parallels between the physical world and its software repre-
sentation. The object oriented paradigm will help in captur-
ing this translation from physical to virtual. Work in object 
oriented constraint programming is described in [Roy97]. 
Mailharro presents a framework for configuration, that 
combines CSP and object oriented paradigms in [Mail-
harro98], [Stumptner98]. 

3.3 Concept design as a CSP 
Any product that is an assembly can be represented as a 
graph structure. In its simplest form, the nodes of the graph 
are the sub-assemblies or atomic components in the assem-
bly and the arcs represent the physical connectivity between 
the sub-assemblies or components. When used in this man-
ner, the graph structure captures the topology of the product 
and is called a “concept graph” Such a graph structure of a 
coupled assembly structure is in shown in Fig.3. Each of the 
nodes could be any one of the “concepts” from a given level 
from the decomposition in Fig. 2. In essence, every node is 
a system in the overall concept. For example, in an automo-
bile the nodes of the graph could be power train (S1), elec-
tronics (S2), chassis (S3), suspension system (S4). The 
nodes in the concept graph will be represented by an object 
that encapsulates the variables included in the representation 
schema outlined in section 1. In a CSP framework, the 
nodes in the graph constitute the variables. The domains of 
the nodes are all possible instantiations for the systems in 
the concept i.e. instantiations of S1, S2, S3 and S4.  

Fig. 2: Decomposition of automobile into systems 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In Fig. 3, the domain values are denoted by Dxy, where x is 
the index of the system Sx, and y is the index of the particu-
lar instantiation in the domain. These domains are generated 
by optimization based synthesis, catalog based configura-
tion, simple table lookups etc. The arcs in the concept graph 
that connect the nodes are constraints between the systems 
of the overall concept. These constraints between the nodes 
are the mappings between variables of the systems, which is 
covered in section 2. The constraints can be unary or higher 
order constraints. In Fig. 3 the constraints are indicated by 
C1, C2, C3 and C4. Hence, a CSP representation of a con-
cept design consists of variables S1, S2, S3,…, Sn, which 
are systems, subsystems, or components, whose values are 
taken from domains D1, D2, D3,…, Dn. The constraints Ck 
are the mappings or geometrical constraints etc. between the 
system variables. A point to note is that the concept graph 
has a recursive definition, because each system in the graph 
can be split into sub-systems until the atomic level of com-
ponents is reached.  

4 Product configurator for an industrial erec-
tor set 

In order to understand issues related to configuration using  
CSP from an engineering standpoint, work on an industrial 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

erector set (IES) configurator was initiated. The IES catalog 
consists of sixteen extrusions of different cross sections and 
one hundred and four joining plates. The erector set also 
consists of dynamic pivots, linear motion bearings etc. The 
extrusions are connected using joining plates or fasteners to 
form any kind of frame structure. Applications of the IES 
include machine frames to mount machines and tooling, 
furniture, and machine guards. In this configurator problem, 
only extrusions and joining plates were considered.  
A system for selection of adequate wind bracing for steel 
framed buildings using local consistency and conditional 
constraint satisfaction is presented in [Gelle00]. 
The final goal is to generate all possible configurations of 
valid extrusion and joining plates from the IES catalog 
based on the user’s desired frame structure, which is speci-
fied by spatial location of frame members, load on the frame 
and personal preferences.  

4.1 System architecture 
The configurator architecture is shown in Fig. 4. The com-
ponents are explained below; a (I) or (NI) after the module 
indicates that the module has been implemented or not been 
implemented respectively. 
User interface (I): The user interface has two parts: a display 
pane where the user enters the coordinates of the frame 
structure, the load and load direction and a visual rendering  
of the frame is displayed; and a user preference pane where 
unary preference constraints for extrusions are stated. 
Analysis module (NI): The analysis module is used to de-
termine the transverse, axial, bending moment, and torsional 
loads on the frame which translate to strength constraints on 
extrusions and joining plates. One way to implement this 
module is to submit the spatial and load information of the 
frame to a finite element analysis (FEA) solver. Currently, 
the user does the static analysis. Analysis is required to con-
vert the system or customer requirements to engineering 
requirements for each frame component. 
Query Interpreter (I): The query interpreter uses rules to 
insert a joining plate between every connected horizontal 
and vertical extrusion and outputs a graph structure contain-
ing spatial and loading information of the frame structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Concept graph 

Fig. 4: System architecture for an Industrial Erector Set Configurator 



CSP Generator (I): The CSP generator parses the adjacency 
linked-list of the concept graph and passes the variables, 
constraints and domains to  the APIs of the CSP solver. 
CSP Solver (I): The CSP Solver has been implemented us-
ing ILOG Solver.  
Output UI (NI): The output user interface (UI) will exhibit 
the results from the CSP solver. It will rank the results based 
on user specified criteria such as cost, weight etc.  
This system is capable of generating a CSP on the fly for 
every distinct query. It does not require “precompiled” solu-
tion spaces, where all possible solutions are enumerated. 
Since each query will involve a different number of vari-
ables, such an enumeration of the valid solution space will 
not work.  

