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ABSTRACT

This paper describes the objectives, the methodology, and the progress made in the project
entitled "Product Redesign for Performance, Manufacture and Assembly'*. Redesign is the
process of modifying or changing an existing design with the objective of improving one or
more of its aspects. The aspects of an engineering design which concern us are performance,
manufacture and assembly.

The objectives of the research are to develop methods for the total system redesign of an
engineering product, and to create a computer environment to implement these methods.

In this paper we describe our overall approach towards achieving these objectives. One of
the first steps towards achieving the aforementioned objectives was the development of a simple
expert system which will be used to implement redesign procedures. The structure and current
capabilities of this expert system are described.

1 INTRODUCTION

This paper describes the objectives, the methodology and the progress made in the PRODUCT
REDESIGN (FOR PERFORMANCE, MANUFACTURE AND ASSEMBLY) PROJECT carried
out in the Mechanical Engineering Department and the Engineering Design Research Center at
Carnegie Mellon University.

The paper is organized as follows. In Section 2 we describe the redesign problem and our
motivations for studying redesign. The Research Objectives and Approach are then described in
Section 3. In Section 4 we describe the current status of the research. Finally in Section 5
we draw some conclusions based on our work so far and also indicate future directions.

2 REDESIGN

In this section, after reviewing the product design process, we briefly describe what we mean
by redesign, where it fits in the design cycle and our reasons for studying redesign.

The design of an engineering system is a highly iterative process which typically involves the
following stages [ 1 ] .

1. Problem Specification
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2. Conceptual phase (Generation of design alternatives)

3. Evaluation (Selection of one or more of the alternatives)

4. Detailed Design (of the chosen alternative)

5. Testing

There are also several types of design; two which concern us are Original design [ 1 ] , and
Redesign.

Ori£inal design, typically arises when we have to come up with a design (solution) for an as
yet unsolved problem; for example Alexander Graham Bell's invention of the telephone was an
original design. In original design, the first three stages of the design process (viz. problem
specification, conceptual phase and evaluation) are the crucial and most difficult stages.

For our purpose, Redesign is the process of modifying or changing an existing design with
the objective of improving one or more of its aspects. The aspects of an engineering design
which concern us are performance, manufacture and assembly. Typical examples are redesign
of an electro-mechanical print-head assembly for better performance (i.e. higher speed and
precision) and redesign of an existing printer for automatic assembly.

In redesign, while a large number of the functional needs of the overall engineering system
are generally well defined and not variable, the functional needs (and hence form) of the
subsystems and components usually change. Therefore redesign generally requires original
design of subsystems and components.

There are at least three distinct situations in which redesign is important:

1. In the original design of an engineering system where we have come up with a
first version of the design which needs to be improved (Here redesign is part of
the original design cycle).

2. An existing design has to be changed to accommodate a new manufacturing or
assembly environment For example, the IBM Proprinter is a result of printer
redesign for automatic assembly.

3. An existing design has to be redesigned for improved performance, lower cost,
higher reliability e t c A familiar example of this kind of redesign, is any family
of personal computers.

A schematic of the Redesign process is shown in Figure 1. The inputs to the Redesign
Module are the initial design and a set of design specifications. At each cycle of the redesign
iteration a check is performed in the Redesign Module to see if the design satisfies the design
specifications. If the specifications are satisfied the iteration stops to yield the unproved design,
else the iteration continues. Note that if we cannot meet our design specifications after a
reasonable number of redesign iterations, then we probably need to define a new set of design
specifications.

Our motivations for studying the redesign process are the following.

1. Redesign is a much more tractable problem than original design. Studying redesign
is therefore a natural first step to a clearer understanding of the original design of
engineering systems.

2. At present, an adequate theory of redesign does not exist



3. Even though redesign is a relatively simpler problem than original design, no
systematic procedures exist for total system redesign. (We elaborate on this below.)

4. The development of systematic design procedures should aid in substantially
reducing the large amounts of time and money currently spent on redesign in
industry.

Some current approaches to redesign can be found in References [ 2 ] and [ 3 ] .

3 OBJECTIVES AND APPROACH OF THE RESEARCH

In this section we first describe the general objectives of our research We then describe
our overall approach towards achieving these objectives.

While tools and procedures exist for (separately) dealing with the various analytical aspects
of the design process, for example, tools for dynamic analysis, stress analysis, optimization and
computer-aided graphics, we do not have unified tools or procedures to deal with the totality
of the system redesign process. Furthermore good analytical tools for design for manufacture
and assembly do not exist While redesign for manufacture and assembly is addressed in [ 3 ] ,
the resulting procedures are too complex.

One of our objectives, then is to develop tools and procedures for total system redesign of
an engineering product These tools would typically enable us to redesign the product for
(improved) performance, manufacture and assembly, etc. Currently, most attempts at redesign
that we are aware of address specific aspects of the redesign process; for example [ 2 ] is
concerned primarily with performance whereas [ 3 ] is concerned primarily with assembly.

