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ABSTRACT

GENERATING MULTIPLE DESIGN
ALTERNATIVES OF COMPOSITE MATERIALS
USING A GENERIC TASK APPROACH

By

Ahmed Mohamed Kamel

Many engineering design situations require the generation of multiple designs to meet a
common set of specifications. This research introduces an effective approach for generat-
ing multiple designs. The introduced architecture both produces multiple designs, and in a

second step ranks the resultant designs according to set criteria.

The method developed utilizes and builds on the generic task approach to knowledge-

based systems, as well as the specific design technique, known as Routine Design.

This research has five main contributions in design knowledge-based systems and in

polymer composite materials design.
In knowledge-based systems, there are three contributions:

1. The proposal of an integrated architecture for knowledge-based design
problem solving. This architecture can produce designs by altering previous
similar designs as well as produce designs “from scratch”. The architecture

also provides a means for “testing” the generated designs.

2. The development of an effective approach for generating multiple designs

to meet a common set of specifications.



3. The definition of MDSPL, a language for analyzing and implementing
design systems based on the Multiple Design approach. This language is
implemented in the form of a set of diagrammatic browsers for browsing

and editing design problem solving systems.
In polymer composite materials, there are also 2 contributions:

1. This research introduces an integrated architecture for the material design

for polymer composite materials.

2. The design and implementation of a thin film fiber reinforced polymer com-
posite materials design system using the MDSPL language. This system is
intended to be an industrial aid for composite materials designers. It is also
intended to be part of the integrated design architecture intended for auto-

mating the design process.
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Chapter 1
Introduction

The research focus of this dissertation is engineering design, more specifically the design
of thermoset polymer composite materials. In this chapter, I present an overview of the

research reported here.

This work is built on the foundation of the generic-task approach for knowledge-based
systems [Chandrasekaran, 1983; Chandrasekaran, 1986], which is briefly described in this
chapter. Additionally, a brief description of an integrated architecture for the design of
composite materials based on integrating generic-task modules is also discussed, and a
brief description of the MDSPL approach for generating multiple designs to a common set

of specifications is described.

The organization of the rest of the dissertation is described at the end of the chapter.

1.1 Motivation

The emerging field of composite materials offers one pivotal area for the establishment of
a revitalized American industrial base. There is a key enabling step for realizing this poten-
tial in which knowledge-based systems techniques may prove to be important: enabling a
rapid “specifications to manufacturing” time; i.e. shortening the time between setting mate-
rial specification, and successful realization of a material which meets those specifications.
This key step is largely dependent on an ability to capture existing design knowledge and

rapidly modify it in light of altered product specifications.

The research reported here was initiated to provide a system for the design to specifica-
tions of thermoset polymer composite materials; that is a system for generating a list of

ingredients and a processing protocol to manufacture a composite material out of them
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based on a set of requirements on the material (e.g. structural properties, and use profiles).

These requirements are shown schematically in Figure 1.

Materials List,

q
Requirements |  Design System | Processing Protocol

Design Composite Materials

Figure 1: Information Processing Task for the Design of Composite Materials

Composite materials are relatively new, and design expertise available is limited when
compared to more mature disciplines such as metallurgy. Consequently, one of the goals
for this research is transferring the technology from researchers to students and from “high-
tech” industries (such as the aerospace industry) to consumer-oriented industries (such as

automotive industries).

Also, being “new,” the field of composite materials is in a constant state of knowledge
flux. This leads to the requirement on a composites design system to be easily upgradeable
in order to accommodate knowledge about new composites as they become available. This
problem of acquiring new knowledge is often a “bottleneck” for knowledge-based systems
requiring the continuous involvement of a “knowledge-engineer.” By structuring the infor-
mation in a knowledge-based system using a vocabulary familiar to “domain experts,” this
bottleneck of knowledge-acquisition is facilitated by allowing knowledge-acquisition to be

accomplished by the domain experts.



1.2 The Design Problem

Over the last decades, design has been the target for a great deal of research. This follows
from the perception that design is a highly structured activity, and thus requires “intelli-
gence.” The term “design” however has been used to mean a variety of problem solving
activities, from the design of computer programs to the design of high-rise buildings. A
parallel line of research has concentrated on “planning.” Again, planning is perceived to
require “intelligence,” and again planning is usually interpreted to include a wide variety
of activities from planning a military operation to planning the processing of chemical
components to produce another chemical product. Examining the type of activities
included in both design and planning reveals a similarity in the type of activities involved
in each. The principal difference is that the term “design” is typically used to refer to the
design of an artifact, whereas “‘planning” is used to refer to the design of a plan of action.
However, the type of information processing involved in both design and planning is iden-
tical. In this dissertation, I will use the term “design” loosely to mean both the design of a

physical artifact or the design of a plan of action.

Design is typically classified into three categories: creative, innovative and routine
[Brown, 1991; Gero, 1990]. Creative design deals with design situations resulting in major
inventions or new products. Routine design deals with “every-day” design situations where
the “how to” knowledge is readily available, such as designing an elevator system for a
new building. Innovative design refers to cases where design is neither entirely creative nor
entirely routine, such as using a previously known component for a new function. For
example for years automatic cruise control systems have been used in automobiles to con-
trol the vehicle’s speed. This was typically done using a mechanical feed-back loop.
Recently, microprocessor-controlled circuits started replacing this mechanical feedback
loop. While the components of the new cruise control systems are all well known, the

assembly of these components together is novel. Design activity can be viewed as a contin-
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uum, with purely creative design at one end, and purely routine design at the other end as

shown in Figure 2. Knowledge-based design systems are intended for routine design cases
with possible involvement in innovative design by interacting with human designers dur-

ing the design process. The design involved in the research reported here is of routine

nature.
Routine Innovative Design Creative
Design SEG0COSSSCEEESENESEERSERERANRRRERREERRDRROES Design
Repetitive tasks of known nature New products and inventions

Figure 2: Classification of Design According to the Level of Routineness

1.3 The Generic-Task Approach

Early Artificial Intelligence research followed what is currently referred to as the “first gen-
eration” approach to knowledge-based systems. This approach can be characterized as the
use of general purpose tools (one fits all) to model various aspects of “intelligence.” A typ-
ical example of first generation approaches is the widely known technique of production
systems (or rule-based systems) [Davis & King, 1977; McDermott, 1982; Newell &
Simon, 1972; Shortliffe, 1976]. In production systems, knowledge is expressed in the form
of a set of independent production rules (or “if-then” rules). A rule-based system also

includes a general inferencing mechanism, such as forward chaining or backward chaining.

Rule-based systems were originally perceived as general models of cognition with a rule

being the basic building block of human knowledge structures. This idea was then general-
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ized to conclude that rule-based systems are necessary and sufficient for intelligent prob-

lem-solving. However, this view can be shown to be neither necessary nor sufficient
[Chandrasekaran, 1985]. It is not necessary, because while it might be advantageous for a
knowledge-based system to model human thought at some level of abstraction, it is not
obvious why this should be done at the level of knowledge formation in short-term mem-
ory, especially for capturing expert problem-solving performance [Chandrasekaran, 1985].
It is not sufficient, because even if we accept that a rule is the basic unit of human problem
solving, there must exist some other constructs to account for the organization of rules into
higher level units such as concepts and for their interaction with problem-solving [Chan-

drasekaran, 1985].

With the widespread use of production systems, several problems were recognized and
led to the development of a second generation of knowledge-based systems. These prob-

lems include:

e Attempting to build large rule-based systems a 20/80 phenomenon seemed
to always exist [Chandrasekaran, 1985]. That is to say, a large amount of
knowledge (80%) could easily be represented with a small amount of rules
(20%), while attempting to add the remaining knowledge resulted in a large
increase in the rule-based system. This lead to the belief that not all types of

knowledge could be “naturally” represented in the form of rules.

e Problem solving in production systems followed a fixed regime, typically
forward chaining or backward chaining. This did not allow for the use of
control mechanisms specifically tailored for the problem on-hand. The bur-
den was thus left on the implementor of a production system to handle
domain-specific control issues by using “clever” programming techniques
forcing the necessary control actions through the interaction between the

different rules.
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e Individual rules were originally thought of as independent, allowing the

addition or deletion of rules without affecting the rest of the system. How-
ever, as large applications were developed it was found that interactions
between different rules often render the task of modifying the domain

knowledge difficult at best.

e As knowledge-based applications became more widespread, and as they
became more sophisticated, a growing need was recognized for them to
serve an additional function: transferring their expertise to novice (or stu-
dent) domain experts. The unstructured nature of production systems could
not serve this function. It then became apparent that methods are needed for
describing knowledge-based systems at the “Knowledge Level” [Newell,
1980; Sticklen, 1988] by describing “what the system does” in implementa-
tion-independent form. In other words, describing the “information process-
ing task” or the relationship between the outputs and the inputs of the

system regardless of how the system is implemented.

e The use of a general purpose inferencing mechanisms did not provide any
aid in analyzing problems. Production rules were for the most part a “pro-
gramming language” and as such provided no help in acquiring the knowl-

edge necessary to build a knowledge-based system.

The problems noted above should be viewed as difficulties with rule-based systems and
not with the use of rules as a method for expressing knowledge. Higher level constructs are
needed to abstractly define problem solving. However, there is nothing in principal to pre-

vent the use of rules as the underlying knowledge representation.

Recognizing these problems, several schools emerged forming what is currently known
as second-generation knowledge-based systems [Chandrasekaran, 1983; Chandrasekaran,

1985; Chandrasekaran, 1986; McDermott, 1988; Steels, 1990; Sticklen, 1988; Wielinga,
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Bredeweg, & Breuker, 1988; Wielinga & Breuker, 1986]. While these schools differ in

detail, they share a common philosophy, each having deviated from the general tools
approach and developed task-specific taxonomies of problem-solving types or categories.
The common assumption of these approaches is that human problem solving can be classi-
fied into categories of problems, each category shares a common methodology while the
knowledge needed for solving individual problems would differ from one problem to

another.

By grouping problems into task categories, task-specific approaches thereby avoid the
generality of first generation techniques, while avoiding the pitfall of having to design a
new technique for every problem. That is, by carefully analyzing a class of problems (e.g.
design or classification), we can formulate a framework that can be applied for analyzing
similar problems. Furthermore, by implementing the results of the analysis in the form of
a problem solver building tool, the analysis and the building of another problem solver can
be simplified; the tools in this manner guide the analysis of the problem [Bylander, Chan-
drasekaran, & Josephson, 1987; Chandrasekaran, 1985].

While the different task-specific approaches share a common philosophy, they differ in
detail. For example the generic-task approach is based on the hypothesis that knowledge
should be represented differently according to its intended use [Chandrasekaran, 1986] as
shown in Figure 3. While this mode of knowledge representation can lead to duplication in
represented knowledge (for example if some physical system is represented for the purpose
of designing it and also for diagnosing it in case of a malfunction), this duplication leads to
a more efficient problem solving since in each instance the knowledge is directly repre-
sented in a form suitable for its immediate use. By representing the knowledge according
to its intended use, it also becomes readily usable as a vehicle for effectively transferring
the system’s expertise from the system to less experienced humans. The generic-task

approach identifies a number of domain-independent methods (or tasks) and defines an



Problem Solver Problem Solver
of Type i of Type j
Knowledge for Knowledge for
Type i Problem Solver Type j Problem Solver

Figure 3: Generic-Task Problem Solvers

implementation tool for each of these tasks [Bylander, et al., 1987; Chandrasekaran, 1985].
Control knowledge typical of instances of these tasks is embedded in the tools. As such,
these tools can be used to facilitate the acquisition of the requisite domain knowledge
directly in the form in which it is going to be used. On the other hand, other task-specific
approaches such as the KADS approach [Wielinga, et al., 1988; Wielinga & Breuker, 1986]

views knowledge as being independent from its intended use as shown in Figure 4. Knowl-

Problem Solver Problem Solver
of Type i of Type j
General Purpose Knowledge

Figure 4: KADS problem solvers
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edge is thus represented in an abstract neutral format that is expanded at run-time to gener-

ate the constructs needed.

An example from the generic-task approach is “Hierarchical Classification” problem
solving [Bylander & Mittal, 1986; Chandrasekaran & Goel, 1988]. In hierarchical classifi-
cation, knowledge is structured in the form a hierarchy of pre-specified categories. The
higher level categories represent the more general hypotheses (e.g. a mechanical problem
in diagnosing an automobile), while the lower level categories represent more specific
hypotheses (e.g. a clogged valve or a bad spark plug). Inferencing in hierarchical classifi-
cation uses an algorithm known as “establish-refine” in which each category attempts to
“establish” by matching patterns of observed data against predefined matching patterns.
Once a category “establishes,” it “refines” by having its sub-categories attempt to “estab-
lish.” While diagnosis of an automobile engine and medical diagnosis of the human body
are very different in terms of the knowledge involved, they both can utilize the same type
of classificatory problem solving. Analysis of one of the two problems thereby contributes

to the analysis of the other.

