
A Genetic Approach to Catalog Design

Susan E. Carlson, Michael D. White
The Department of Mechanical, Aerospace, and Nuclear Engineering

University of Virginia

Charlottesville, Virginia, USA
Email: carlson@virginia.edu

http://vlead.mech.virginia.edu/VLEAD.html

Abstract

This paper gives an overview of ongoing re-
search into the development of a methodology
for catalog design. Genetic algorithms have
been proposed as a search method for find-
ing the best configurations and sets of compo-
nents for a given set of design specifications.
A hierarchical approach to system evaluation
is proposed that should make the use of ge-
netic algorithms a feasible approach. The pa-
per concludes with a discussion of the general
applicability of this approach.

1.0 Introduction

Catalog design (Pahl and Beitz) is the process
of assembling off-the-shelf components to form
a functional system. Usually, this process is
divided into two steps: the formation of a con-
figuration using generic components, followed
by the selection of specific components for the
configuration. As in any design problem, the
engineer must define a set of constraints and
criteria that the system should meet. The
best configuration with its set of components
is one that performs the desired system func-
tion and that best meets the design specifi-
cations. The more challenging tasks for the
engineer are those that involve creativity and
a broad range of knowledge. These tasks in-
clude defining design specifications, searching
for conceptual solutions, developing prelimi-
nary configurations, and defining design geom-
etry. These processes are difficult to automate
because of the breadth of knowledge that is re-
quired. Once a preliminary configuration has
been chosen, then the more tedious portion

of the design process begins: gathering infor-
mation, modeling, selecting components, and
optimizing the system. The choices made in
this phase of the design process can determine
how successfully a system performs and ful-
fills the design criteria. Because finalizing a
configuration and selecting components from
catalogs are time consuming tasks, often en-
gineers will accept the first working solution
they find, rather than trying to optimize the
design. This detailed portion of the design
process is ideal for automating with comput-
ers. Because a computer can perform repeti-
tive calculations quickly, many configurations
and components can be examined in a mini-
mal amount of time. This paper proposes a
method to reduce the time required to find
an optimal configuration and set of compo-
nents, with a computer. This method should
be applicable to a wide variety of system types,
including components of different energy do-
mains. The method should be able to find the
best configurations for a given set of design
specifications quickly, allowing the engineer
to compare different approaches to the same
problem. A system evaluation method that
quickly eliminates poor solutions and keeps
promising ones for further consideration is key
to the success of this automated approach to
catalog design.

The next section defines terminology related
to an object-oriented approach to catalog de-
sign, gives an overview of a genetic approach
to catalog design, and discusses the represen-
tation of components and of systems. Section
3 proposes an approach to system evaluation.
Section 4 concludes the paper with a discus-
sion about the applicability of using genetic
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algorithms for catalog design.

2.0 A Methodology Overview

In this section, terminology related to a cat-
alog design system is defined. A high level
overview of the proposed catalog design sys-
tem is given, then detailed descriptions of the
four elements of a genetic algorithm are de-
fined.

2.1 Terminology

Attribute: A characteristic of a component,
design, or system, such as cost, weight, or
temperature.

Component: Any item that affects the en-
ergy, material, or information flows
within a system and that can be consid-
ered part of a system. Component is a
general term that can represent a compo-
nent class, sub-class, or artifact.

Component artifact: A specific manufac-
turer’s component.

Component class: A generic component
that fulfills a function, such as a pump,
heat exchanger, or motor.

Component sub-class: Types of compo-
nents that belong to a class. For exam-
ple, sub-classes of the class pump include:
gear pump, centrifugal pump, vane pump,
etc.

Configuration: The physical layout of the
component connections within a system.
This term generally refers only to a
connection scheme between component
classes, with "design" as the preferred
term once the system has been evaluated.

Crossover: A form of mating in which two
configurations are split into two sections
each, and these sections are exchanged to
form two new configurations..

Design: A configuration and set of compo-
nent artifacts that has been evaluated for
fitness.

Energy domain: Defines the type of system
to which a component class belongs, such

as hydraulic, mechanical, electrical, ther-
mal, etc.

Fitness: A numerical score that indicates
how well a design meets the specifications.

Genetic code: A computer representation of
information that defines a system’s con-
figuration and its component artifacts.

Input port: The flow of power, materials, or
signals into a component.

