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initial inception to completion. This research focuses on the inlterplay of design
objects, features, constraints, and design decisions. Based on empirical data extracted
from verbal design protocols, a design terminology is developed. Constrainis were
identified in the protocol and classified according to their source, level of abstraction,
and form or function orientation. A struciure for constrainis was also developed

which decomposes the constraints and classifies them into ten basic feature reia-

tionships.

1 Introduction

This paper traces the design of a mechanical component
from its initial inception through to the final detailed design.
The data for this paper is based on a protocoi study in which
five designers were video and audio recorded as they designed
machines to meet abstract needs. This data has yielded a model
of the design process in enough detail to answer many questions
fundamental to the development of computer aided design
tools, the evaluation of design quality, and the development
of effective design methodologies and teaching techniques.
Previous papers detailing this model are referenced in this
paper.

To explore component development in design, the design
history of a single component was extracted from one of the
protocols. One goal of collecting this data is to show the de-
velopment and propagation of constraints, the relation of de-
sign features to constraints, and to identify the needs for
representation in mechanical design. Additionally, this effort
continues research on the concept of a design history in that
every decision made that helped the component progress from
its inception to the final, detail drawings was noted.

In the design of a component some constraints on its form
and function are given at the beginning of the problem. Other
constraints arise from the designer’s knowledge of the domain.
Yet others are derived from each design decision made. it is
the interplay of these types of design constraints that form the
evolutionary refinement of the cecmponent. This evolution is
traced in detail and the constraint-driven nature of the design
clearly demonstrated.

A second goal is to clarify the definitions of and show the
relationships between the terms ‘‘constraint” and “‘design fea-
ture.”” These terms are currently used in many inconsistent
ways. In order to trace the history of the design of the com-
ponent considered, the definitions of constraint and feature
are forced to be clarified and the relations between them
evolved. In developing this history, requirements for design
data representation are identified. This was the subject of an
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earlier paper but is still being refined in studies such as this.

The organization of this paper will be to first describe the
protocol data that is the basis for this study (Section 2). In
Section 3 the terms feature, design object, constraint, and
design decision are defined as well as the interactions that exist
between them. This is followed by Sections 4 and 5, where
protocol data concerning features and constraints are pre-
sented. A constraint mapping technigue used to reduce the
data is presented in Section 6. Conclusions drawn from this
data are in Section 7.

2 Data for the Study

To understand the performance of a design engineer it was
necessary to observe engineers engaged in the design process.
This was accomplished in this research through a technique
called protocol analysis. Protocol analysis involved the video
and audio taping of engineers as they solved specific design
problems. During their solutions they were asksd to “‘remain
verbal”’ [1, 2]. The engineers’ verbalizations were then ran-
scribed. By reading the transcripts and viewing the designers
gestures and drawing action on video tape, many types of
protocol data can be extracted from the design {1, 3]. Here,
the protocol data extracted were the features and constraints
of the design effort.

Protocol analysis is the best way known to these researchers
to gather information on how humans solve complex problems.
Since the major use of the data developed here is for the
development of interactive computer aided design tools, it 1s
important to know how human designers behave in order to
develop acceptable human/machine interfaces. However, the
protocol data is limited to what the designer verbalizes, ges-
tures, or draws. It is conceded that not all the design activity
is verbalized in the protocols as humans think faster than they
can talk. But, past research has shown that what is recorded
gives enough information on the overall activity to aid in un-
derstanding the design process.

In previous studies [1, 2], a total of five separate design
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Fig. 1 Top and side view of flipper-dipper assembly

] 2
E = NE s
|
i
i “
2! ™
I Lever arm
Sack S5 memoer

memper

|
ST <L P S T Y VY
|
Al
v}
8]
#

Drage oroSs memoer
3
RO Front ©'vor DoLAt
Sack Civol pornt
Souniers
T | Ej JusnNI NGSs
] GS
=
Al T
et Soutt B
3061 TE A1