Another example generic-task is “Routine Design” [Brown, 1987; Brown & Chan-
drasekaran, 1985; Brown & Chandrasekaran, 1986]. Routine design is a method for solv-
ing design problems that are “routine.” By routine, it is meant problems whose solution
methods are completely known with no innovation involved. This does not preclude cases
where a novel design might result; however, the method of reaching this design is not
novel. Since routine design forms a central part of the background for this dissertation, rou-

tine designed is explained in detail in Chapter 3.
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1.4 Integrated Problem Solving Architecture for the Design of

Composite Materials

While the individual generic-tasks [Chandrasekaran, 1986] provide for a methodology for
solving primitive problems, solution of complex problems often requires integration of
multiple generic-tasks [Chandrasekaran, 1990; Goel, 1989; Punch, 1989; Sticklen, 1987].
In many cases a complex problem can be decomposed into sub-problems each of which is
either further decomposable or is itself a primitive problem that can be solved by an avail-
able problem solving technique. In these cases, we often desire to decompose the complex
problem into its sub-problems, employing the necessary tools to solve the individual prob-

lems, then integrating the results to solve the original problem.

In this research, I present an integrated problem solving architecture for designing com-
posite materials. This architecture utilizes the techniques of routine design [Brown, 1987],
functional modeling [Sembugamoorthy & Chandrasekaran, 1986; Sticklen, Chandraseka-
ran, & Josephson, 1987] and case-based reasoning [Hammond, 1989; Schank, 1982], as
well as a procedural module. To effectively implement this architecture, I found it neces-
sary to augment the routine design approach by extending it to include the capability for
generating multiple design alternatives meeting a set of requirements. The extended
approach is called MDSPL; multiple design specialists and plans language. I implemented
the MDSPL problem solving part of the integrated architecture as well as a selection mod-
ule to select among the resulting designs. The remainder of the developed architecture was
not implemented in this work and is the target of future research. The integrated design
architecture is presented in Chapter 5; the MDSPL approach is presented in Chapter 6 and

the selection module is presented in Chapter 8.
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1.5 The Multiple Design Approach
The multiple design approach (MDSPL) reported here is an approach for generating mul-

tiple designs satisfying a common set of design requirements and constraints.

The approach used closely follows and builds on the previous work on routine design
reported in [Brown & Chandrasekaran, 1989; Brown, 1987; Brown & Chandrasekaran,
1986; Chandrasckaran, Josephson, Keuneke, & Herman, 1986; Chandrasekaran, Joseph-
son, Keuneke, & Herman, 1989]. Brown’s approach for routine design (DSPL) is reviewed

in Chapter 3.

The research reported here originated in the construction of a knowledge-based system
for designing composite materials (as well as their processing protocols) to specifications.
After analyzing this problem, it became apparent that the generation of a unique “optimal”

design would not suffice in many cases. There are several reasons behind this conclusion:

e The area of composite materials is relatively new. Consequently the design
of composites in many cases is still art more than science. For the same set
of requirements, a composites researcher would start by generating a family
of design alternatives, which he would then evaluate, selecting one to adopt.
The generation of multiple designs would relieve the designer from the
former task (designing the alternatives), allowing him to concentrate on the

later task of evaluating the alternatives and selecting among them.

» Practical industrial considerations sometimes dictate the final selection of a
design. A typical scenario includes cases where, though a certain material of
known lower market value can be used, a manufacturer might have a surplus
of an alternative material of a higher market value. In such a case, the man-
ufacturer might select a design that utilizes the material of which he has a

surplus, thereby saving storage costs. While this type of information can be
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used during the design process and contribute to the generation of the

needed design, it is more practical to leave this as a post-design activity. In
this fashion, the manufacturer enjoys the benefit of having the multiple
designs at his disposal and the ability to compare the merits of each of the
alternatives. The above scenario could in one case lead to the use of the
available material being more beneficial, while in another case the merits of
another design could lead the manufacturer to decide on a different direc-

tion.

o The availability of multiple designs is sometimes beneficial to accommo-
date varying needs. A typical scenario here would be a manufacturer in
some cases choosing a design that would produce a lower cost product at the
expense of a longer production time if the market conditions allow it,
whereas in other cases market conditions might necessitate choosing the

design with the shortest “turn around” time.

In addition, it is a common practice in engineering design to generate multiple designs
as a first step [Traister, 1978]. Additional steps are typically involved for evaluating the
merits of the different design alternatives and choosing the best design, depending on the
current needs. These additional steps typically vary according to the domain of the design
problem. From this perspective, a system for generating multiple designs can be used in a
variety of engineering design situations, by overlaying it with a domain-specific tool for

evaluating the candidate designs.

1.6 Organization of the Dissertation

In Chapter 2, I will discuss the different approaches for design problem solving. I conclude
the discussion by comparing the different approaches to “Routine Design,” thus outlining

the reasons behind the choice of routine design as the basis for this work. I will also review



13
some of the research efforts on knowledge-based applications in composite materials out-

lining the relationship between these works and the research reported here.

In Chapter 3, I will present a detailed description of routine design problem solving,
detailing the original routine design approach, and its system building language; DSPL. I
will also describe other research efforts that build on that approach, and outline possible
interactions between these extensions to routine design and the extensions reported in this

work.

In Chapter 4, I will summarize the goals of this research, both from the knowledge-

based systems side and the composite materials side.

In Chapter S, I will describe an integrated problem solving architecture for the design of

composite materials based on integrating multiple problem solving approaches.

In Chapter 6, I will provide a detailed description of the multiple design approach. I will
describe the additions to the original routine design approach as well. I will also describe
MDSPL, the language I implemented for specifying the design knowledge. A comparison
between MDSPL and DSPL (the language for Routine Design) will also be included.

In Chapter 7, I will describe an example MDSPL system for the design of polymer com-
posite materials. A traditional single design solution is presented as well as a multiple

design solution.

In Chapter 8, I will describe a module for selecting among the resulting designs. This
module uses dynamic knowledge of availability and pricing of the raw materials to select
among the resulting designs. I will also discuss two case studies of the materials design

MDSPL system, together with the selection module.

In Chapter 9, I will summarize the contributions of this research and note directions for

future research.



Chapter 2
Previous Research: Background

Design problem solving has been the focus of a great deal of knowledge-based systems
research. In this chapter, I examine the major approaches for knowledge-based design, and
compare them to the “Routine Design” approach which is one of the starting points for this

research.

In knowledge-based design systems, knowledge is used to produce a design or a plan
given some input. In this chapter, I will also examine a parallel line of research that
addresses a variant of the problem addressed by knowledge-based systems in which not
only the inputs are known in advance, but the output of the planning process is also known
in advance. The goal then is not finding a solution, but determining “how” to reach that

solution.

At the end of the chapter, I also review representative knowledge-based systems appli-
cations in composite materials. This domain review will motivate the need for the research

I have undertaken.

2.1 Knowledge-Based Design Systems

In this section, I will present the major knowledge-based design approaches.

2.1.1 First Generation Design Approaches

2.1.1.1 Rule-Based Systems

In the early eighties, most of the research in knowledge-based systems centered around the
use of rule-based systems, and design problem solving was no exception. Several success-

ful design systems were implemented.

14
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One of the most famous rule-based design systems is the R1 computer configuration

system [McDermott, 1982]. R1 was originally implemented using 777 rules and had 420
different parts. It was later expanded to accommodate more components and renamed
XCON [Bachant & McDermott, 1984]. The XCON system has more than 5,000 parts and
3,300 rules. The R1/XCON system configures DEC’s VAX computer systems based on
customer requirements. XCON checks to see if all necessary components are added to the
system, if not it adds the missing components. XCON produces diagrams showing how the
different components are to be associated. XCON’s rules are implicitly chunked into
groups each performing a sub-task with little local interaction between the rules in the dif-
ferent groups. Reasoning thus proceeds in a relatively direct and focused way requiring lit-
tle search and no backtracking. XCON’s sub-tasks include determining that the order
received is a reasonable system and that it is complete, determining that all the components
are compatible, selecting power supplies, selecting a backplane, assigning a backplane to a
box, configuring unibus adapters, calculating unibus length, and assigning boxes to uni-

buses and cabinets.

R1/XCON is an example of a successful rule-based system. The main reason for its suc-
cess can be attributed to its inherently modular nature resulting into rules relatively divided
into chunks with little interaction between individual rules in the different chunks. How-
ever, not all systems can be naturally represented as rule-based system in this fashion. As
experience with rule-based systems was amassed, it was found that they can easily repre-
sent a large amount of knowledge about a certain domain. However, as more and more
knowledge was represented, the size of rule-based systems tended to increase rapidly due
to the interaction between the different rules. These interactions also further complicated

the systems making modification difficult at best.
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2.1.1.2 Blackboard Architectures

Another Al techniques for problem solving in general and for design in particular is the
blackboard architecture. The term “blackboard” is used in analogy to the use of a physical
blackboard by a group of human experts. The blackboard contains a set of facts about the
state of the world. Based on the facts available on the blackboard, an expert deduces and
writes down more facts. Based on that expert’s action, another expert may be triggered to
take action and add more facts to the blackboard. Similarly, blackboard architectures use 3

independent constructs to manage the problem solving activity:

1. A database (blackboard) that carries the state of the problem solving activ-
ity.

2. A collection of knowledge sources independently capable of manipulating
the data in the “blackboard.” A knowledge source can be any entity capable

of manipulating knowledge such as a rule or a procedural program, thus

allowing for heterogenous forms of knowledge representation.

3. A control mechanism which monitors the blackboard and switches the con-
trol among the knowledge sources appropriately. At any point in time only
one knowledge source is the “focus of attention.” This knowledge source
then affects the state of the problem solving by manipulating the data avail-
able on the blackboard and posting new data. Whenever the preconditions
for a knowledge source exist, that knowledge source can potentially be trig-

gered depending on the status of other knowledge sources.

One of the most successful blackboard systems was Erman’s Hearsay-II speech under-
standing system [Erman, Hayes-Roth, Lesser, & Reddy, 1980]. This system was followed
by Hearsay-III [Balzer, Erman, London, & Williams, 1980; Erman, London, & Fickas,

1981], a generalized version of Hearsay-II suitable for application into other domains. The
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HEARSAY systems were experiments in natural language understanding in limited

domains. Given a context, the system would attempt to interpret a spoken sentence. Natural
languages are full of ambiguities. The HEARSAY systems worked by proposing a set of
competing hypothesis and then applying knowledge of the given context to select the most

likely hypothesis.

Another successful general purpose blackboard system followed later based on the
Hearsay systems is Hayes-Roth’s BB1 system [Hayes-Roth, 1985]. A notable characteris-
tic of the BB1 system is the use of an additional blackboard for control. Control is not fixed
but manipulated the same way as data with control decisions being dynamically taken
based on the current control status. In the BB1 systems, knowledge is represented as
frames representing individual objects (such as in Figure 5) as well as constraints repre-
senting rules (such as in Figure 6) representing relationships that have to be maintained

between different objects. The BB1 execution cycle works as follows:

Crane
Exemplifies
Dimensions 718
Crane
1 Area 218
Plays
InvolvedBy
Anchoree
NextTojs MustZone;

Figure 5: An Object in SIGHTPLAN (from [Tommelein, Johnson, Hayes-Roth, & Levitt, 1987])

1. Aknowledge source is executed thus causing a change on the domain black-

board.
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NextToys

MustZone,

Figure 6: Constraints in SIGHTPLAN (from[Tommelein, Johnson, Hayes-Roth, & Levitt, 1987])

2. Based on the changes on the blackboard, knowledge sources are triggered to
take further actions. Activated knowledge sources are placed on the control

blackboard.

3. The next event to execute is selected from among the knowledge sources

active on the control blackboard.
4. The cycle is repeated until a final goal is achieved.

Tommelein et al. [Tommelein, et al., 1987] successfully employed the BB1 system to
implement SIGHTPLAN, a design system for generating construction-site plans; the
arrangement of cranes, huts, and materials storage around a construction site. Figure 5
shows the frame representation of the object Crane; from the SIGHTPLAN system. The
slots indicate that this object is a Crane with dimensions 12 feet. and 18 feet. and needs an
area of 218 square feet. The frame also indicates that this object (Crane;) is involved in the
constraints NextTo;s and MustZone;. Crane; is also described as “Anchoree” meaning

that its position is relative to other objects which are “Anchored” or having a fixed position.
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In SIGHTPLAN, only one object has a fixed position, which is the building under con-

struction. The constraints NextTo;5 and MustZone; are shown in Figure 6. NextTo,s says
that the object Crane; has to be next to the object Building; (the building under construc-
tion). The building site is divided into three zones, Zone; is the area immediately around
the building under construction, Zone; is the space skirting Zone; and Zones is the rest of

the site. The constraint MustZones says that the object Crane has to be zoned in Zone;.

The SIGHTPLAN system assumes a large degree of independence among the locations
of the different design elements by considering proximity to the building under construc-
tion to be more important than adjacency and orientation of the design elements. The sys-
tem develops its design incrementally, making opportunistic decisions about the locations
of the different elements. SIGHTPLAN assumes there is a fair amount of error in the final
layout and thus considers its design to be a preliminary layout, or a starting point to aid the

site designer in laying out the final design.

While blackboard systems showed a fair amount of success, they eventually suffered
from the same problems as rule-based systems, most importantly the problem of scalabil-
ity. As with rule-based systems, as blackboard systems grew larger, it became apparent that
interactions among the different knowledge sources made it difficult at best to modify an
already functional system. Also, like rule-based systems, blackboard architectures did not
offer any insight into the analysis of problems. By providing a fixed regime for control
(opportunistic triggering of knowledge sources), blackboard systems did not allow for the

use of control regimes appropriate for the domain being analyzed.