Mating: The exchange of genetic information
between designs.

Output port: The flow of flow of power, ma-
terials, or signals out of a component.

Port type: Defines to what energy domain
an input or output of a component be-
longs. For example, a hydraulic cylinder
has two fluid ports and one mechanical
translation port.

State: A component’s mode(s) of operation.
A component may have more than one
state. For example, a check valve has two
states: open and closed.

System: A synonym for design.

2.2 Overview

The proposed catalog design system contains
two major sub-systems: the user interface and
the evolutionary design sub-system. The user
interface allows the designer to define system
specifications and to choose component classes
to be used in the configuration. These compo-
nent classes are chosen from a library of previ-
ously defined classes. The user interface also
has provisions to allow a designer to define
new component classes, sub-classes, and arti-
facts. This sub-system also displays the best
configurations and sets of components found
in the search, their performance characteris-
tics, and cost. The evolutionary design sub-
system is composed of three units: the genetic
algorithm, the component database, and a sys-
tem evaluator. The first stage of this design
process is the definition of system specifica-
tions. The user then selects a set of component
classes that are needed for a design to fulfill a
particular set of functions and puts them into
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an initialization set. For example, for a so-
lar waterheating system, the following compo-
nent classes could form the initialization set:
a tank, a pump, piping, a check valve, a re-
lief valve, a heat exchanger, and a solar panel¯
The next stage is the creation of an initial
population of configurations¯ Each configura-
tion is formed by selecting component classes
from the initialization set, and connecting all
the input and output ports¯ Next, component
artifacts are chosen from the database. The
systems are evaluated and are rank-ordered
within the population from best to worst de-
signs¯ The best designs are chosen as parents
for a mating process in which new designs are
formed using a form of crossover. Crossover
exchanges the parents’ genetic code by break-
ing the configuration of each parent into two
sections, exchanging the sections, then recon-
necting them. This process produces two new
designs, known as children, which are hybrids
of their parents’ configurations and component
artifacts. Additional designs are introduced
into the population by a process called muta-
tion. Mutation refers to a sudden change in
a design, and is used to maintain genetic di-
versity within a population of designs. At this
point, the population has more than doubled
in size and must be reduced back to its orig-
inal size. A process called Russian roulette
is used in which a weighted coin is tossed to
decide if a design is removed from the popula-
tion. The process begins with the worst design
and progresses up the rank-ordered population
until a design is removed. This process is re-
peated until the population has been reduced
back to its original size. Russian roulette gives
the fitter designs a better chance of survival;
however, a weak design does have some chance
of survival¯ The process of mating, mutation,
simulation, and selection continues until one
or more acceptable designs are located or until
the maximum number of iterations is reached.
The designer is then shown the most promis-
ing designs.

2.3 The Evolutionary Design System

Six elements constitute a genetic algorithm:

¯ a code that represents a design’s config-
uration, component classes, and compo-
nent artifacts

¯ an initialization method in which the
starting population of designs is formed

¯ crossover operators

¯ mutation operators

¯ an evaluation method, which is discussed
in the next section

¯ the algorithm itself, an overview of which
was given in the previous section.

The first five elements are discussed in detail
below¯

Traditionally, genetic algorithms have used
a binary code to represent the characteristics
of the problem. However, a binary code cannot
represent the features of a configuration. A
genetic code for catalog design must represent:

¯ component classes

¯ component artifact locations in the
database

¯ input and output ports

¯ port types

¯ component state(s)

¯ how the input and output ports are con-
nected.

Each component artifact within a configura-
tion is represented with the following array:

Class: pump
Sub-Class: gear
Artifact: P67

States: 1

These are the identifiers for a component
and include the class, sub-class, artifact, and
the number of states. In the following connec-
tion table for this pump, the first column con-
tains the port numbers, which are needed for
identifying connections to other components.
A single number is used to represent both the
port type and direction. In this example, the
electrical input port is represented as a -t-l, the
fluid input port as +3, and the fluid output
port as -3. This representation provides for an
easy check of the connectivity of a configura-
tion. These numbers are added together, and
if the configuration has an equal number of in-
put and output ports of the same type, then
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the sum will be 0. The last column lists the
component and its port number to which each
port is connected. In this example, Port 1, the
electrical input port, is connected to Port 1 of
an electrical source. Port 2, the fluid input,
is connected to Port 1 of a relief valve, and
Port 3, the fluid output, is connected to Port
2 of a control valve. This column represents
a modified incidence matrix, which is used to
describe the connectivity of linear graphs.