Fig. 2 Top view outer frame assembly

protocols were recorded. Two experienced design engineers
solved a problem concerned with the packaging of small bat-
teries in a computer and three design engineers solved the
problem used for this study. The design problem presented to
the engineer whose protocol is used in this study (the selection
criteria follows this paragraph) was that of coating both sides
of an aluminum plate with a thin film. The design specifications
presented to the subject gave the required operation which
included a worker loading a 10 in. x 10 in. x .063 in. alu-
minum plate into the machine to be designed. The machine
then must lower the plate to the surface of a water bath. On
the water surface is a sticky, thin chemical layer which adheres
to the plate on contact. The plate must then be lifted off the
surface, flipped over and the process repeated for the other
side. Finally, the worker removes the plate with the film on it
and loads a new one to be coated. Based on the action required
by the machine, this problem has been dubbed the “‘flipper-
dipper’” problem. Along with the functional requirements
above, specific form constraints on the handling of the plate
and the allowable space for the machine were also given.
Since the goal of this research was to track one component
through its evolution it was necessary to select a single subject’s
protocol for study. The selected protocol was chosen because
of the clarity of the protocol data and the relative straight-
forward nature of the design process and of the finished design
itself. The chosen protocol consists of a pedestal, outer frame,
flipping frame, and gripper as is shown in Fig. 1. This figure
is a cleaned up CAD drawing of the final design drawing
generated by the designer. The operation of the mechanism is
as follows: the operator places an aluminum plate into slots
located on the gripper assembly, the gripper which is attached
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nlLet's see how much we've got in the back. We've got 32"
19 minua 15, 17" here to play with, so we need, surface of
the water is here, 1/2" below and if we make most of this
take place near the front of the tank, say 1" from the
25 front of the tank, here's a plate, that'd give us the
longest moment arm there, or fulcrum, so we get the maximum
29 elevation pivot point, pivot point is up above the, okay,
if we have to we can make it up here. Okay. And the rods
here, red here, and it has to go equal distance past here,
35 so that it slides equal distance from both sides of the
pivot point. And the pivot point will also be, on the same
39 plane as the pivot peoint we'd alsc have to have ocur guide
so that it didn't extend below or equal distance on each
side of the pivot point, like so, the framework. Okav,
45 here we go. And, that would take care of that arm
ccming back. CGCkay."

19,17 we've got .... 17" here to play with [from back of sink
to back edge of table] {drawing 4.2}

19.23 most of this [machine process) take place near the front
of the tank, 1" from front of tank

19.27 longest moment arm there, or fulcrum
19.27 get the maximum elevation in the [front] pivet point

19.31 [front] pivot point is up above the...... make it up here
{drawing 4.2 A)

19.45 that arm coming back (drawing 4.2 B)

Fig. 3 Text and accompanying reduction from protocol

to the flipping frame is then lowered to the water surface for
the chemical adhesion, the plate is then raised above the water
bath and rotated about a pivot between the flipping frame and
outer frame, and the plate is again lowered with the opposite
side down; once the chemical adhesion has taken place the
plate is again raised and removed from the gripper assembly.
To account for the thickness of the flipping frame, the gripper
assembly slides on rods so that the lower edge of the plate is
always below the lower edge of the flipping frame.

Due to its simplicity the design object chosen for the study
was that of the outer frame assembly of the machine. The
outer frame along with its decomposition into its major com-
ponents is shown in Fig. 2. The main function of the outer
frame assembly is to raise and lower the flipping frame over
the water bath. The components that comprise the outer frame
are the lever arms, the front cross member, the back cross
member, the diagonal cross member, the front and back pivot
points, the doublers, and the bushings. Each of these com-
ponents has certain features that are pertinent in the design.
The constraints associated with these individual features are
the ones focused on in this research.

The protocol studied encompassed a total design period of
4 hours and 38 minutes, recorded over three separate design
sessions on subsequent days. The transcript for this protocol
consists of 85 pages of typed, double-spaced verbalizations,
and 28 separate design drawings made by the subject (all draw-
ings were done by hand). These range from conceptual sketches
to complete detailed drawings from which Figs. 1 and 2 were
taken. The development of the outer frame assembly was con-
tained in 40 percent of the total transcript and was represented
on 34 percent of the drawings.