2.1.2 Case-Based Design

A more recent approach to knowledge-based systems in general and knowledge-based
design in particular is case-based reasoning. This approach is being used as a model of

human problem solving [Schank, 1982]. The idea behind this approach is that people do
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not solve every new problem as “completely new.” Instead, they try to remember similar

past experiences and reason about how this past experience is different from the current
problem [Schank, 1982]. Similarly, case-based reasoning systems store a library of previ-
ous cases (problems) with the known solutions to these problems. The solution of a new
problem proceeds by comparing the new problem to the cases in the library. A case is cho-
sen whose inputs match as close as possible the inputs of the current case. The differences
are then identified, and by using the available knowledge the solution of the library case is
modified to fit the current case. There are 3 separate research issues involved in case-based

reasoning:

1. Organization of the case memory. The case memory has to be indexed in a
way to allow efficient retrieval of cases based on requirements. Typically a
set of important features is defined and the case meeting the largest number

of features is retrieved.

2. The techniques involved in transforming cases to fit a new situation. Some
domain-dependent knowledge must be applied to alter the cases in a consis-

tent manner to meet the requirements of the new case.

3. Learning the newly developed cases for future reference. Newly generated
cases need to be assessed to determine the usefulness of storing them in the
case memory. Cases that are general enough to be common in many situa-
tions need to be stored while cases that are likely to be one of a kind need
not be stored. Also, cases need to be abstracted before storage to avoid stor-
ing large numbers of closely related cases. By storing newly developed

cases, systems are said to “learn.”

One of the most successful case-based design systems is Hammond’s CHEF [Ham-
mond, 1989]. CHEF’s domain is chinese cooking. It uses a store of recipes to generate new

recipes to fit new requirements. CHEEF starts by retrieving a recipe that meets most of the
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requirements for the requested recipe. It then applies transformations (e.g. ingredient sub-

stitutions, addition or removal of ingredients). It then simulates the newly formed recipe,
predicts problems and applies transformations to fix these problems. Eventually, CHEF
applies some abstractions to the resulting recipe (e.g. abstracting broccoli into crisp vege-
table) and stores the result in its case memory. A notable feature of CHEEF is that it not only
stores successes but it also stores failures indexed by the features in the world that help pre-
dict them. Learning in CHEF thus involves storing successful plans, learning new plans
that avoid problems, learning the features that predict problems, as well as learning the
repairs that have to be made if those problems arise again in different circumstances [Ham-

mond, 1989].

A very similar technique to the case-based approach is what is known as “design-by-
analogy.” This technique is best exemplified in Huhns’ Argo system for the design of VLSI
circuits [Huhns & Acosta, 1988]. This system performs its design functions by “analogy”
to previous design situations. First the system tries to find a previous “analogous” design,

and then transforms that design to adapt it to the new problem situation.

Goel’s KRITIK system [Goel, 1989] described in Section 2.1.4.1 integrates the princi-
ples of case-based reasoning and those of model-based reasoning to accomplish the design

of engineering artifacts.

Case-based techniques rely on the availability of an initial set of plans that fairly cover
the intended domain. Consequently, case-based reasoning is only suitable for domains
were such cases exist. Alternatively, case-based reasoning can be employed in conjunction
with other reasoning mechanisms that can be used to accomplish the intended task in the
absence of previous similar cases while storing the results for future reference. The inte-
grated architecture for the design of composite materials presented in Chapter 5 utilizes a

case-based reasoning system to efficiently reach a design in cases where the design require-
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ments closely match those of a pre-existing design, and performs design from “first princi-

pals” in case of absence of previous cases.

2.1.3 Task-Specific Design Approaches

In recent years, recognizing several problems with the first-generation approaches, a sec-
ond generation of knowledge-based systems developed. Several schools emerged (see for
example [Chandrasekaran, 1983; Chandrasekaran, 1985; Chandrasekaran, 1986; McDer-
mott, 1988; Steels, 1990; Wielinga, Bredeweg, & Breuker, 1988; Wielinga & Breuker,
1986]). While these schools differ in detail, they share a common philosophy, each having
deviated from the general tools approach and having developed task-specific taxonomies
of problem solving types or categories. Task-specific approaches consequently take a mid-
dle ground between the general tools approach of the first generation systems on one side
and implementing a computer program for each new problem on the other side. Task-spe-
cific approaches classify general problem solving into categories. Problems within each
category can differ in terms of the knowledge needed, but would all share the same type of
problem solving activity, such as classification or design. Having classified the types of
problem solving activities within each of these categories, task-specific approaches then
define a general method for solving problems of that type and in most cases follow up by
providing a tool for this particular class of problem solvers. Such tools provide a great deal

of guidance for analyzing a new problem to be implemented.

While sharing a common basic philosophy, task-specific approaches differ in detail. For
example the generic task approach [Chandrasekaran, 1983; Chandrasekaran, 1986] adopts
the view that knowledge representation should be dependent on its intended use as shown
in Figure 7. While this view may result in duplication of represented knowledge (such as
when having a design and a diagnostic system for the same engineered artifact), this dupli-
cation often results in more efficient problem solving due to the availability of the needed

knowledge in a readily usable format. On the other hand, the KADS approach [Wielinga,
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Problem Solver Problem Solver
of Type i of Type j
Knowlédge for Knowledge for
Type i Problem Solver Type j Problem Solver

Figure 7: Generic Task Problem Solvers

et al., 1988; Wielinga & Breuker, 1986] views knowledge as being independent from its

intended use as shown in Figure 8. In this approach knowledge is represented in an abstract

Problem Solver Problem Solver
of Type i of Type j
General Purpose Knowledge

Figure 8: KADS problem solvers

neutral format that is expanded at run-time to generate the constructs needed.

In this section, I will present a review of four task-specific design problem solvers as

examples. These architectures share a common characteristic, being domain-independent.
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2.1.3.1 SALT

SALT [McDermott, 1988] is based on McDermott’s approach for the design of knowledge-
based systems known as Role-Limiting Methods. McDermott Defines role-limiting meth-
ods as methods capable of solving a particular class of problems [McDermott, 1988]. Role-
limiting methods typically have domain-independent control strat.egies1 that are particu-
larly suited for the class of problems they are capable of solving. By imposing these meth-
ods on the analysis of problems, the type of problem solving (or roles) involved are limited.
SALT uses a “propose-and-revise” method for design. It represents the design space as a
graph where each node is a partial design and the unidirectional links between nodes rep-
resent possible design extensions. By design extensions, it is meant transformations that
can be performed on the partial design to achieve a more complete design. SALT’s design
activity starts with an initial state that is a set of specifications and uses the following con-

trol strategy to progressively refine a design:
1. Extend a design and identify constraints on this extension.
2. Identify constraint violations if any (If none exist, repeat step 1).

3. Attempt to fix the least expensive to fix constraint violation by modifying

the design.

4. Identify any constraint violations caused by the fix. If any are found repeat

step 2.

5. Remove any parts of the design incompatible with the newly introduced

revision.

6. If the design is not complete, repeat the entire process.

1. The term domain-independent control strategies refers to control mechanisms which depend on the type
of problem (e.g. design) but are independent of the domain of the problem (e.g. the same control strategy
can be used for designing electrical as well as mechanical systems).
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2.1.3.2 Routine Design

Routine design problem solving is an instance of Chandrasekaran’s generic task approach
for building knowledge-based systems [Chandrasekaran, 1983; Chandrasekaran, 1986].
The generic task approach attempts to identify a set of “generic tasks™ or problem solving

methods each of which is capable of solving a particular class of problems.

The routine design approach [Brown, 1987; Brown & Chandrasekaran, 1985; Chan-
drasekaran, Josephson, Keuneke, & Herman, 1986] was introduced to handle a certain
class of design problems, namely “routine” design problems. The reason it is called “rou-
tine” is that it deals with problems that are of a well-understood nature. In routine design
problems the knowledge necessary to solve a design problem is well known, however the
specific course of action necessary for solving any particular instance of the design prob-
lem is not necessarily known in advance. As such, the result of a routine design problem

can be a novel design, while the method used to achieve that design is not novel.

Problem solving is represented in the form of a hierarchy of cooperating design special-
ists, each responsible for a particular role in the overall design process (Figure 9). A design
specialist represents a particular piece of design knowledge about some part of the overall
design. Higher level specialists represent the more general aspects of the design, whereas

lower level specialists represent more detailed aspects of the design process.

The research reported in this dissertation uses and builds on the type of problem solving
involved in Routine Design. To better understand the routine design approach, Chapter 3

gives a detailed account of the problem solving activity involved in Routine Design.

2.1.3.3 The Micon Microprocessor Configuration System
Birmingham’s Micon system is a system developed for designing small computers [Bir-
mingham, 1989b]. The complexity of Micon’s resultant designs roughly equal that of a

small workstation. The Micon system is implemented using a rule-based language and uses
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Specialist 4

a synthesis mechanism to generate a complete design out of constituent design compo-

Figure 9: Routine Design Specialist Hierarchy

nents. Even though the Micon system was originally developed for designing small com-
puters, it was later applied to other domains such as mechanical engineering [Birmingham,

1989a].

Even though the Micon system is implemented as a rule-based system, a structure is
imposed on the system rendering it characteristics typical of second-generation knowl-

edge-based systems. Rules are grouped into different categories, namely:
¢ Design synthesis module.
e Reliability analysis tool.

e Physical design.
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While this decomposition provides some guidance for problem analysis, yet within each

of these modules, problem solving is unstructured leaving the burden on a system devel-

oper to ensure proper control through the domain knowledge embedded into the rules.

2.1.3.4 The HI-RISE Structural Design System

The HI-RISE system [Maher & Fenves, 1985] is a procedural system for the design of the
structural components of hi-rise buildings. In HI-RISE, the design process is divided into
two major tasks executed in a fixed order, the design of the lateral load-resisting system fol-
lowed by the design of the gravity load-resisting system. Each of these two tasks is decom-

posed into a set of sub-tasks to be executed in a fixed order.

While the HI-RISE system shares the same intuition as Routine Design by dividing the
design problem hierarchically into sub-tasks, the HI-RISE system is implemented in a

strictly procedure fashion making it difficult to adapt to other domains.

2.1.3.5 Comparison

The four examples described above represent the different task-specific approaches for

design.

The HI-RISE system represents one end of the spectrum where the domain knowledge
is hard-wired into the design algorithm, making it difficult to adapt to other domains. While
this approach provides an efficient design algorithm, every problem requires separate anal-

ysis and a separate computer program has to be written for every new problem.

On the other hand the Micon system is under-restricted. It provides only a high-level
decomposition of the design problem into three main modules (design synthesis, reliability
analysis, and physical design) without providing a problem solving strategy within each of

these modules.
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Both SALT and Routine Design provide a detailed domain-independent design algo-

rithm. The two approaches however differ in their problem strategies. Routine Design uses
a hierarchical decomposition to decompose the design problem into smaller sub-problems
and then tackles each of the sub-problems individually in a fixed order. In SALT, problem
solving follows a more opportunistic approach, where at any time during problem solving,
any part of the design that can be accomplished next takes precedence. Each of the two
approaches has its own merits. The fixed processing order of Routine Design is useful in
cases where such an order can be defined. In these cases, more efficient problem solving
can be achieved by following that previously defined order. However, in other cases a fixed
processing order can not be defined a priori in which case the SALT approach is more

appropriate.

2.1.4 Approaches Based On Integrating Multiple Problem Solvers

One of the most recent trends in knowledge-based systems is integrating multiple problem
solving types to cooperate in solving one problem. In this section, we examine some of the

techniques based on this type of integration. Integration can be done in 2 different ways:

1. Fixed integration: In this type of integration, different problem solvers have
specific fixed roles to play. In other words, problem solving control is hard-
wired during system implementation. For an example of this type of integra-
tion, see [Sticklen & Chandrasekaran, 1989] in which a classification sys-
tem and a model-based reasoner are integrated to accomplish a medical

diagnosis system.

2. Flexible integration: In this type of integration, the actual interaction
between the different problem solvers is decided at run time according to the
status of the problem solving at any given time. Fixed integration systems

are generally viewed as being brittle. That is, if the fixed mode of integrating
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the different problem solvers fails, no other problem solvers will be evalu-

ated. Flexible integration approaches are designed to address this issue

[Punch, 1989].

2.1.4.1 Goel’s KRITIK Architecture

In his dissertation [Goel, 1989], Goel developed a technique for design problem solving
based on combining case-based reasoning and model-based reasoningl. This approach is
an example of fixed integration approaches. The knowledge necessary for the adaptation of
design cases is represented in the form of models specifying how the structure of the
known design results in its output behaviors. The model explicitly specifies the expected
output behaviors of the design including its functions, the elementary structural and behav-
ioral interactions between components and the internal causal behaviors of the design that
results in its output behaviors. The causal behaviors of the design are indexed by their

expected outputs.

2.1.4.2 Punch’s TIPS Architecture

While originally developed for diagnostic problem solving, the principles in the TIPS
architecture [Punch, 1989] are directly applicable to other tasks including design. TIPS is
based on the generic task approach to knowledge-based systems [Chandrasekaran, 1986].
This architecture is an example of flexible integration architectures. It employs a number
of different tasks as well as special knowledge constructs for selecting among the different
tasks at any given point. Each problem solving method is associated with a sponsor (in the
form of a pattern matcher) to evaluate its applicability given the current problem solving
status. Selectors are special knowledge constructs that use the evaluations produced by the

sponsors to select which problem solving type to follow. Selectors contain knowledge for

1. Model-based reasoning is a term that refers to reasoning about a physical system based on a computer
model of that system.
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prioritizing the use of the problem solving types in case more than one type is applicable at

any given time.