IPort I Port Type and

No. Direction Connection

1 ÷1 ES1
2 +3 Rel
3 -3 CV1

A genetic algorithm begins with the for-
mation of an initial population of designs.
Component classes are selected randomly from
an initialization set, containing two copies
of each component class selected by the de-
signer. A random number q is obtained which
is bounded by the number of required com-
ponents r, and two times the number of com-
ponent classes selected. Then, q components
are selected from the initialization set to form
a configuration. To facilitate the assembly
process, all the ports in the configuration are
grouped according to port type. After all the
components have been selected, the group of
selected component classes is checked to en-
sure that each port has a matching port, as a
port can only be connected to another port of
the same flow type and opposite direction. If a
mismatch of ports is detected, then a compo-
nent that has ports that can reduce the mis-
match can be added or removed from the con-
figuration. This intelligent method of select-
ing components to fix the mismatch requires
on average three tries before a valid configura-
tion is found. The process of adding or remov-
ing components to repair port mismatches is
continued until all the ports are correctly con-
nected, or for a set number of tries, and at
which point this configuration would be aban-
doned. Now that the ports have been checked,
the components can be assembled to form a
configuration. There are two port lists gener-
ated, one containing all ports of unconnected
components, and another containing uncon-
nected ports from partially connected com-
ponents. A port is selected from the uncon-

nected port list at random, and a mating port
is randomly selected from all possible available
ports. Allowing selection from all unattached
ports enables loops and circuits to be created
within a configuration. After the selected port
has been connected, a port from the list of
partially connected components is chosen, and
the process of selecting a connecting port be-
gins again. This process continues until all
ports have been connected. The initialization
process has now produced a design of validly
connected components; the process continues
until a population of configurations exists.

Crossover is an exchange of genetic informa-
tion between designs and occurs in two steps.
First, a random breakpoint is found on the
first selected parent. The parent is then ana-
lyzed to determine whether or not the configu-
ration has been separated or if a loop has been
cut. If a loop has been cut, then additional
breakpoints must be found that will allow the
configuration to be separated into two parts.
To separate the second parent, the port type
information from the breakpoints on the first
parent is used to search for valid breakpoints
on the second. For example, if the first config-
uration was separated at a fluid port and a me-
chanical translation port, then the second con-
figuration must be broken at the same types of
junctions. If no matches are found, then the
first parent is split at different locations. After
the two parents have been split at the appro-
priate ports, the configuration fragments are
exchanged and rejoined to form two new con-
figurations. The second step in crossover oc-
curs with the exchange of component artifacts.
If the configurations have components in com-
mon (pumps, heat exchangers, etc.), then the
component artifacts of these components can
be swapped with some probability between the
newly formed configurations. The exchange of
component artifacts is analogous to uniform
crossover.

Along with crossover, mutation is used to
maintain a diverse population. Four types of
mutation have been defined:

¯ exchange of component artifacts from
those in the catalog

¯ removal or addition of a component from
the configuration, while maintaining a
valid configuration (i.e., no "dangling"
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ports)

¯ a location swap of components within a
configuration, contingent on the compo-
nents having the same port structure

¯ a change of connections between compo-
nents

Crossover can result in children that are
markedly different from their parents, so mu-
tation plays an important role in fine tuning
a design. Traditionally, crossover is needed to
produce children that resemble their parents
genetically, and mutation is used to introduce
new genetic information into the population.
However, our crossover operator can result in
configurations significantly different from the
parents’. Therefore, crossover and mutation
play different roles in our algorithm.

At this time, population initialization,
crossover, and mutation have been imple-
mented using C++, and tested. Currently,
a small test problem is being developed to
test the viability of using a genetic algorithm
for catalog design. However, an automated
method for design evaluation is still under de-
velopment. A proposed approach to this prob-
lem is presented in the next section.

3.0 Design Evaluation

The most compute intensive portion of this
catalog design system is not the genetic algo-
rithm, but the evaluation of the designs. Ide-
ally, a dynamic simulation of the designs is de-
sired. However, not every system should un-
dergo this time consuming process. Therefore,
a hierarchical approach to design evaluation is
proposed.