4.2 Sample problem 
The IES product configurator was queried with a simple 
table frame structure, with four vertical members supporting 
four horizontal members each with a transverse load of 
100lbs. The query and concept graph of this problem is in-
dicated in the Fig 5 (a), (b). The CSP formulation is: 
Variables (V):  E – extrusion, J – joining plate  
V{E1, E2, E3, E4, E5, E6, E7, E8, J1, J2, J3, J4, J5, J6, J7, J8} 
Domains (D): 
Extrusions -      DE{16 extrusions},  
Joining plates – DJ{104 joining plates} 
Examples of extrusions and joining plates are in Fig.5 (c). 
Constraints (C):  
The constraints are summarized in table 1. 
 
4.3 Results 
The IES configurator system was queried with the above 
table type frame structure with a transverse load of 100 lbs 
on the horizontal members. The user placed a constraint that 
required all extrusions and joining plates used in the frame 
 

Unary Constraints: Preference and Structural constraints 
Attribute(Domain) Comment 
Extrusion.quickFrame   
(Y/ N) 

Quick frame type extrusions allow 
for quick assembly of frames 

Extrusion.vibrationProof (Y/ N) Vibration proof extrusions do not 
loosen under vibratory loads 

Extrusion.loadApplication  
(0 / 1/ 2) 

1: Low – static loads, 2: Medium  
– some varying loads, 3: High – 
impact loading possible 

Extrusion.MI >= required MI Extrusion moment of inertia (MI) 
given in catalog 

JoiningPlate.(DL/BL/SL) 
Capacity >= applied (DL/ BL/ SL) 

Joining plate direct (DL), bending 
(BL) and shear (SL) load capaci-
ties given in catalog 

Binary constraints: Mating constraints 
(Ext1.L = JP.R & Ext2.L = JP.C) || (Ext1.B = JP.R & Ext2.B = JP.C) || 
(Ext1.L = JP.C & Ext2.L = JP.R) || (Ext1.B = JP.C & Ext2.B = JP.R) || 
(Ext1.L = JP.R & Ext2.L = JP.C) || (Ext1.B = JP.R & Ext2.B = JP.C) || 
(Ext1.L = JP.C & Ext2.L = JP.R) || (Ext1.B = JP.C & Ext2.B = JP.R)  
where L – number of slots along length, B – number of slots along 
breadth, R – number of rows of holes, C – number of columns of holes 
and Ext 1 and Ext 2 are two extrusions connected to joining plate JP 

Table 1: Summary of unary and binary constraints 
 

 
 
to be the same. The user preference query to the system for 
the table structure and corresponding number of valid con-
figurations output is summarized in table 2. Other combina-
tions of user preferences did not generate valid configura-
tions, i.e. the CSP was not solvable.  
A CAD model of a table frame assembly using two slotted 
2”x2” square extrusion with a corner bracket of 2” width is 
shown in figure 6. This solution is one of the valid configu-
rations generated in query 3 in table 2. 
 

Query 
number 

Quick 
Frame 

Vibration 
proof 

Lite Load 
Ap-
plica-
tion 

Number of 
valid configu-
rations 

1 No Yes No Low 48 
2 No Yes No Med 50 
3 No Yes No High 122 
4 No Yes Yes Low 44 
5 No Yes Yes Med 34 

Table 2: User preference query and solutions generated 

5 Future work 
The product representation schema discussed in section two 
will be developed and then tested in the IES configurator 
framework and through complex examples such as automo-
bile sub-systems. This representation will then be used in 
the CSP framework (section three) to evaluate for valid  

(a)

(b)

(c)

Fig. 5: (a) User query to configurator 
           (b) Concept graph of user query 
           (c) Examples of extrusions and joining plates 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
configurations that meet performance and functional re-
quirements.  
The IES system architecture will be implemented in its en-
tirety, which will allow the system user to get valid CAD 
assembly models based on a submitted query. Rules mod-
ules, to make the system more intelligent, and optimization 
modules will b developed. 
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