2.1.4.3 SOAR

The SOAR system [Laird, Newell, & Rosenbloom, 1987; Steier, Lewis, Lehman, & Zach-
erl, 1993] also uses a flexible integration architecture. SOAR implements a group of oper-
ators for problem solving. Operators are capable of examining the problem space in view
of a given goal and “deciding” if any operator is applicable. If no operators are applicable,
the problem solving status is considered to be in an “impasse” requiring the decomposition
of the original goal into sub-goals. The sub-goals are pursued only to the extent that the
problem space is modified enough to resolve the impasse resulting from pursuing the orig-

inal goal and then the original goal is pursued further.

Smith and Johnson [Smith & Johnson, 1993] defined what they called “Generic-Task
Problem Space Elements which is a re-examination of the standard generic-task elements
for use within the SOAR architecture by mapping the generic-task problem solving meth-
ods into SOAR operators. While this approach maintains the basic generic-task philosophy
of having different methods each capable of solving related problems, the generic-task’s
sense of control during problem solving is lost. The only sequence of operators is that
imposed by their preconditions, a system designer thus has to specify additional control
knowledge especially for cases were more than one operator can be applicable at the same

time.

Both fixed integration systems and flexible integration systems have their advantages
and their disadvantages. Fixed integration systems are brittle, once they fail, no other prob-
lem solving methods are pursued. Flexible integration systems avoid this problem by
selecting the type of problem solving to pursue at run time. However, for this same reason,

flexible integration systems offer little (if any) help for a system implementor in terms of
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analyzing the design problem, whereas a fixed integration system can directly be mapped

after a domain analysis of the design problem.

2.2 Other Planning Systems

In the previous sections I presented several design/planning systems. While these systems
employ a wide range of approaches to achieve their goals, they all share a common goal: to

generate a design or a plan to accomplish some input requirement.

Another parallel line of research in planning is concerned with a variant of this problem,
not only the initial inputs are known, but the final goal is also known in advance. The goal
of the planning process is then not to find a solution, but to determine “how” to find the
solution. The two most classical problems within this category are theorem proving and
robot planning. In theorem proving, we typically have a set of starting axioms, and a theo-
rem and we need to prove the validity of the theorem. In robot planning, we are typically
given a description of the world, an initial position for the robot as well as a goal position
for the robot. The purpose of the planning process is then to find a path for the robot to nav-

igate the world from its initial position to its final destination.

This line of research started in the early sixties when Newel, Shaw and Simon intro-
duced their GPS (General Problem Solver) system [Newell, J.C.Shaw, & Simon, 1960;
Newell & Simon, 1963]. In the GPS system, facts about the world are represented in the
form of objects with characteristics. GPS also employs a set of operators to affect the status
of the world. Operators are in the form of a set of preconditions, a set of facts to be added
to the status of the world and a set of facts to be deleted from the status of the world. The
problem solving goal is to reach a given state of the world given some initial description
and a set of operators. The algorithm works by trying to minimize the difference between
the goal state and the initial state. GPS accomplishes this by first locating operators that are

relevant to this difference. If the preconditions of these operators are valid in the initial
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state, the operators are applied and problem solving proceeds from the new modified initial

state. However, the operator’s preconditions might not be directly valid in the initial state
in which case the preconditions are added as sub-goals for the system to accomplish and

problem solving continues. This method is known as means-ends analysis.

The STRIPS system (Stanford Research Institute Problem Solver) [Fikes & Nilsson,
1971] formalized the ideas of GPS. The problem space for STRIPS consists of three enti-

ties:

1. An initial world model in the form of a set of well formed formulas (wffs)

describing the present state of the world.

2. Aset of operators including a description of their effects (a list of wffs to be

added and another list of wffs to be deleted) and their precondition wffs.
3. A goal condition formulated as a wff.

The search strategy is the same as that of GPS; an operator is chosen that reduces the dif-
ference between the initial state and the goal state. If the preconditions of the operator are
not met in the current state of the world, the preconditions are added as new sub-goals.
STRIPS employs heuristics to select from among applicable operators the ones that are
more likely to reduce the difference between the current state and the goal state. STRIPS
main application area is the navigation of robots, and thus its wffs describe rooms, walls,

doors, objects, and the status of the robot and the objects it manipulates.

To manage the complexity of the search spaces associated with the use of general pur-
pose problem solvers such as GPS and STRIPS, Sacerdoti [Sacerdoti, 1874] introduced the
ABSTRIPS system (Abstraction-based STRIPS). ABSTRIPS manages the complexity by
using a hierarchy of abstraction levels. It abstracts the original problem by abstracting the
preconditions of the operators. ABSTRIPS assigns criticality levels to the preconditions of

the operators. At the highest abstraction levels only the preconditions with highest critical-
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ity levels are checked. This results in the formation of a plan in a short period of time that

covers the major steps from the initial state to the goal state while leaving a need for further
planning to fill-in between the steps. For example, consider an operator that describes the
effect of a robot pushing an object through a door into an adjacent room. At a high level of
abstraction, the operator is applicable if the object is movable and a door into the room
exists. At a lower level of abstraction, the robot and the object would be required to be in
the room connected by the door to the goal room. At another lower level of abstraction, the
door should be open. At a yet lower level, which in this case is the most detailed level, the
robot has to be next to the box and the box has to be next to the door. Problem solving
works by first assembling a plan at the highest level of abstraction and then recursively
calling the algorithm at lower levels of abstraction to fill-in the details of the plan. The intu-
ition behind this approach is that given the correct assignment of criticality levels, planning
at the higher levels of abstraction can proceed faster to accomplish a “rough” plan, and that
the less critical preconditions are only concerned with details that are easily achievable
with small plans. An operator that would not result in a useful path would therefore be dis-

carded faster at the higher levels of abstraction without wasting time on the details.

STRIPS and ABSTRIPS form the basis of most planning systems of the known-goal
type. However, both STRIPS and ABSTRIPS were defined to handle problems with one
goal. They can be applied to problems with multiple conjunctive goals by assuming the lin-
earity of problem solving, that is, they assume that the goals can be independently accom-
plished sequentially. This assumption does not always work, for example consider the
problem shown in Figure 10. In this example, we have a simple world consisting of three
blocks A,B, and C. Initially, block C is on block A, and block B is on the table. The goal
configuration is expressed as a conjunction of two goals: block A is on block B and block
B is on block C. There is only one operator that can be applied: PUTON (X,Y) which puts
block X on block Y only if X has a clear top and Y is the table or has a clear top. Assuming

linearity, a planning systems will attempt to pursue the two goals separately. If the system
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Figure 10: Example Problem with Multiple Goals

tries to put A on B first, it will first clear A by applying PUTON (C, table), then PUTON
(A,B). Then, to put B on C, the planner will have to undo the first sub-goal. Suppose the
system tries to put B on C first, this is directly achievable from the initial state by doing

PUTON (B,C). However, this leaves us even farther from the other goal of having A on B.

Several planning systems specifically address this problem, for example Sussman’s
HACKER [Sussman, 1973] system works by first assuming linearity but as it fails, it com-
pares the problem that occurred with known types of problems that can result from the lin-
earity assumption. As bugs are encountered and solved, HACKER develops a collection of
critics each of which can recognize that a certain type of bug has occurred in a plan.
HACKER thus learns from experience. The three blocks problem is however reported in
[Sussman, 1973] as an “anomalous problem” for which HACKER failed to achieve an
optimal solution. Sacerdoti’s NOAH [Sacerdoti, 1975] analyzes the conjunctive goals and
applies rules to redefine the goals to avoid conflicts. Tate’s INTERPLAN [Tate, 1974]
maintains tables of possible interactions between conjunctive goals and uses them for ini-
tial debugging of the goals as well as backtracking to resolve the conflicts. MOLGEN [Ste-
fik, 1981] analyzes the goals and generates constraints on the possible sequence of operator
applications to avoid conflicts between the goals. MOLGEN plans gene-cloning experi-
ments in molecular genetics by using these constraints in a hierarchical abstraction algo-

rithm similar to the ABSTRIPS algorithm.
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The above mentioned systems serve as the basis for most research efforts in planning for

situations in which the final goal is known in advance. It is important to distinguish that this
is a different type of planning from the design/planning activity involved in this research,

in which the final outcome of the design process is not known in advance.

23 Knowledge-Based Systems in Composite Materials

Several researchers have applied knowledge-based systems to various aspects of compos-

ite materials. I will present some of these efforts in this section.

23.1 Knowledge-Based Systems for the Design of Composite
Materials

The research by Nitsche, Kemn and Janczak [Nitsche, Kern, & Janczak, 1990] has the same
goals as our research, namely building a knowledge-Based system for the material design
of composite materials. However, the domain reported by Nitsche, Kern and Janczak is that
of ceramic and metal composites, while the research reported in this dissertation is in the
area of polymer composites. Furthermore, Nitsche’s research concentrates on the selection
of materials and their ratios, while the research reported in this dissertation also includes
the design of the processing protocol of the chosen materials. Nitsche, Kern, and Janczak’s
research follows a rule-based approach, and they are reporting problems with the fixed
backward-chaining control mechanism [Nitsche, et al., 1990] and they intend to re-imple-

ment their system using another knowledge-based technique.

2.3.2 Knowledge-Based Systems for the Fabrication of Composite
Materials

Hahn presents a technique [Hahn, 1991] for solving a complementary problem, that of
design for manufacturability. Design for manufacturability, refers to the details of the

design issues pertaining to the manufacturing process. Design for manufacturability con-
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siderations include factors like the effect of part geometry and fiber layouts on the choice

of manufacturing process. In assessing manufacturability, factors like technical feasibility,
cost, quality of the parts and delivery time are considered. In [Hahn, 1991}, an integrated
architecture is used for selecting the manufacturing process. The design starts by first
selecting a process based on experience with the above considerations and then simulating
the process. Based on the result, the process is either accepted or modified. If the process is
modified, the resulting process is simulated again, and the procedure iterates. According to

[Hahn, 1991], the preliminary results are encouraging.

At the Lockheed AI Center, case-based reasoning is being used to configure autoclave
loading layouts [Barletta & Hennessy, 1992; Mark, 1992]. Autoclave processing is a time
consuming process, and the autoclave is a valuable resource to waste. Typically there is a
large number of parts waiting to be cured. To maintain the quality of the finished parts, all
parts have to be cured uniformly. Consequently, all parts in the same load must be selected
such that they have the same heating rate. Moreover, parts cannot be loaded in any arbitrary
configuration due to the non-uniform spatial heat distribution inside the autoclave. Further-
more, the placement of the parts in the autoclave influences the air currents inside the auto-
clave further changing the heat distribution. These factors combine to make the autoclave
configuration a complex problem which is not fully understood. The way this problem was
originally handled by autoclave operators was to look at previous successful configura-
tions, and try to configure new configurations similarly. Case-based reasoning thus offered
a natural mechanism for implementing this problem. Previous successful autoclave layouts
are stored. Whenever a new batch of parts need to be processed, the system attempts to load
them in patterns similar to those in the stored patterns. This is accomplished by substituting

similarly shaped parts for those in the stored cases.

The research in [LeClair, Abrams, & Matejka, 1989] represents a complementary prob-

lem to that of the autoclave layout mentioned above. LeClair and Matejka present an archi-
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tecture for in situ control of autoclave processing of composite materials. By in situ

control, it is meant the control of the autoclave during processing, by controlling the vari-
ous aspects of the autoclave such as the extent and distribution of the heat sources. The
method used is based on a blackboard architecture. First sensor measurements are taken
and then abstracted first into symbolic data and then into more complex concepts about the
state of the process. These concepts are then interpreted and necessary control signals gen-

erated for the control of the autoclave.

23.3 Trends of Knowledge-Based Systems Applications in Composite
Materials

By inspecting the systems presented above, we notice a trend towards applying knowl-
edge-based approaches in the different aspects of the manufacturing process of composite
materials. Knowledge-based systems are being applied for designing the processing mech-
anism for a given composite [Hahn, 1991], for the configuration of processing equipment
[Barletta & Hennessy, 1992; Mark, 1992] as well as for the control of the actual manufac-
turing process [LeClair, et al., 1989]. However, little effort is directed towards the design
of the composite materials themselves. The research in [Nitsche, et al., 1990] is one such
example in the area of ceramic and metal composites. The lack of research in the design of
composite materials can be attributed in-part to the fact that composite materials are rela-
tively new, and consequently “expert” knowledge is scarce. This does not apply to the fab-
rication processes applied for manufacturing composite materials since these are standard

processes which have been in long use for manufacturing non-composite polymer systems.

The design and the fabrication problems are complementary problems which are
together essential to cover the whole life-cycle of a composite material part from being a

drawing on a “blueprint” to being realized as an actual part.

The problem addressed in this research is that of the design of a thermoset polymer com-

posite materials from selecting the materials to be used to the design of the processing pro-
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tocol (patterns of applications of temperature and pressure over time). This problem is

described in detail in Chapter 4.



Chapter 3
Previous Research on Routine Design

The research reported here uses Routine Design [Brown, 1987] as its staring point. In this
chapter, I will review the details of the Routine Design approach. I will also describe other

research efforts aimed at enhancing Routine Design.

Design is a term that covers a wide-range of activities that can be classified along mul-
tiple dimensions. In order to understand where Routine Design lies with respect to design

problem solving in general, I will start by examining the different classifications of design.