Both design and redesign are iterative and complex in nature. Furthermore they both have
algorithmic and heuristic aspects. To deal with the iterative and complex nature of the
redesign process we plan to make extensive use of the computer and create a suitable
computer environment We will create so-called EXPERT SYSTEMS to handle the heuristic
and algorithmic aspects of the redesign process. We would like to emphasize that we see the
computer as a tool to efficiently implement the redesign process. The crucial part of our
research will be to develop the design rules and procedures which will "drive9* the redesign
process.

To achieve our objectives we plan to proceed as follows.

1. We will take specific engineering systems of increasing degrees of complexity and
develop methods to redesign them for performance, manufacture and assembly (as
appropriate). We plan to study the following systems.

a. a

b. an electromechanical drive assembly of a print-head

c a printer

d. robotic manipulators

2. As explained earlier, we plan to create a computer environment to implement the
redesign methods developed for the above systems. A schematic view of the
required computer environment being implemented is shown in Figure 2. As shown
in Figure 2, the computer environment has domain-specific and domain-independent
parts. We plan to expand the features and capabilities of the computer



environment within the context' of studying the (increasingly complex) systems
listed above. Our first attempts at developing the computer environment are
described in the next section.

3. >From the methods developed in 1 and implemented in 2 we will extract important
redesign information, for example,

a. measures of "good" design,

b. identification of the critical design variables,

c useful design rules.

4. We will generalize the experience and conclusions gained from the above specific
systems to the Redesign of mechanical engineering systems in general.

5. An important part of the above process will be the development of a reliable set
of design rules for manufacture and assembly.

4 CURRENT STATUS OF THE RESEARCH

We have been working on the Redesign Project for four months. In this time we have taken
the first of our examples, viz., the hammer, and created a suitable computer environment In
this section, we describe the components of the computer environment required for redesign
(please see Figure 2 )•

The main parts of the computer environment are the User Interface and the Redesign Module.

4.1 The User Interface

The user interface consists of functions and procedures which aid the user in the redesign
process. The aim of the user interface is to make the computer environment user-friendly and
shield the user from the "details". Among other things, it lets the user input design
specifications, load knowledge bases, modules for analysis and display changes in design in the
redesign process. Implementation of this is in a preliminary stage.

4.2 Redesign Module

The Redesign Module consists of two main parts - (a) the domain independent inference
engine "POGIE2" and (b) the domain specific parts such as the Knowledge Base, LISP
Functions, etc. In this subsection we give a brief description of POGIE2 and other domain
specific parts.

4.2.1 General Features of POGIE2

POGIE2 (Portable Generic Inference Engine - version 2) is a standard inference engine that
performs backward and forward inference as well as lookups on user supplied facts and IF-
THEN rules. It is written in MACLISP and is based on POGIE [ 4 ] . Some of the general
features are as follows:

1. Introduction

POGIE2 performs inference on symbolic predicate formula represented by LISP
lists eg . (XY IS A HAMMER). It accepts variables which are denoted by a $
sign eg. (SHEAD HAS SUFFICIENT MASS).



2. Inference Procedures

The main inference procedure in POGIE2 is depth-first backward chaining. The
function PROVE attempts to satisfy a goal by (a) looking in the list of facts in
the Knowledge Base (b) backward chaining (c) asking the user. POGIE2 also lets
the user do forward chaining. Many other variations of PROVE such as prove
without asking the user and proving list of goals are also available.

3. Procedural Attachments

To allow any LISP functions to be called during the inference process, the system
defines two special forms. If the first character of any predicate is a • or •,
then the predicate is satisfied by calling the associated function. For example in
the case of a hammer, we may have a rule such as:

(RULE 03
(IF (•SAT-HEAD-REQ T»
(THEN($HEAD HAS SUFFICIENT MASS)))

In the above rule to prove (SHEAD HAS SUFFICIENT MASS) the LISP function
(SAT-HEAD-REQ), which checks whether mass of head requirements are satisfied
or not, is called. If the output of this function is T (true), the head requirements
are satisfied and the THEN part is true.

4. Utility Functions and the History Mechanisms

POCIE2 provides many functions which help user keep track of the inference
process, add and delete rules and facts, and offer explanation of "how" a goal
was achieved and "why*9 a rule was used.

POGIE2 also allows options for 1) remembering intermediate results, 2)
remembering answers to questions (asked to the user), 3) recording rules used to
achieve a goal and 4) recording propositions answered negatively. These four
options are used to maintain "history" Le. we can find which rules were used,
which rules failed, which propositions are true and which are not With this
history, we can take steps in the next iterative cycle to correct the deficiencies
according to some redesign rules.