As an example of the data, consider the section of transcript
presented in Fig. 3, which is about one minute long. In this
example the subject is about 1/3 of the way through the design.
He is trying to position the front pivot point (the pivot between
the outer frame and the flipping frame) and subsequently de-
termine the lever arm length. This topic is reconsidered four
other times during the protocol, each time with new design
information having been generated in the interim. The numbers
preceding the lines refer to page and line number of the protocol
from which the data was extracted. In this section the designer
is referencing a sketch he made that is shown in Fig. 4.

The text, the figure, and the associated video tape for this
and other similar segments of the protocol that refer to the
outer frame assembly are the raw data on which this study is
based. In order to deal with the data it was first reduced to a
more intelligible form. This reduction can be found in the
lower section of Fig. 3.

Transactions of the ASRE




Fig. 4 Drawing from protocol
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1t should be noted that not all of the information available
in the transcript sample was extracted. Only information rel-
evant to the outer frame was considered.

The important points to note about the above reduced text
are that: (1) This reduction does capture the design progress
of the protocol; (2) It is easier to follow than the original text;
and (3) The six statements are all of a similar structure. This
last point sets the tone for the remainder of this paper. Namely,
after examining the constraint statements on the outer frame
assembly, it was hvpothesized that all the data could be rep-
resented in terms of features and constraints and that design
decisions could be observed through the changes in them.

3 Design Objects, Features Constraints, and Design
Decisions

One of the main objectives of this research is to establish
an acceptable terminolegy which can be used in describing the
design process. By following the progression of constraints
and the evolution of features in the design protocol, the for-
mulation of this terminology is achieved. Thus the terminology
developed in the following sections was arrived at through
considerable review of the design data.

3.1 Design Objects. During the design effort an engineer
decomposes the design into assemblies, components, inter-
faces, and features of assemblies, components, and interfaces.
All aggregations of components are termed an ‘‘assembly’
[4]. Assemblies can be thought of as parent or child in nature,
in that an assembly can have a larger parent assembly or have
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children or (sub)assemblies. Since there is no limit to the num-
ber of assembly generations, the term ‘‘assembly’” is used for
all component aggregations. ‘‘Components” are individual
parts of a design.

The design objects are the physical artificacts of the design.
The conglomeration of the design objects are what constitute
a particular design.

A design object tree, which graphically displays the hier-
archical breakdown for the design studied, is shown in Fig. 5.
This diagram shows the breakdown of the entire assembly into
its children assemblies. Also depicted is the breakdown of the
outer frame assembly into its eight components.

The next section focuses on features. However, before de-
fining features it must be noted that the breakdown of design
objects into assemblies, components, and interfaces is inade-
quate in that it is too coarse. Usually it is necessary to deal
with the features of a design object or commonly, the features
of a feature. For example, the lever arm is a component.
However, much design activity was expended on the front pivot
point, a feature of the lever arm. The front pivot point, in
turn, has many features such as its location. Thus, features
themselves must be treated as design objects.

It is important to define all the entities of a design as design
objects, in order to discuss them as a group and because this
breakdown is consistent with the way in which a designer refers
to the design. At any given moment in the design, the designer
focuses his attention on one of the design objects. The distinct
properties of the design object that the engineer deals with
when working on it are commonly called design features.

3.2 Design Features. There has been a substantial amount
of work done in the area of design feature definition and use
[S, 6, 7, 8]. These efforts represent a variety of different back-
grounds and differing points of view. This has resuited in a
varietv of definitions for the term *“feature.”” These definitions
all have validity in their respective fields or areas of interest.
However, here the concern is for the terminology used by the
designer and so the definition must be very broad. Thus, this
research’s formal definition for a feature is:

A feature is any particular or specific characteristic of a
design object that contains or relates information about that
object. It is semantically represented in the form of a noun or
noun clause.