3.1 Classifications of Design

Design problem solving can be classified along multiple dimensions. However some of
these classifications have more impact than others on choosing a design methodology for a
given problem. For a given problem, more than one type of design problem solving may be
applicable. It is therefore important to determine which features of the different classifica-

tions of design are important to the current problem and which ones are less important.

Design problem solving is commonly classified according to the end product of the
design process being an artifact or a plan of action. It is common in the literature to refer to
the former of these two types simply as design while referring to the later as planning. In
this research, I use the more general meaning of the term “design” to mean both types of

activity.

Another dimension for classifying types of design is the domain of the design problem
solving activity (e.g. electrical engineering, or mechanical engineering). While this type of
classification seems important, it is often the case that the problem solving activity
involved is similar across multiple domains. For example, a designer of a hydraulic pump

and a designer of an electric motor might both undertake their problems similarly by

39
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decomposing the design problem into smaller problems, solving the individual problems

separately and then integrating the parts. The strategy is thus the same, but the details of the

domain knowledge necessary to accomplish the design are different.

Along a different axis, design can be classified according to the type of problem solving
involved, for example in case-based design (e.g. [Daube & Hayes-Roth, 1989]) problem
solving takes place by modifying pre-existing designs of “similar” design cases. In case-
based design the inputs to the design problem solver are used to index previous design
cases with similar inputs. Domain knowledge is then used to modify these previous designs
to match the new requirements. Another example is design by successively decomposing a
complex design problem into smaller more manageable sub-problems then assembling the
overall design from the constituents (e.g. [Brown & Chandrasekaran, 1989]). In this type
of design, domain knowledge is applied in decomposing the original problem into mean-
ingful sub-problems. Domain knowledge is also applied in solving the constituent sub-
problems. For example, a computer system designer might decompose the problem into
two subproblems; that of designing the main computer and that of designing the peripheral
devices. Each of these sub-problems may be further decomposed as shown in Figure 11.
Routine design uses this approach of hierarchically decomposing a design problem into its

sub-problems.

A third dimension for classifying design is along the routineness axis. That is, according
to how routine versus how creative the design problem is. Routineness is not an inherent
property of the design problem itself but of the problem solving activity. For example, a
problem that might be “routine” for an experienced engineer might be completely creative

for an engineering student. Design problem solving is commonly classified as one of three
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Figure 11: Decomposition of the Design Problem of a Computer System

types creative, innovative or routine [Brown, 1991; Gero, 1990]. These classes can be

described as follows!:

e Class 1 Design or Creative Design: This is the type of design that leads to
major new products or inventions. In this type of design, neither the types of
knowledge needed nor the problem solving strategies are known in advance.
It is not common to encounter this type of design in typical industrial set-
tings; it is typical of creative designs to lead to the formation of new compa-

nies or new divisions in existing companies.

e Class 3 Design: This is the type of design that deals with repetitive tasks that
are “routinely” encountered with different but similar requirements. In this
type of design both the types of knowledge needed and the problem solving
strategies are known in advance. The exact solution, however, is not known

in advance. Being “routine” does not make a design problem simple since

1. Class 2 design problem solving is best understood in terms of both class 1 and class 3. Consequently, I will
explain both class 1 and class 3 before class 2.
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the exact problem solving may still be complex and the possibilities can be

numerous making it infeasible to formulate the problem as a table lookup.
Routine design deals with the “everyday” type design situation where the
“how-to” knowledge is readily available such as the design of the structural
components of a new building. While the process of designing these compo-
nents might be the same for every new building, the large number of input

parameters involved makes the solution unique to every case.

e Class 2 Design or Innovative Design: This includes design cases which are
neither entirely routine nor entirely creative. These cases include situations
when a known component is used for a different functionality. This is typi-
cal of situations that are usually routine when a new requirement is intro-
duced, driving the design problem away from routineness. Innovative
design can also take place as a result of some creative design activity. The
creative design might introduce a completely new component that can
replace an existing component providing more favorable performance
where more favorable can have a variety of definitions (e.g. more efficient,
less costly, or more environmentally friendly). For example, the invention
of solid-state devices is an instance of creative design that lead to a series of
innovative designs replacing vacuum tubes in existing designs with the new

solid state devices.

However, it is more realistic to think of design problem solving in general as being con-
tinuous along the routineness axis, and not merely at the extremes of it [Brown & Chan-
drasekaran, 1985], with one end of the axis being definitely routine, and the other end being
definitely non-routine. Anything between the poles is considered to exhibit a different level

of routineness. Figure 12 illustrates this classification.
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Routine Innovative Design Creative
Design NGNS EOREESONRERORNORRERRRSOEORGRERREREES Design
Repetitive tasks of known nature New products and inventions

Figure 12: Classification of Design According to the Level of Routineness

Another classification of design problem solving is according to the design activity
being conceptual or parametric [Brown, 1991]. Conceptual design refers to design situa-
tions were the decisions made are abstract, such as the decision to use a certain type of
pump in a hydraulic system, whereas parametric design refers to situations in which the
decisions are made to assign values to specific design attributes (or parameters) such as the
dimensions of a component. Conceptual and parametric designs typically co-exist in the
same design problem and represent the progress of the problem solving activity with time.
Conceptual decisions are usually made first followed by a round of parametric design to
assign values to the different design parameters. As with the routineness axis, design prob-
lems can be viewed as belonging to a continuous axis of “conceptualism”. One end of the
axis is purely conceptual design and the other end is purely parametric. This axis is orthog-

onal to the routineness axis as illustrated in Figure 13.

3.2 Routine Design Problem Solving

Following the generic task approach to knowledge-based systems [Chandrasekaran, 1983;
Chandrasekaran, 1985], Brown defined a method for Routine Design, and an accompany-

ing representation language, DSPL (Design Specialists and Plans Language) [Brown &
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Figure 13: The Orthogonal Axes of Routineness and Conceptualism

Chandrasekaran, 1989; Brown, 1987; Brown & Chandrasekaran, 1985; Brown & Chan-
drasekaran, 1986].

The method is based on a hierarchy of cooperating specialists each responsible for an
identified part of a complete design. The higher level specialists in the hierarchy typically
represent more conceptual aspects of the design process, whereas the lower level special-
ists represent more parametric aspects of the design process. This hierarchy of specialists
can be viewed as analogous to a group of human designers cooperating to solve a design
problem. The top-level specialist can be viewed as the project leader, with the intermediate
levels as team leaders. The lowest level specialists in the hierarchy are analogous to the

young engineers doing the actual computations and assignment of values.

In Routine Design, each specialist follows one of a set of prespecified plans. Plans pre-

scribe the problem solving actions to be followed and are defined at the time of building a
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design system. While the pieces of the design process (the plans) are known in advance, the

combination of pieces as well as their ordering is typically determined during the actual
problem solving. While each specialist has a predefined set of plans to choose from, the
actual plan to be followed is dynamically chosen during problem solving based on the
input design requirements as well as the results of the design established so far. The choice
of plans for every specialist can therefore lead to the generation of a design which is novel
due to the use of plans by the different specialists that have not been used together previ-

ously. Routine Design, however, is not suitable for completely novel design problems.

3.2.1 Problem Solving Agents in Routine Design

Problem solving knowledge in Routine Design is represented in the form of a collection of
agents of varying types. In the following discussion, we examine the different types of
agents involved in Routine Design. For a detailed discussion of Routine Design refer to

[Brown & Chandrasekaran, 1989].

3.2.1.1 Specialists

A specialist is the basic building block in a Routine Design system. It is a place holder for
the design plans and the selection mechanism for selecting among the different plans. As
mentioned above specialists can be thought of as analogous to a community of human
designers cooperating to solve a design problem. As with the human designers, specialists
in a design system may not all be involved in the solution of a given problem. A specialist
might have a plan that uses some of its sub-specialists and another plan that uses other sub-
specialists. The decomposition of a design problem-solver into a hierarchy of specialists
mirrors the decomposition of the design problem into sub-problems. This decomposition

does not necessarily reflect a structural decomposition of the artifact being designed.
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3.2.1.2 Plans

A plan in Routine Design specifies the course of action to be taken to pursue the design
from the current status. A specialist has one or more plans to chose from. The choice is
done by a selector according to the input data and/or the current problem solving status. A
plan may contain invocations of other specialists, executing design tasks, or checking
design constraints, or a combination of these actions. The actions performed by a plan can
be better understood using the human designers analogy. A designer (specialist) can have
more than one method (plan) to solve a problem. In each of these methods, the designer
may assign parts of the problems to other designers (invoke other specialists), perform a
part of the design problem (execute a task) or check the consistency of the parts of the parts
of the design produced by the other specialists (check constraints). The designer usually
performs a combination of these duties in an order dependent upon the problem being

solved.

3.2.1.3 Step

A step is the basic design action in Routine Design. A step is responsible for setting the
value of one design attribute. The value assigned can be the result of performing some

computation or it may be selected using a pattern matcher.

3.2.1.4 Task

A task is a collection of related steps. For example, a task may be the design of the physical
dimensions of some part, and it might have a step for the length and another for the width

of the part.

3.2.1.5 Plan Sponsor

Each plan is associated with a sponsor, which is typically in the form of a pattern matcher

that has the necessary knowledge to examine the current status of the design and/or the
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input data and assess the applicability of its plan. In other words, a sponsor determines if

its plan is suitable (and how suitable). Sponsors are used by plan selectors to select from

among the plans available to a specialist.

3.2.1.6 Plan Selector

Each specialist has a plan selector associated with it. Selectors consult sponsors of the dif-
ferent plans and decide which plan to invoke. Sponsors provide the selector with applica-
bility ratings of their respective plans. The selector selects the plan with the highest

applicability rating and applies domain knowledge to select among similarly rated plans.

3.2.1.7 Constraints

A constraint is a check on the parts of the design accomplished so far. They are typically in
the form of a comparison between the values of two design attributes. A constraint can trig-
ger a failure condition and invoke a failure handler to handle this failure. A constraint can

be at any level of the design process: at the specialist level, the plan level, or the step level.

3.2.1.8 Failure Handlers

Failure handlers are invoked in situations where a constraint fails, or a design component
(e.g. a plan) fails due to failure of one or more of its constituents. A failure handler exam-

ines the failure and invokes a suitable redesigner.

3.2.1.9 Redesigners

Redesigners are invoked in failure situations. They examine the failure condition and either
specify corrective action (e.g. increasing the value of an attribute by some increment) or

prescribe backtracking.

3.2.2 Problem Solving in Routine Design

Problem solving in Routine Design consists of three major steps in the following order:
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1. Requirements checking

2. Rough design
3. Design

Requirements check is a preliminary step to the actual design problem solving where the
input requirements are checked for completeness and consistency. The requirements
checking phase of design problem solving involves checking that all the needed inputs to
complete the design are given as well as checking for contradictory inputs (such as speci-
fying that a material to be designed needs to have a melting temperature of at least 400°F
while specifying that the same material is going to be used as a lining for an oven with an

ambient temperature of 450°F).

The rough design step and the design step, both utilize the problem solving agents
described in Section 3.2.1 to perform their duties. The decomposition of the problem into
a hierarchy of specialists is fixed for both rough design and design. However, rough design
and design follow two separate sets of plans. The plans for rough design are usually smaller
and less complicated than the corresponding plans for design. In most cases, a rough design
plan is a subset of a corresponding design plan. Rough design can be differentiated from

design in two different ways [Brown & Chandrasekaran, 1989]:
¢ Rough design may be less detailed than design

e Rough design can be “rough” in terms of computing approximate values for

design attributes.

The purpose of the rough design step is to quickly identify causes of failure, and resolve

them or perhaps abort the design processes before expending a lot of effort on it.

In both design and rough design, problem solving works as follows:
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. First the top level specialist is invoked in the appropriate mode (design or

rough design).

. The top level specialist requests its selector to select a plan to pursue from

among the plans available to that specialist.

. The selector requests the sponsors of the different plans to assess the appli-

cability of their respective plans.

. The sponsors examine the current design status and the input data (design

requirements) and assign applicability ratings to their plans.

. The selector examines the applicability ratings and selects a plan to pursue.
. The chosen plan is invoked.

. The plan takes one or more of the following actions:

a. invoke other specialists in which case these specialists will fol-
low a scenario similar to that followed by the top specialist

(steps 2 through 6).

b. execute tasks. These tasks consist of steps each of which per-
forms a computation or uses a pattern matcher to assign a value

to a design attribute.

c. check constraints and if they fail, invoke a failure handler. The
failure handler will examine the failure and invoke a redesigner.
The redesigner further examines the failure and either prescribes
a corrective action (such as incrementing the value of an
attribute by a given increment), or prescribes backtracking to a

specific point in the problem solver.
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8. Failure of a redesigner will lead to the failure of the plan. If the plan fails, an

alternate plan is selected from among those available to the specialist. If no
other plans are available, the specialist fails, leading to a failure condition in
the calling plan. If the top-level specialist fails, the whole design system
fails indicating that no design to the specified requirements is possible given

the domain knowledge that is available.

3.2.3 Representative Routine Design Applications

3.2.3.1 An Engineering Design Example

Figure 14 illustrates the hierarchy of design specialists in AIR_CYL [Brown & Chan-

Spring
Head
Air cylinder
Piston
Rest — Piston and rod
Rod

Figure 14: Specialist Hierarchy for AIR-CYL System

drasekaran, 1986], a system for the design of air cylinders. The highest level specialist (Air
cylinder) decomposes its task and distributes it among its subspecialists (Spring, Head,
Rest). The lowest level specialists are responsible for setting the values of the design
parameters. In this example, the decomposition of the specialist hierarchy matches the

decomposition of the problem solving activity, namely: design the spring, then design the
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head, then design the piston, then design the rod. Every specialist in the hierarchy is used

in every problem solving situation.