There are six items that must be checked
before a system can be declared as fit:

1. Correct connection of ports (input to out-
put, fluid to fluid, mechanical translation
to mechanical translation, etc.)

2. Connection of all ports (no "dangling"
ports)

3. Location and connection of multi-state
components

4. Location of components within a configu-
ration

5. Functionality

6. Performance

These six items can be checked in different
phases, and a design’s fitness can be assigned
according to how well it meets the phase crite-
ria. Four phases have been defined for design
evaluation:

¯ I. Connectivity of components within a
configuration

¯ II. Design feasibility

¯III. Design functionality

¯ IV. Design performance

Phase I checks the first three of the six
items listed above through the defined cod-
ing scheme discussed in Section 2.2. When
components are connected in the initializa-
tion process, in crossover, or in mutation, a
check is made to ensure that all ports are
validly connected. In other words, a fluid
port is connected to a fluid port, and an in-
put is connected to an output. Further, no
ports are left dangling through initialization,
crossover, or mutation, or the configuration is
declared invalid. Finally, a check is made to
ensure that single state components are not
connected to multi-state components without
alternative flow paths. For example, a sin-
gle state pump cannot be connected to a hy-
draulic cylinder, which is a multi-state compo-
nent that requires bi-directional flow.

Phase II checks for design feasibility. Specif-
ically, a check is made to ensure that functions
required for system operation are contained
within the system. For example, a hydraulic
system will not operate without a pump, and
without some type of power source, most sys-
tems will not operate. Further, there may
be configurations that are better than oth-
ers based on the arrangement of components.
This path is being explored as a way to exam-
ine a design for "goodness" without requiring
a derivation of state equations and a simula-
tion of the design.

Phases III checks for system functionality
using a linearized system model. Phase IV
will take the best set of designs and perform
a dynamic simulation to find the best design
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based on the design specifications. As these
simulations can be expensive and time con-
suming, few designs will be checked dynami-
cally. An added complication to the simula-
tion of system is that some designs may re-
quire simulation in multiple energy domains
to ascertain performance fitness. For example,
to evaluate the performance of a solar water
heating system, two energy domains must be
simulated. A simulation of the hydraulics of
the heating system must be performed before
an evaluation of its thermal characteristics can
be checked, as the thermal performance is de-
pendent on the fluid flow through the system.
Therefore, many component artifacts will re-
quire multiple behavioral models. A heat ex-
changer requires both afluid and a thermal
model. Bond graphs are being explored as a
modeling approach to these multi-energy do-
main problems.

Currently, only Phase I has been completed,
as it is a direct result of our approach to
coding, initialization, crossover, and mutation.
Phase II is being developed, as is Phase IV.
However, other approaches to design synthe-
sis and evaluation are being considered as dis-
cussed in the next section.

4.0 Applicability and Conclusions

A genetic approach to both configuration and
component selection may not be the best ap-
proach for all types of systems. Many systems
have few valid configurations, whereas others
may have a number of configurations that are
equally valid in a functional sense. For exam-
ple, an automobile brake system has few valid
configurations into which its components may
be arranged. In contrast, a piping system that
feeds water to machines at a desired pressure
and flow rate can have many valid configura-
tions. In the first example design, there are
many different component classes used in this
design. Whereas in the second case, there are
few component classes, but many artifacts of
the same class that can be arranged in dif-
ferent configurations. It may be that a ge-
netic approach to catalog design is valid only
for those designs that have many components
of the same class, and where the energy per-
formance of the design is critical. Heat ex-
changer networks within a chemical plant ex-

hibit these characteristics. Another approach
is being pursued for those designs having many
different component classes. These designs
typically have few valid configurations, but
there are many component artifacts that may
be selected fo~ use in the configurations. A
better approach may be to use a tabu or sim-
ulated annealing approach with a user-defined
configuration to explore alternative configura-
tions. For example, in a hydraulic system, the
designer may specify one pump in the configu-
ration; however, two pumps in series may per-
form better given a particular set of compo-
nent artifacts. A pure mutation scheme or a
simulated annealing approach to varying the
configuration could be used, followed by a ge-
netic algorithm for component artifact selec-
tion. Simulated annealing has been used suc-
cessfully to design HVAC systems (Cagan, et
al.), and genetic algorithms have been shown
to be very effective for selecting components
for user-defined configurations (Brown, Carl-
SOn).
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