From the above definition it can be surmised that anything
and everything about a mechanical design object can be con-
sidered a feature, such as: location, length, material, operation,
etc. Depending on ihe point of view taken, some features are
obviously more important than others. In other words, the
relevancy of a feature is dependent on the focus at the time.
For example, the manufacturing fearure of a surface finish
may not be important to a designer during the concepiual phase
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of the design process, but is important during manufacturing.
Likewise some functional features of how a design object be-
haves or what its purpose is, which may be critical to a designer,
may not be important from a manufacturing point of view.
An expanded object tree displaying some of the features of
the components used in the design of the outer frame assembly
is shown in Fig. 6. The features shown in this tree are those
that the engineer devoted a considerable amount of time to.
From the sections of the protocol studied, some 277 features
and 38 design objects used by the designer were identified. Out
of the 277 features, 95 (34 percent) of them directly describe
the ocuter frame. The remainder of the features were of com-
ponents, interfaces, or assemblies that acted as constraints on
the outer frame.

There are two distinct types of features used by the designer:
form features and function features. Form features include
geometrical, topological, manufacturing, and tolerance fea-
tures along with any other features used to describe the physical
structure of the design object. Functional features include both
the purpose of the design object such as support, stability, or
strength and the behavior that the design object performs like
lifting, gripping, or rotating. The form features embody the
physical characteristics of design objects in a design while the
functional features explain what purpose the design objects
achieve individually and what behaviors they exhibit in the
overall design.

The feature diagram in Fig. 7 displays how the features are
segregated into form or function. To better understand the
way in which form and function features describe an object,
consider the front pivot point in the design studied. Some
important form features include the shape, depth, diameter,
location, and manufacturing method. A functional feature of
the pivot point is that of providing an axis on which the flipping
frame can rotate.

3.3 Constraints. In the protocols, constraints are state-
ments made about a design’s features, such as: “the length is
19 inches”’ and “‘the knob diameter is smaller than the outer
arm height.”” In the first example the feature “‘length’’ is con-
strained by the value 19 inches. The second example relates
two features, “‘the knob diameter”” and ‘‘the outer arm height”’
by a conditional relation of “‘smaller.” In reviewing the con-
straint statements like those at the end of Section 2, for all the
protocol sections focused on the design of the outer frame
assembly, the 277 features were involved in 725 constraint
relations. These have been classified into two types of semantic
structures. By using these structures every constraint in the
protocol has been modeled. Independent of the protocol stud-
ied, the constraint types given below are thought to represent
all types of constraints possible.

The first semantic structure is of the form < feature-instan-
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tiation > . Here the term “‘feature’’ is as defined in the previous
section and term ‘‘instantiation’’ refers to the value specified
for the feature. From the protocol sections reviewed, two types
of feature relationships of this structure were found. These
are:

(1) < function feature> — <instantiation>
(2) <form feature> — <instantiation>

Below are examples of these two constraint types found in the
protocol. The dashes (—) signify the separation between the
feature and instantiation.

(1) [machine operation time - is 40 seconds]

Here the feature being instantiated is the functional feature
of “‘machine operation time.”’ It is being instantiated with the
descriptive value ‘‘is 40 seconds.”” This instantiation comes
from the given design specifications and is therefore a reference
made by the designer as opposed 1o his changing or giving
some new value to the feature.

(?) [flipping frame depth - needs to be at least 10 1/2 in.}

The form feature here “*flipping frame depth’’ is instantiated
with the value “‘at least 10 1/2 inches.”” Here a feature is given
conditional initial value that it must achieve.

Of the above two examples the first came from the given
specifications and the second from the design itself. Many of
the instantiations observed involved the initialization or mod-
ification of features in the design itself. It is these instantiations
that give the current state of the feature. By observing the
change in the representation and value of the instantiation,
the history of the development of the feature can be tracked.