3.2.3.2 A Planning Example

Figure 14 shows the hierarchy of the specialists for the mission planning assistant (MPA)

base
OCA < F-111
aircraft
F-4
A-10

Figure 15: Specialist Hierarchy for MPA System

system [Chandrasekaran, Josephson, Keuneke, & Herman, 1986]. It is a system for plan-
ning an offensive counter-aircraft mission. The highest level specialist (OCA) decomposes
the problem into two subproblems; deciding which base to use, and configuring an aircraft
for the mission. These two tasks are assigned to two corresponding sub-specialists. The air-
craft subspecialist assesses the situation, and decides on the type of aircraft to use (F-111,
F-4, or A-10), and then assigns the task of configuring the aircraft to one of three subspe-
cialists depending on the type of aircraft chosen. In this example, the decomposition of the

hierarchy of specialists does not precisely match the decomposition of the problem into
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subproblems and thus not every specialist in the hierarchy is used in every problem solving

situation.

3.2.3.3 Discussion

From the above two examples we can see that the decomposition of the problem into a hier-
archy of specialists to represent the major tasks involved in problem solving is not neces-
sarily a decomposition that mandates the involvement of every specialist in every problem
solving situation. At any branching point, the decomposition can typically mean one of

three cases:
1. A decomposition into the subtasks at this point.
2. A decomposition into several alternatives.

3. A combination of both cases.

3.3 Other Routine Design Research

Knowledge-based systems sometimes suffer from being brittle: once they encounter a sit-
uation that was not anticipated at system building time, the system fails. Consequently,
many researchers strive to add a learning component to their knowledge-based systems to
add new knowledge to the system once a new situation is encountered. Motivated by the
desire to add a learning capability to Routine Design systems, several lines of research

emerged.

The research reported in [Brown & Chandrasekaran, 1989] attempts to reuse design
knowledge by investigating how evidence from knowledge such as function, structure, and
design cases, can be integrated so that an intelligent CAD system can learn to automatically

decompose design problems.
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The research reported in [Horner & Brown, 1990; Mechan & Brown, 1990; Sloan &

Brown, 1988] is geared towards making design systems more efficient using knowledge
compilationl. This research utilizes the fact that a problem becomes more routine as expe-
rience is gained. By analyzing the history of problem solving using a design system, they
include measures from that experience to enhance the performance of the system. Sloan
and Brown [Sloan & Brown, 1988] use knowledge of corrective actions resulting from
constraint failures to relocate constraints in the problem solving hierarchy to increase effi-
ciency. Horner and Brown [Homer & Brown, 1990] make use of design expectations to add
constraints that are originally missing to parts of the problem solving hierarchy which con-
sistently fail to meet design expectations. Meehan and Brown [Meehan & Brown, 1990]
make use of constraint failure patterns to improve the problem solver in two way; con-
straint absorption and constraint relaxation. Constraint absorption looks for redundant con-
straints that always succeed (possibly because of an earlier constraint subsuming it or
because a calculation always guarantees its success). These constraints are absorbed in
order not to clutter the problem solving activity. Constraint relaxation is concemed with
constraints that periodically fail by small increments. This may be caused by a small error
in the designer’s knowledge, and if it is not in a key part of the design, the constraint is

relaxed.

Task-specific architectures are designed to facilitate the process of building knowledge-
based systems, by using a vocabulary that is “natural” to the type of problem addressed.
However, this same feature designed to simplify system building can form an obstacle for
a system builder if the needed constructs are not part of the vocabulary of the method used.
To overcome this bottleneck, the recent research by David Herman [Herman, 1992]

extends the ideas of the Routine Design approach by allowing the user? to extend the lan-

1. Knowledge compilation is a term that refers to the encapsulation of basic knowledge about some domain
into a readily usable form such as a rule.

2. by user here it is meant the developer of a knowledge-based system and not the end user of the knowledge-
based system.



54
guage by defining additional knowledge processing methods. Herman [Herman, 1992]

defined a language called DSPL++ as an extension to the original DSPL language.
DSPL++ retains most of the constructs used by DSPL while allowing them to be integrated

with user-defined problem solving methods.



Chapter 4
Problem Definition and Research Goals

4.1 The Nature of Knowledge-Based Systems Research

Knowledge-based systems is a multi-disciplinary field. A knowledge-based system is a
medium for knowledge representation and reasoning in a given domain of expertise (e.g.
the design of composite materials or the diagnosis of infectious diseases). Consequently,
research in knowledge-based systems is typically composed of the solution of two simul-

taneous problems.

The first problem is a domain problem such as the need to automate a design process in
order to shorten the specification to manufacturing time. The second problem is a knowl-
edge-based problem; assembling and structuring the right mechanisms to accomplish a
successful solution for the domain problem. Without a domain problem, research in knowl-
edge-based systems would merely be theoretical research without an experimental mecha-
nism for verifying the validity of the results. Hence, the first problem (the domain problem)
should be the driving force for research in knowledge-based systems. Research in knowl-

edge-based systems should thus follow the following pattern:

1. A domain problem arises and needs to be addressed (such as trouble shoot-

ing an automobile engine).

2. Using the full range of knowledge-based systems techniques, a system

should be designed to solve the domain problem.

3. The resulting system should be analyzed in order to generalize it for solving

other problems.

55
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4. A problem solving method might be abstracted for solving similar! prob-

lems. This step should be associated with the development of a problem

solving “tool” for use in future similar problems.

5. By applying the above steps to numerous problems, numerous techniques

are generated for the solution of different classes of problems.

6. When a new problem arrises, researchers attempt to fit it into one of the

available techniques.

7. If a problem is deemed not to fit into one of the existing techniques, this
opens a new line of research for analyzing the problem, designing a solution

mechanism for it and later generalizing the solution into a new technique.

As an example, consider the MYCIN system [Shortliffe, 1976]. The MYCIN system
was originally developed for diagnosing infectious diseases. Here, the driving force was to
develop a system for the diagnosis of infectious diseases. MYCIN was implemented as a
backward-chaining rule-based system. By analyzing MYCIN’s problem solving, a prob-
lem solving tool known as EMYCIN? [van Melle, 1981] was developed. This tool embod-
ies the domain-independent parts of MYCIN, in other words it is a backward-chaining
ruled-based tool. Abstracting EMYCIN from MYCIN is an example of a first-generation
analysis of problem solving, i.e. describing the problem solving by describing the language

used rather than the problem solving methods used. Later, the MYCIN system was re-

1. The definition of “similar” varies a great deal among researchers especially between researchers of the first
generation knowledge-based systems for whom “similar” meant “can use the same language™ and
researchers of the second generation knowledge-based systems for whom “similar” means “uses the same
control strategy.”

2. EMYCIN stands for “Essential MYCIN.”
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examined and described in terms of the type of problem solving involved [Clancey, 1985].

MYCIN was thus identified to be performing the following tasks (see Figure 16):

Heuristic Match
Patient Abstractions > Disease Classes
Data . Refinement
Abstraction
Patient Data Diseases

Figure 16: Inference Structure of MYCIN (from [Clancey, 1985])

1. data abstraction, for example abstracting a white blood cell count of less

than 2500 into low white blood cell count.
2. heuristic Matching by matching the abstracted data into classes of diseases.
3. refinement by identifying a specific disease among the class of diseases.

Clancey labelled the type of problem solving used by MYCIN “Heuristic Classifica-
tion”, and abstracted it (see Figure 16) into a problem solving tool known as HERACLES

(Heuristic Classification Shell) [Clancey, 1985].

The above example illustrates the effectiveness of having domain problems as the driv-
ing force for research in knowledge-based systems. Unlike other basic sciences, it is diffi-
cult for purely theoretical research in knowledge-based systems to yield results that would

be useful for practical applications. On the other hand domain-driven knowledge-based
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Heuristic Match
Data Abstractions > Solution Abstractions
Data . Refinement
Abstraction
Data Solutions

Figure 17: Inference Structure of Heuristic Classification (from [Clancey, 1985])

systems research is more likely to lead to solutions that are generalizable to other similar

problems.

This research originated for the design of thermoset polymer composite materials. In the
rest of this chapter, I will present the thermoset composite materials design problem as well

as the knowledge-based research needed to solve this problem.

4.2 Problem Definition

The goal for this research is to analyze from a computational point of view the design of
thermoset polymer composite materials, and from this analysis to develop a knowledge-
based system for the design of these composite materials. In this section, I will describe the
composite materials design problem and the knowledge-based systems extensions needed

to solve this problem.
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4.2.1 The Composite Materials Design Problem

Composite materials offer an attractive alternative to the use of metals in many applica-
tions. This is mostly attributable to their favorable properties, principally their lighter
weight, and, in some cases their superior structural properties. However, composite mate-
rials have not been utilized to their full potential especially in consumer-oriented applica-
tions. Due to the high cost and considerable time involved in the initial design of composite
materials, the use of composite materials have been—with few exceptions—limited to
“high-tech” industries such as the aerospace industries. Knowledge-based systems can
serve as a vehicle for the transfer of knowledge from these “high-tech” industries to con-

sumer industries such as the automobile industries.

Composite materials fall into several categories according to the type of matrix! mate-

rial used in the composite material. Figure 18 shows a classification of the different types

Matrix Material
Polymers Metals Ceramics
Thermoplastic Thermoset

Epoxies Polyimides Polyesters

Figure 18: Types of Matrices Used in Composite Materials

1. A matrix is the material that forms the bulk of the composite material. It usually acts as a holding material
for another reinforcing material (such as a fibre).
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of matrices used in composite materials. This research focuses on the design of thermoset

polymer composite materials, which constitute the majority of all known composites.

This research is part of a larger project whose target is automating the entire life cycle of

a composite material from being an idea to being a finished product. Figure 19 illustrates

Application
Charactcristics‘

Select the Composites’
Characteristics

lSpeciﬁcation of Macroscopic

Properties for Composite
Select the Ingredients and
Design the Fabrication Plan Design the

Parts
List of Ingredients and
Static Fabrication Plan

Apply the
Fabrication Plan

Figure 19: An Information Processing View of the Composite Materials
Fabrication Life Cycle

the life cycle of a composite material until it is realized as a product. Four components are

involved with the manufacturing of a composite material:

1. The first component analyzes the characteristics of the application domain
and generates a set of macroscopic properties for the composite material.

The inputs to this module are high-level descriptions of the application such
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as load distributions if the application is a structural one, and the outputs are

a set of macroscopic properties for the composite such as tensile and ther-

mal properties.

2. The second component uses the macroscopic properties of the sought com-
posite and applies domain knowledge to generate a design of a composite
material expressed as a list of ingredients and a plan for the fabrication of a

composite out of these ingredients.

3. The third component operates in parallel with the above two activities to

generate a design for the parts involved.

4. The fourth component is a control system for applying the fabrication plan.
This component uses the fabrication plan generated by the design system,
and the information about the geometry of the parts to control the applica-

tion of the fabrication plan in two ways:

a. It keeps the plan “on track” by sensing the environment (i.e.
measures the temperature and pressure) inside the fabrication
unit and generating the necessary control signals to adjust this

environment as needed for the fabrication plan.

b. It uses the sensed parameters to generate an abstract character-
ization of the state of cure! of the composite material, and if the
material is not curing as expected, this module would use
domain knowledge to alter the fabrication plan to meet the

expected cure pattern.

1. The term cure refers to the changes that take place in the composite material and transform it from simply
a mixture of materials to a composite material.
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The focus of this research is the second module or the design of a composite material

given macroscopic properties for that composite. Figure 20 shows a sample input and out-
put from a composite materials design system. A typical chronology for designing a com-

posite material is as follows [Venkatasubramanian, Lee, & Gryte, 1987]:

1. First, macroscopic properties which are desired in the completed composite
are set. Properties such as final material tensile modulus, resistance to acids

and alkalis, and electrical resistance are parametrized.

2. Based on these desired properties, the composite designer proposes an ini-
tial plan for the production of the composite. This plan includes both an
ingredients list for all materials to be initially present, and a preliminary pro-

tocol which states how the initial mixture is to be processed.

3. Next, the composite designer estimates how well the proposed composite
design meets the initially stated, desired properties. This estimate is typi-
cally carried out by actually producing samples of the composite, then per-
forming laboratory testing to determine properties of interest. Ultimately, a
proposed composite design will result in an actual material which can be

subjected to laboratory testing.

4. Following one round of design proposing, and matching to specifications,
successive rounds of redesign are usually required before convergence of

proposed composite properties to desired properties takes place.

One goal of composite researchers is to provide better models for proposing designs in
order to limit the number of candidate materials which must actually be fabricated for test-
ing. The ultimate goal for a knowledge-based system that would undertake the problem of

accomplishing this design task is thus to minimize the number of iterations through this
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1

inputs: application type = civil engineering t
non-corrosive environment
flame retardance not required |
minimum glass transition temperature = 200 }
non-humid environment i
minimum tensile modulus = 50 GPA |

maximum use temperature = 100 |

v

Polymer Composite Materials
Design System

 outputs: fiber = E-glass ;
| matrix material = DGEBA |
curing agent = DDS

cure temperature = 150 '
[ cure time = 60 minutes ;
| post-cure temperature = 220 |
post-cure time = 180 minutes l

Figure 20: Sample Input/output for the Design of Composite Materials
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design-fabricate-test cycle, thereby reducing the cost of designing a composite material to

specifications.