4.2.2 General Features of the KNOWLEDGE BASE

The Knowledge Base is domain specific * Le. it depends on the object which is being
redesigned. The Knowledge Base consists of two lists * <facts> and <rules>. <facts> is a
list of propositions known to be true. <rules> is a list of IF - THEN rules. Each of the
rules take the following form:

(RULE <RULE-IDENTIFIER> (IF (PI) (P2)...(PN))
(THEN (Q1)...(QM))

where P*s and Q's are propositions which may contain variables and call other LISP
functions. A file containing the Knowledge Base can be easily loaded in the LISP
environment A subset of rules for the hammer is shown below. (The rules are explained
later)

(SETQ RULES 9(



(RULE 01
(IF ($OBJECT CONTAINS $HEAD AND $HANDLE)
($HEAD HAS SUFFICIENT MASS)
($HEAD ATTACHED TO $HANDLE)
($HAKDLE CAN BE GRIPPED)
($0BJECT CAN IN IMPART-FORCE))

(THEN ($OBJECT IS A HAMMER))

(RULE 02
(IF (•SAT-HEAD-REQ))
(THEN ($HEAD HAS SUFFICIENT MASS))

(RULE Cl
(IF (SOBJECT IS HAMMER)

($OBJECT HAS HEAD OF MASS BETWEEN 1.0 AND 1.25 LBS)
($OBJECT HAS STRIKING SURFACE DIAMETER AROUND 1")

(THEN ($OBJECT IS A CARPENTER-HAMMER))

(RULE Gl (IF (•CONNECTED $X $Y T))
(THEN ($X ATTACHED TO $Y))

A typical list of facts for the hammer may be as follows:

(SETQ FACTS v( (HI HAS HEAD)

(XT CONTAINS $HEAD AND $HANDLE)

The user can also add and delete facts and rules by using POGIE2 supplied functions.

In the examples of the hammer, the Knowledge Base at present consists of 12 rules a)
defining a hammer , for example RULE 01, RULE 02 above, b) classifying hammers
according to mass of head, diameter of the striking surface etc., for example RULE Cl above,
and c) general rules defining connectedness e tc , for example RULE Gl above. The rules
RULE Cl e t c were obtained by observing different types of hammers. We do not have rules
for redesign as yet, and hence, for the hammer, we cannot do redesign. We can only identify
(infer whether an object satisfies the definition of a hammer) and classify (determine whether
the object is a carpenter-hammer, tack-hammer etc.). It is expected that once "good**
performance measures and redesign rules are obtained, we could, with the aid of the history
mechanism, redesign hammers.



4.2.3 LISP FUNCTIONS

In the redesign process, it is expected that we will use functions to compute performance
and other measures. POGIE2 allows, through procedural attachments, any LISP functions to
be called during the inference process. A file containing these required functions can be
easily loaded in the LISP environment For example, a simple LISP function, for evaluating
whether a hammer satisfies a mass-requirement (for the head) or not, is given below:

(DEFINE SAT-HEAD-REQ ()
(PRINT w PLEASE ENTER MASS OF HEAD IN LBS")
(TERPRI) (SETQ MASS (READ)

(COND ((AND (> MASS 0.25)
« MASS 6.5)) T)

(T 'FAIL)))

4.2.4 Analysis Packages

In addition to the LISP functions called in the inference process, we would like to have the
capability of calling procedures not written in LISP. Numerous packages for optimization,
dynamics, control, stress analysis etc. are available in literature and commercially. Since it is
very time consuming and difficult to write such packages in LISP, it is worthwhile developing
methods for communication between POGIE2 and such packages. This part of the Redesign
Module has yet to be completed

4.2-5 Solid Modelling/Geometric Reasoning

The purpose of this block is the Redesign Module, in addition to display, is geometric
reasoning. The intention is to reason about connectedness, interference, etc., from the solid
model and communicate with POGIE2.

This part of the Redesign Module is currently being constructed.

4.2.6 Results and Accomplishments

At present, we have accomplished the following:

1. The inference engine POGIE2 has been fully tested and debugged. Through the
mechanism of procedural attachment, we have shown how any LISP functions can
be called during the inference process. We have shown that a "history*9 of the
inference process can be maintained.

2. We have written a simple Knowledge Base for identifying and classifying hammers.

5 CONCLUSIONS AND FUTURE DIRECTIONS

The simple example of the hammer has served the purpose of initiating the development of
the computer environment and expert system described in the previous section. The inference
engine of this expert system has been fully tested and debugged. We have developed the history
mechanism for use in redesign. While the resulting expert system does identify and classify
hammers, it does not "redesign" them.

The example of the hammer has served the additional purpose of highlighting the crucial need
for a) good performance measures, b) good understanding of the effect of design modifications
on these performance measures and c) procedures which utilize a) and b) to systematically
redesign a product



We do not feel that it is worthwhile to develop good performance measures for a hammer.
We therefore plan to go directly to the problem of redesign of the electro-mechanical drive
assembly for (say) a print-head for improved performance. We feel a) that we have a good
understanding of the design and performance issues involved in electro-mechanical drives and
b) that the problem is of practical interest The outcome of this particular investigation
should provide us with reliable redesign procedures for electro-mechanical drive systems as
well as a clear understanding of the critical design variables and performance trade-offs in the
design of such systems. This example will also provide the motivation for increasing the
capabilities of our computer environment the solution of the electro-mechanical drive problem
will require us to link the existing expert systems to various analytical software tools
(dynamics, control system design, optimization) and graphical software tools (for display).
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CAPTIONS FOR FIGURES

Figure 1: Flow Chart of the Redesign Process

Figure 2: Components of the Redesign Module
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