The other semantic structure observed for the constraints
was of the form: < dependent feature—relation—independent
feature> . As there are both form and function features and
there can be both form and functional relations, there are
potentially eight different feature relationships of this struc-
ture. These are:

(3) <form feature>—<form relation>—< form fea-

ture(s) >

(4) <form feature>>—< function relation > — < form fea-
ture(s) >

(5) < function feature > — < form relation> — < function fea-
ture(s) >

(6) <function feature >— < function relation > — < function
feature(s) >

(7) <form feature>—<form relation>—< function fea-
ture(s) >

{8) < form feature >>— < function relation >— < function fea-
ture(s) >

(9) <function feature>—<form relation>—<form fea-
ture(s) >

(10) < function feature>— < function relation > — < form
feature(s) >

In each of these, one or more features constrain, through the
relationship, a single feature. Examples of each of these con-
straint types are:

(3) [knob location—in middle of—flipping frame outer arm
location]

Here the form feature, ‘‘knob location,” is constrained by
the form relation, “‘in middle of,” to the form feature “*flip-
ping frame outer arm location.” This was used as a form
constraint on the positioning of the knob.

(4) [flipping frame—pivots on—shoulder bolts]

The first form feature, *“flipping frame,”” is given the func-
tion of **pivots on”’ in reference to the second form feature
*‘shoulder bolts.”” This relation acts as functional constraint
on the flipping frame.

(5) [ 1(<function feature>—<form relation>—<func-
tion feature>)

Transactions of the ASME




This relationship was not found in the section of protocol
that was codified. This relationship is theoretically possible
but cannot be substantiated by the data reviewed.

(6) [front cross member purpose—to prevent—outer frame
racking]

Here the functional feature of ‘‘front cross member pur-
pose’ is related to another functional feature of ““outer frame
racking,”’ by the functional relation of “‘prevent.” Here the
functional purpose of preventing outer frame racking was sat-
isfied by the front cross member.

(7 [front pivot point elevation—would be 8 inches to allow
for—flipping frame rotation]

Here the form feature, “‘front pivot point elevation,” is
subject to the conditional form relation of “would be 8 inches
to allow for’” in regards to the function feature, *‘flipping
frame rotation.” This is used as form constraint on deter-
mining the location of the front pivot point.

(8 {[back pivot point location—Ilimits—framework side travel]
This relationship shows that the form feature of *‘back pivot
point’’ has a functional relationship of “limits’* on the func-
tion feature of “‘framework side travel.”” This constraint per-
forms a simulation on a function of the back pivot point.

(9) [flipping frame rotation—occurs 1 inch from—tank front
edge]

In this relationship, the functional feature of ‘‘flipping frame
rotation” is related to the form feature of “‘tank front edge’’
by the form relation of ““occurs 1 inch from.”” Thus the position
of the water tank is imposing a form constraint on the flipping
frame operation.

(10) [spring purpose—hold out of water—flipping frame]

Here the function feature, “‘spring purpose,” is related to
the functional relation of ““hold out of water’” with respect to
the form feature “‘flipping frame.”” The only difference be-
tween this relationship and that shown above in [6] is that the
independent feature is of a form type.

All the constraints extracted from the design protocol can
be broken down into one of the ten relationships discussed
above. By representing the constraints in these semantic struc-
tures, both the progress and interdependency of the features
can be examined. The processes by which new constraints are
generated or added to the design are the decisions made by
the designer.

3.4 Design Decisions. In this constraint model of the de-
sign process, design decisions are defined in terms of constraint
changes.

A design decision is defined as occurring each time the value
of a feature of a design object or the relationship between
features is changed or initialized.

Design decisions may be driven by several different con-
straints emanating from separate design objects. The result of
a decision is usually a single constraint, but multipie constraints
are sometimes generated. The resuit of the design decision can
affect any level in the design object tree but is usually a mod-
ification of a specific feature value or relation, on which the
decision was focused. The driving constraints of a design de-
cision are referred to as the forcing constraints of that partic-
ular decision. The resulting constraints, on the other hand, are
the direct consequences of design decisions and represent new
information generated in the design. Once a design decision
is made, this new information can be used as forcing constraints
in future design decisions.

Journal of Mechanical Design

4 Constraint Classification

Once the definitions were completed and the constraints
extracted from the design protocol, the task of classifying the
constraints was initiated. The classification of the constraints
was performed not only for purposes of analysis, but also in
hopes of developing a more formal constraint language, upon
which a representation could be built. Even if the classification
only provided an elaborate bookkeeping tool, it would still be
beneficial in the development of a constraint management sys-
tem. The classification also gives insight into how the designer
uses constraints in a design and relates the significance of some
constraints as opposed to others. Constraints are classified by
three different measures: constraint source, constraint struc-
ture, and level of abstraction. Below is an explanation of each
of the different measures and statistics from the protocol re-
duction of the outer frame assembly for the protocol studied.