4.2.2 Knowledge-Based Extensions Needed for the Design Of
Composite Materials

In building a knowledge-based system for any given domain of expertise, the nature of the
domain dictates the structure and the types of knowledge that should be included in the
knowledge-based system. In this research, the domain problem is the design of thermoset
polymer composite materials. The characteristics of this domain thus serve as the driving

force for this research.

By examining the design problem of polymer composite materials we find that the
design of composite materials mostly relies on previous experiences of composites design-
ers. Designers usually attempt to generate new designs by systematically modifying exist-
ing designs to meet altered specifications. Due to the field of composite materials being
relatively new, design of composite materials usually involves multiple iterations of
designing a material, manufacturing it and testing it. A knowledge-based system for the
design of composite materials should capture these characteristics of the design process.
Hence, such a knowledge-based system should have the following capabilities in order to

successfully accomplish this design task:

1. The target knowledge-based system should be able to use “expert” knowl-

edge to design a composite material given a set of requirements.

2. The system should be able to make use of previous design experience in two

ways:

a. If a design situation is the same as a previous one, it should be

recognized as such and the previous design directly supplied.
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b. Composite materials designers attempt to generate new designs

by characterizing the difference between new requirements and
the requirements for previous designs, and by making modifica-
tions to these previous designs to fit the new requirements. A
knowledge-based system for the design of composite materials
should capture the knowledge for this organized modification of

existing designs to meet new requirements.

3. Because the area of composite materials is a relatively new area, “experi-
ence-based” knowledge for the design of composite materials is not usually
complete. Consequently, a design for a composite material may not in prac-
tice produce a composite material which meets the required properties [Ven-
katasubramanian, et al., 1987]). As a result, subsequent testing of the
generated design (either through the fabrication of samples and testing them
or through simulation) is usually necessary. According to the results of the
testing, the design is either accepted, modified or discarded. A knowledge-
based system for the design of composite materials should thus have the
ability to simulate the generated designs, and accept, modify or discard

them and generate other alternatives.

Current knowledge-based design systems are capable of solving each of the above men-
tioned aspects independently, but to accomplish all the requirements in a single design sys-
tem an integration of several knowledge-based techniques is necessary. Case-based
reasoning is necessary for making use of previous design experience, a knowledge-based
system should be used to capture “experience-based” knowledge of generating designs
from “scratch.” A knowledge-based simulation system is also needed to simulate the pro-
cessing of the proposed designs and predict their properties in order to test if they match

the required properties.
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In addition to the above considerations, an additional requirement for design problem

solving in composite materials, and in most engineering domains, is the isolation of
dynamically changing factors such as cost and market conditions from the domain knowl-
edge about generating the designs. By isolating these factors, the main design knowledge-
base can be stabilized by concentrating only on scientific design methodology. Further-
more, by isolating static factors and dynamic factors, several satisfactory designs can be
generated and kept for future reference upon any change in dynamic factors. To accomplish
this isolation, it becomes necessary to decompose the design process into two separate pro-

CESsSEs:

1. First, generate a set of feasible designs which all satisfy the given design

requirements.
2. Use the dynamic market factors to select among the generated designs.

However, all current knowledge-based systems are geared towards generating a satisfac-
tory design given a set of requirements (see Section 2.1 for a survey of knowledge-based
design systems). As a result, it becomes necessary to develop a mechanism for generating

multiple designs that meet a common set of requirements.

4.3 Research Goals

In the above discussion, we examined the problem posed for this research. In this section I
will enumerate the goals for this research both for the design of composite materials and

for knowledge-based systems.

43.1 Specific Goals in Composite Materials

The following list comprises the set of goals for this research in the composite materials

area:
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1. Building a knowledge-based system to automate the design of thermoset

polymer composite materials to specifications.

2. Generating multiple designs for polymer composite materials and selecting

among them using one of two methods:

a. automatically according to a set of dynamic market factors (e.g.

cost and availability of raw materials).
b. manually according to the needs of a human designer.

3. Having the ability to easily modify the system as new materials and pro-

cesses are developed.

4.3.2 Specific Goals in Knowledge-Based Systems
In knowledge-based systems the goals of this research are:
1. The development of an integrated architecture for engineering design of

composite materials. As discussed in Section 4.2.2, this architecture should

be capable of:
a. using previous design experience,

b. using experiential knowledge to generate design from “scratch”

if no previous design experience exists,

c. simulate the processing part of the resulting designs, and use the
simulation results to modify the designs if needed to avoid the

costly manufacturing and testing of samples.

2. The development and implementation of a mechanism for efficiently gener-

ating multiple designs that meet a common set of specifications.
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3. The development and implementation of a selection mechanism for select-

ing among the multiple designs.

4.4 Expected Outcomes

In view of the goals of the research listed above, this research is expected to have several

results both in composite materials and in knowledge-based systems.

4.4.1 Expected Outcomes in Composite Materials
By developing a knowledge-based system for the design of thermoset polymer composite

materials, several benefits are expected:

1. A reduced specification to manufacturing time by reducing the number of
iterations of producing samples and testing them before a final design is

achieved.

2. The resulting design system can be used as a vehicle for technology transfer.

4.4.2 Expected Outcomes in Knowledge-Based Systems

The expected outcomes of this research in knowledge-based systems are:

1. Proving the utility of integrating multiple knowledge-based systems tech-
niques to provide a functionality each of the individual techniques is not

individually capable of providing.

2. The development of a framework that can serve as a starting point for fur-

ther research on engineering design in other domains.

3. The development of a mechanism for efficiently generating multiple designs
meeting a set of specifications. This mechanism can be used in other

domains where this capability is required.
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4.5 Conclusion
In this chapter, I presented the problem posed for this research; namely the design of ther-
moset polymer composite materials. I enumerated the goals and expected outcomes of this
research. While thermoset polymer composite materials constitute more than 80% of
known composites, they still have not been utilized to their full potential. A design system
that reduces the specification to manufacturing time and assists in the transfer of technol-

ogy from “high-tech” to consumer-oriented industries is essential to achieve this potential.

In the next chapter, I will present an integrated architecture for the design of thermoset
polymer composite materials. In Chapter 6, I will present the details of the technique I
developed for generating a set of designs that meet common specifications. In Chapter 7, I
will present the details of the implemented thermoset polymer composite materials design
system, as well as the experimental results from testing this system. In Chapter 8, I will
present the details of the selection mechanism for choosing among the generated designs.
In Chapter 9, I will present the results of this research and point out the directions for future

research.



Chapter 5
An Integrated Architecture for the Design of Thermoset
Polymer Composite Materials

In this chapter, I will present an integrated problem solving architecture for the design of
thermoset polymer composite materials. Two versions of the architectures are presented.
The first version generates a single design that meets a given set of design specifications.
The second version utilizes a novel technique which I have developed for generating mul-
tiple designs meeting a common set of specifications. This architecture also includes the

component I implemented for the selection of a design from the generated set of designs.

S.1 Single Design Architecture

In the architecture shown in Figure 21, the first step is to define the design requirements
(the desired properties of the finished product e.g. glass transition temperature, tensile
modulus, etc.). To avoid duplicating design efforts, a library of design cases is first con-
sulted to identify any available previous design cases that resulted in a composite whose
properties are similar to the current requirementsl. The case library responds by either sup-
plying a design case, or by announcing that no such case exists. Two routine designers are
available in the system, one of these (Routine Designer 1) is for handling the cases where
previous design cases exist, and the other (Routine Designer 2) for the cases where a pre-

vious design case does not exist.

In situations where previous design cases exist, experiential knowledge is utilized to
modify an existing design to meet the altered specifications. Routine Designer 1 in Figure
21 serves this functionality. The input to this designer consists of the current design

requirements and the design case retrieved from the library together with the specifications

1. Typically these will be similar requirements but not identical.
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| Design Requirements

Design Case

Routine Designer 1

Routine Designer 2

Design and

Design Case Requirements Design and

Requirements

Functional Modeler

Design Case = Design Requirements + Design

Figure 21: Single Design System Architecture

of the composite material produced using that design. The routine designer then alters the
supplied design to try to make it applicable for the new requirements. During this modifi-
cation process, the routine designer interacts with the functional modeler! in a fashion to

be discussed shortly.

The situations where no previous design cases exist are handled by another routine

designer (Routine Designer 2 in Figure 21). This routine designer is also based on the expe-

1. Functional modeling is a technique for model-based reasoning. Details of functional modeling can be
found in [Sembugamoorthy & Chandrasekaran, 1986].
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riential knowledge of expert designers and should have the basic knowledge for designing

a composite material “from scratch” based on required specifications. During the design
process, this routine designer also interacts with the functional modeler in a similar fashion

to the interaction exhibited by the other routine designer.

If Routine Designer 1 (the routine designer responsible for altering a design case to fit
the specifications) fails (does not have the knowledge necessary to modify the design suc-
cessfully), it should report to the case library requesting a different case, in which case con-

trol might be transferred to the other routine designer if no other cases exist.

The integration of routine design and functional modeling will be along the lines of the
integration of classification and functional modeling described in [Sticklen & Chan-
drasekaran, 1989]. The functional modeler should have the basic knowledge about com-
posite materials and about the materials involved to enable it to reason about the composite
material’s properties from “first principles.” Knowledge needed here involves basic prop-
erties of the different materials (e.g. chemical properties, molecular structure, and cost).
The information processing task for the functional modeling is to simulate the cure process
in order to predict the properties of the finished composite given as input a design for a
composite material (e.g. materials, proportions for quantities and fabrication protocol). The

functional modeler thus serves as a consultant for both routine designers.

A routine designer feeds the functional modeler with a potential design. The functional
modeler predicts the properties of the proposed design, if they satisfy the input require-
ments, the design is accepted. However, if the predicted properties do not satisfy the input
requirements, the functional modeler feeds back the proposed design and the predicted
properties to Routine Designer 1. Any of the two routine designers would consult the func-
tional modeler. However, the feedback of the functional modeler is always supplied to
Routine Designer 1 (the routine designer responsible for altering a design case to fit the

specifications). The reason for this is that—given the correct domain knowledge—the
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design accomplished so far should have properties that are close to the required properties.

This design can thus be altered in a manner similar to altering a design retrieved from the
case library. Routine designer 1 then modifies the suggested design, and then re-checks

with the functional modeler.

If Routine Designer 2 (the routine designer responsible for designing composite materi-
als from scratch) fails, then a complete failure should be reported to the system operator,

and a decision has to be made (perhaps relaxing one or more of the design requirements).

Successful design results are reported as a materials list and a processing protocol. The
processing protocol is in the form of a sequence of applications of temperature and pres-
sure for specific periods of time. The resulting design is also added to the case library to be

referenced for future designs.

5.2 Multiple Design Architecture

I originally developed the architecture presented in section Section 5.1 to produce a single
design. However, as I implemented the “Routine Designer 2”” module of this architecture,
it became apparent that a single design will not suffice and that multiple design alternatives
are required to isolate dynamic design parameters (such as cost and availability of raw
materials and human designer preference) from static design knowledge (such as the tech-
nical issues of how to obtain a design). This way, static design knowledge can be applied
to generate a set of designs, then dynamic parameters can be used to select among the pro-
duced designs. Section 1.5. The architecture was modified to produce a family of designs

as shown in Figure 22.

The multiple design architecture functions in the same fashion as that of its single design

counterpart except for the “Routine Designer 2”” module which is replaced by 2 modules:
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Figure 22: Multiple Design Architecture
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1. MDSPL Designer: instead of generating a single design to meet the required

specifications, this module generates a family of design alternatives to meet
those specifications. This module can in many cases be used independently
of the other modules to generate a family of designs and then leave the

selection process to the designer’s preference.

2. A design selector: this module examines the family of generated designs
and selects a single design to pursue. The selection process can depend on
many factors such as marketing factors and availability of materials. This
selection process also takes into consideration the user preferences by inter-
acting with the user during the selection process. The system ranks the
design according to the estimated cost of producing them and allows the

user to make the final decision of the particular design to pursue.

The division of the functionality into, first, generating a family of designs, and then
selecting among these designs has the advantage of isolating the highly dynamic factors
such as cost and availability of raw materials from the design knowledge. In this way,
design can proceed independently of these factors generating a set of feasible designs. The
selection process then involves these dynamic factors as well as the user preference in
selecting the design to pursue. The other designs can then be stored for possible future

changes in cost or availability of the materials.

I implemented and tested the MDSPL architecture and language and developed the
MDSPL design module and the design selection module of the above architecture. The
case library, Routine Designer 1 and the functional modeler are a target for future research.
The MDSPL technique for generating multiple designs is described in Chapter 6 and the

selection module is described in Chapter 8.



Chapter 6
The Multiple Design Approach and Implementation

A major component of this research is an approach for generating Multiple Designs satis-

fying a common set of design requirements and constraints.

The Multiple Design approach is based on the previous work on Routine Design
reported in [Brown & Chandrasekaran, 1989; Brown, 1987# Brown & Chandrasekaran,
1986; Chandrasekaran et al., 1986; Chandrasekaran et al., 1989], and reviewed in
Chapter 3. In this chapter, I will present the details of my extension—Multiple Design—

and its implementation.

6.1 The Relationship Between Multiple Design and Routine
Design

The Multiple Design approach uses the same types of problem solving agents used by Rou-

tine Design (see Section 3.2.1). An additional type of agents called “design limiters” is also

used in Multiple Design (see Section 6.3 for a description of design limiters). However, the

use of the problem solving agents in Multiple Design is different than their use in Routine

Design. The control strategy for problem solving in Multiple Design is described in

Section 6.5.

Since the types of problem solving agents of Multiple Design are a superset of the types
of problem solving agents of Routine Design, a design system implemented in Multiple

Design can readily be used in Routine Design to generate a single design.

6.2 The Design Database

To better understand the description of the problem solving strategy, it is useful to have a

full understanding of the form of the design(s) generated by a Multiple Design system.
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For a given set of inputs (design requirements) a Multiple Design system generates a

group of trees, where each node represents a value for a design attribute. Each path from a
root to a leaf node represents a complete design. Figure 23 shows this form of output graph-

ically (In this case a “design” is a set of values for attributel, attribute2, and attribute3.

attribute2 =v2a ——— attribute3 =v3a

attribute3 = v3b
attributel =vla attribute2 = v2b <
attribute3 = v3c

attribute2 =v2c — attribute3 = v3d

attribute3 = v3e
attribute2 = v2d <

attribute3 = v3f

attributel =vlb attribute2 =v2e — attribute3 = v3g

attribute2 = v2f — attribute3 = v3h

Figure 23: A Graphic Representation Of A Typical Multiple Design Output

A database accompanies each Multiple Design problem solver to track the values for the
different attributes and the associations between the different values as they are generated.
This database is constructed in the form of a group of trees of attributes and values as
shown in Figure 23. In addition to serving as a data storage medium, the database is capa-
ble of detecting if a given pattern (a list of design attributes and values) is present as a part
of the design database (i.e. is a part of a path from a root to a leaf node). This latter role of
the database serves a central role in the problem solving activity. Design decisions are often

dependent on earlier design decisions, and thus previous decisions should be checked
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before further actions are taken. This checking is implemented by pattern matchers. The

database is queried by the pattern matchers to determine if a certain pattern matches.

To simplify the search process in the tree of design values, the tree is structured such that
there is a one-to-one correspondence between the design attributes and the levels of the
tree, any given attribute always exists at the same level in any branch in the tree. Every
attribute also indexes the nodes in the tree in which a value for the attribute is stored. This
makes the search for a particular value in the tree very efficient. The tree is also doubly con-
nected (each node points to its parent as well as to its children) to further simplify the

search process.

6.3 Knowledge Representation Structures

Knowledge representation for the Multiple Design approach follows for the most part the
same taxonomy of problem solving agents as the Routine Design approach described in
Section 3.2.1. However, there is an additional type of problem solving agents involved in
Multiple Design. These agents are called “design limiters.” The purpose of design limiters
is to limit the growth in the number of design alternatives generated. Limiting the number

of design alternatives serves a dual purpose:

1. To control the growth in the number of design alternatives generated by

eliminating alternatives which are known, from experience, not to work.

2. To eliminate design alternatives which are “too good.” As an example for
many applications, generating a composite material that is super strong and
posses a high level of heat resistance would be functionally appropriate,

though it would be cost prohibitive.

Design limiters are in the form of a pattern matcher and are involved at two levels in the

problem solving process; the step level and the task level. At the step level, after the step is
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executed and a value is chosen for its attribute, the design limiter for the step (if one exists)

is then executed to check the validity of the value chosen for that attribute. Knowledge in

step design limiters typically falls into one of two categories:

1. Constraints on the value to be chosen for the attribute. Typically these are to
avoid the “too good” situation, usually based on empirical knowledge. For
example: “If the tensile modulus of a material is more than 20% higher than

the minimum required tensile modulus, then do not choose this material”.

2. Constraints on the value to be chosen based on previous decisions. These
are typically empirical decisions to avoid incompatibilities between design
decisions. For example: “If material A is chosen as a polymer and material
B is chosen as a curing agent and there are other choices then do not use

material C for the reinforcement fiber.”

At the task level, after all the steps of the particular task are all executed, the task’s
design limiter (if one exists) is then invoked to check the validity of the values chosen by
the different steps as a group. This is typically necessary to check the compatibility

between the values chosen at the different steps.

6.4 Comparison Between Design Limiters and Constraints

Design limiters are similar in form to the constraints in Routine Design. However,
knowledge limiters play a different role than that played by constraints. Constraints are pri-
marily intended to represent knowledge about relations that have to hold true between dif-
ferent design attributes, such as a diameter of a mechanical part having to be smaller than
the diameter of another enclosing part. Constraints are used in Multiple design to represent
this same type of knowledge. Design limiters on the other hand represent the designer’s

heuristic knowledge about decisions that are either:
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1. known from previous experience not to result in satisfactory designs, or

2. known from previous experience to result in an overall design that is “too
good”. The reason for avoiding such designs is that in many engineering
applications, the price of a given design increases as the quality of the
design increases, and as long as other designs (that meet the required speci-

fications) exist, more expensive designs need to be avoided.

In Multiple Design, design limiters are used to eliminate design decisions that meet the
above criteria in order to eliminate further consideration of these partial designs during the

rest of the design process thus reducing the overall complexity of the design process.

In summary, constraints and design limiters are similar in structure, however, they serve

a different purpose in problem solving.

6.5 The Control Strategy

The control strategy of Multiple Design is similar to that of Routine Design described in

Section 3.2.2. Design proceeds in three successive steps:
1. requirements checking
2. rough design

3. design

In each of the two design modes (rough design and design), the design process begins
with the top-level specialist. The top-level specialist executes one or more of its plans. The
plans in turn invoke their specialists, tasks and constraints. Specialists proceed by execut-
ing their plans. Tasks proceed by invoking their steps, and constraints. Steps utilize pattern

matchers to assign values to design attributes. Constraints check the design data and possi-
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bly take some corrective measures. However, the control strategy for the Multiple Design

approach differs from its single design counterpart in the following ways:

1. plan selection: In the traditional single design approach, for any specialist a
single plan is executed unless it fails in which case another plan is
attempted. It is useful to recall here that the selection process is completed
by a plan selector in conjunction with the plan sponsors associated with the
different plans. Each plan has a sponsor in the form of a pattern matcher
which examines the available data and assesses the applicability of its cor-
responding plan. Sponsors tag their plans as belonging to one of four cate-

gories:
a. perfect for the current situation
b. suitable for the current situation
C. not sure
d. not applicable for the current situation

In the single design approach, one of the plans with the highest applicability
rating category is chosen for execution. Figure 24 shows an example plan

selection in DSPL.

In the Multiple Design approach, all plans in the highest applicability rating
category [other than category (d)] are attempted. Only in the event that all
the plans in this category fail, will the plans in the next available category

be attempted. Figure 24 shows an example plan selection in MDSPL.

2. Task execution: An additional component is added to the execution of tasks
by invoking the task’s design limiter after executing all applicable steps, and

thereby possibly eliminating some of the resulting subdesign alternatives.
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Figure 24: An Example Showing Plan Selection in DSPL
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Figure 25: An Example Showing Plan Selection in MDSPL
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3. Step execution: Two types of change are involved in the execution of steps:

a. The purpose of a “step” is to assign a value to a design attribute.
A step is implemented in the form of a pattern matcher (imple-
mented as a decision table). This pattern matcher assesses the
design status and assigns a value to the attribute associated with
the step. In the single design approach, the patterns are matched
in order until a pattern is found (if any) and the value associated
with that pattern becomes the value to assign to the attribute. In
the Multiple Design approach, all the patterns are searched and
the values associated with all the patterns that matched are
added to the tree of design results. The patterns which match
may be in different branches of the design alternatives tree (or
even different trees), and the resulting values, therefore, are each

added to its appropriate branch.

b. After a step is executed, the step’s design limiter is invoked to
check the values generated and to examine the possibility of

eliminating some of them.

4. Redesign: In the single design approach, only one plan is attempted at a
time, and only one value is assigned for each attribute. As a result, when a
failure occurs (due to a failing constraint), redesign is necessary to remedi-

ate the failure (by changing some aspects of the design).

Redesign involves changing the value of the design attribute(s) that caused
the failure of the constraint [Brown & Chandrasekaran, 1989]. Depending
on the type of the design attribute involved, one of two cases applies

[Brown, 1993]:
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a. The design attribute can take discrete values (as in the case of

composite materials where discrete values are selected for the
polymer material, the type of fiber, etc.). In this instance, a new
value is selected for the design attribute. The new value can
either be one of the “normal” values available to the designer, or
it can be a “special” value to be used only in cases of failure.
Knowledge of these special values is available only for redesign

and not for “normal” design.

b. The design attribute can assume continuous values (such as
numeric values involved in mechanical part design). In this case
the value causing the failure is “tweaked” by addition or subtrac-
tion (depending on the direction of the failure) of small incre-
ments. This type of failure results from the use of empirical

numeric formulas with arbitrary constants.

In Multiple Design, the need for redesign is eliminated by including rede-
sign knowledge as part of the “normal” design knowledge, and thus no sep-
arate redesigners are needed. The two types of design attributes discussed
above (discrete-valued attributes and continuous-valued attributes) are

treated differently:

a. For discrete-valued attributes, all the possible values that the
attribute can take (whether they are “normal” or *“special” val-
ues) are enumerated in the decision table for the pattern matcher
which is responsible for assigning a value to that attribute. In
this case, since all applicable values from a pattern matcher are

assigned to a step’s design attribute, should a constraint fail, the
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only necessary action is to prune (from the design values tree)

the branch (or sub-branch) where the failure condition occurred.

No other redesign action is necessary.

b. For continuous-valued attributes, the equations for assigning
values to the design attributes are associated with tolerances. For
example instead of saying “outer diameter = inner diameter + 10
mm,” the equation is rewritten in the form: “outer diameter =
inner diameter + 10 mm + 2 mm” In this instance, the step
assigns a range of values (instead of a discrete value) to the
attribute. A failing constraint therefore results in a narrowing of
range, splitting a range into two or more subranges, or pruning

of the entire branch, without requiring further redesign action.

The composite materials design problem used as a test-bed for this work only involves
discrete-valued attributes. Consequently, I implemented only the case for discrete-valued

attributes.

6.6 Problem Solving in MDSPL

By incorporating the above changes into the original Routine Design algorithm described
in Section 3.2, the algorithm for problem solving in MDSPL can be summarized as fol-

lows:

1. First the top level specialist is invoked in the appropriate mode (design or

rough design).

2. The top level specialist requests its selector to select a set of plans to pursue

from among the plans available to that specialist.
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3. The selector requests the sponsors of the available plans to assess the appli-

cability of their respective plans.

4. The sponsors examine the current design status and the input data (design

requirements) and assign applicability ratings to their plans.

5. The selector examines the applicability ratings and selects a set of plans to

pursue.
6. The chosen plans are invoked.
7. Each plan takes one or more of the following actions:

a. invoke other specialists in which case these specialists will fol-
low a scenario similar to that followed by the top specialist

(steps 2 through 6).

b. execute tasks. These tasks consist of steps each of which per-
forms a computation or uses a pattern matcher to assign one or

more values to a design attribute.

After the execution of every step and every task, check design
limiters if available, and eliminate the current design from fur-
ther consideration if it satisfies the elimination conditions speci-

fied in the design limiter.,

c. check constraints and if they fail, remove the current design

from further consideration.

6.7 The MDSPL Language

The original task-specific architecture for Routine Design has a language associated with it

for analyzing and implementing design systems. This language is called DSPL (Design
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Specialists and Plans Language). For the Multiple Design approach, I extended the DSPL

language to include design limiters as discussed above. The extended language is called
MDSPL (Multiple Design Specialists and Plans Language). MDSPL is implemented in a
diagrammatic form which provides a system builder with templates to aid in the system
building process. Building a problem solver is done using a series of browsers as described

below.

6.7.1 The Specialist Hierarchy Browser

A specialist hierarchy browser is a browser for viewing the hierarchy of the design special-
ists. From the specialist hierarchy browser, the individual specialist browsers may be
invoked. Figure 26 illustrates a specialist hierarchy browser with a root specialist; spl

which has three subspecialists sp2, sp3, sp4. Specialist sp3 has two subspecialists spS5, sp6.

=[J= Subspecialist Hierarchy Z&Z
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<l D]
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Figure 26: A Subspecialist Hierarchy Browser

6.7.2 The Agents Hierarchy Browser

An agents hierarchy is a browser for viewing the hierarchy of the design agents. This hier-

archy can be viewed as a more expanded form of the specialists hierarchy showing not only
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the specialists but all of the design agents. From the agents hierarchy browser, the individ-

ual agent browsers may be invoked. Figure 27 displays an agents hierarchy browser with a
root specialist, spl which has one plan, pl1. Plan pl1 consists of the task tsk1 and the three
subspecialists sp2, sp3, sp4. Specialist sp3 has two plans, pl13 and pl4.

Figure 27: An Agents Hierarchy Browser

6.7.3 The Specialist Browser

The specialist browser is a browser for viewing and editing a design specialist. A specialist
browser allows design plans, rough design plans, and initial and final constraints to be
added, removed, or have their order changed. The browsers for the plans and the con-
straints belonging to a specialist can also be invoked from that specialist’s browser. Figure
28 shows the browser for the specialist sp3. This specialist has two design plans, no rough

design plans and no constraints.
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