4.1 Constraint Source. A constraint can originate from
one of three different sources: it can be given, introduced or
derived. Given constraints are those furnished to the designer
which provide an idea of what is required by the design. A
given constraint is usually received by the designer at the be-
ginning of the design as part of the design specifications and
requirements. These can be either form or function oriented
and can originate from clients, designers of adjacent design
objects, or initial specifications. Given constraints can be used
at any time in the design process, whenever the designer re-
quires information on the initial state of the design.

An introduced constraint is one which is brought into the
design from the designer’s domain knowledge, handbooks, or
other ““domain knowledge’’ sources. It is a constraint that is
brought in from outside the current problem solution space
and has not been derived from any other constraints. Intro-
duced constraints often are vague and general by nature. Ex-
amples of introduced constraints are ‘‘keep everything as light
as possible” or ‘“‘make maximum use of the table.”” Other
introduced constraints include equations and hard data used
in analysis such as material properties, but none of these were
observed in the protocol examined.

Derived constraints are generated inside the design space
and are intrinsic to the design being worked on. Derived con-
straints result from and can be changed by the outcome of
design decisions. Although design decisions can be affected by
given, introduced, or derived constraints, the result of the
decision is always a change or initialization of a derived con-
straint.

The process of design for a mechanical part can be thought
of as the creation and refinement of a set of constraints. In-
itially these constraints consist of a group of given constraints
that define desired function and/or forms for a particular
application. The given constraints comprise the initial speci-
fications of the design. As the design process proceeds, this
body of constraints grows and develops until a final concrete
solution is achieved.

In the beginning of the design, the design engineer is pre-
sented with given constraints that are primarily functional,
that describe the desired operation of the design. Along with
the functional definition of the design, very specific form con-
straints are often presented in the given specifications {e.g.,
the dimensions of the aluminum plate).

As the designer proceeds, the given constraints become less
abstract and develop into concrete form and function instan-
tiations for specific design objects. In the protocol studied,
the engineer took the given specification of *‘coating both sides
of an aluminum plate’” and developed it into ‘‘a person would
load it [plate], dip it, rotate it, dip it, and then a person would
have to fTip it back to unload it.”” This revision of the functional
constraints allows the engineer to begin the conceptualization
of the design objects needed for the design function. The next
three paragraphs discuss the three stages of the design (con-
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ceptual, layout, and detail), in reference to the constraint
source: given, introduced, or derived. In analyzing the data,
the concept of three distinct design stages was adopted: con-
ceptual, layout, and detail. These stages are really management
labels given to the level of design detail and are hard to apply
since the design process is so interleaved. While one feature
may be in the layout stage, other adjacent components or
features of the object in question may still be conceptual.
Therefore the design stage divisions assumed in this research
were based on the drawings produced by the designer during
the protocol. Rough sketches were treated as conceptual design
representations. After establishing a basic layout of the design
with rough sketches, the designer used a straight edge to gen-
erate scale drawings with rough dimensions. These drawings
were taken as representations of layout design. The designer
then made drawings with detailed dimensions and manufac-
turing notes. These were considered as representations of de-
tailed design. These stages are important when trying to
understand how the constraints affect the design and how the
constraints are propagated through the design. A graph of the
constraint source percentage for the three design stages and
for the total design process of the flipper dipper design protocol
is given in Fig. 8.

As the design’s initial constraints are refined, design objects
are created to meet the new requirements. During the concep-
tual stage of the design, the majority of the constraints (70
percent, see Fig. 8), are given constraints. From the initial
constraints are born the conceptual form of the design. In the
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development of the conceptual design, form features are cre-
ated out of functional requirements and then verified by sim-
ulation of the design operation.

Once a completed conceptual design is created, the designer
begins the layout stage of the design process. In the layout
stage the designer patches and refines his design and checks
to see that there are no conflicts with any of the form con-
straints given in the design specifications. The main driving
force of the layout stage are the derived constraints (79 per-
cent). It should be noted here that almost half of these derived
constraints originated from design objects outside the outer
frame assembly.

In the detail stage of the design, the engineer is primarily
refining the design to ensure that all the design objects work
together. The main drivers of this design stage are previously
derived form constraints (84 percent). This refinement process
consists of comparing different form constraints to ensure that
there are no conflicts in the design, and changing or *‘patching”’
the constraints when conflicts arise. The resulting product of
this constraint propagation and feature evolution is a for-
malized detailed design from which the mechanism can be
constructed.

When examining the percentages for the overall design, the
number of derived constraints is dominant, (75 percent of the
total constraints). This value suggests that the designer deals
primarily with constraints generated by the design itself rather
than constraints brought in from outside the design space.

4.2 Constraint Structure. As discussed earlier there were
ten different constraint structures possible in the protocol. The
percentage of each type of structure was calculated and plotted
in Fig. 9. By far the largest percentage of relationships (51
percent) fell into the second type, [form feature—instantia-
tion]. The next highest percentage (20 percent) was for the
third relation, [form feature—form relation—form feature].
This supports the earlier notion that the majority of the work
performed was concentrated on the form features. It should
be noted that most of the first relationship types, [functional
feature—instantiation], were verbal simulations of the ma-
chine’s operation. (i.e., [machine operation-operator slides
plate in, pivots it and turns the frame that holds it].

The 10 constraint structures have been divided into two
separate categories: form constraints and function constraints,
Structures 2, 3, 5, 7, and 9 are form constraints. Structure 2
gives the instantiation of a form feature whereas structures 3,
5,7, and 9 give a form relation between either form or function
features. Likewise, structures 1, 4, 6, 8, and 10 are function
constraints. Structure [ gives the instantiation of a function
feature whereas structures 4, 5, 7, and 8 give functional re-
lationships between either form or function features.
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Nearly three-quarters (72 percent) of the constraints are of
the form type and the other quarter (28 percent) are functional.
Since the design problem studied was driven primarily by func-
tional requirements, it might be expected that for a design with
more form oriented specifications, the percentages observed
would have an even wider spread.

4.3 Level of Abstraction. The level of abstraction for a
constraint [3] can be classified into one of three sub-divisions:
abstract, intermediate, or concrete. The concept of abstraction
is actually a continuous function rather than the discrete form
used here. However, codifying abstraction is difficult and thus
the three divisions are very loosely bound and may overlap
each other in certain instances. Also note that the abstraction
level refers to the “‘instantiation’ or ‘‘relation’’ the features
attain rather than the representation of the feature. Therefore
the current abstraction level of a feature is represented by its
most recent instantiation.

Abstract constraints are very general and are usually con-
centrated in the conceptual stage of the design process. An
example of an abstract constraint is “‘the small axle on a frame-
work [the front pivot point] is here,”” which is the first con-
ceptualization of the front pivot.

Intermediate constraints are more descriptive in nature but
still not fully defined in a precise quantitative notation. These
constraints are predominantly found in the layout stage of the
design but can be dispersed throughout the design effort. An
intermediate constraint is ‘‘our [front] pivot point we want
right in the middle of the tank.”” This constraint tells approx-
imately where the pivot should be (in the middle of the tank),
but not exactly.

Concrete constraints are very specific, giving exact quanti-
tative values or specific functional qualifications. As expected
these constraints are found primarily in the detail stage of the
design. A concrete constraint is ‘““our [front] pivot point will
be 6 in. from the center.’” Constraints tend to start as abstract
and develop through intermediate into concrete specifications.
However, this is not always the case as many design objects
are brought into the design (introduced) at a concrete level.

As with the constraint sources, the levels of abstraction were
atso grouped by the three different designs stages: conceptual,
layout, and detail. The resulting percentages can be seen graph-
ically in Fig. 10. In the conceptual stage the majority of the
constraints were abstract (55 percent), which is expected. In
this stage the concrete constraints appear to be higher than
what might be anticipated (18 percent), but this can be ac-
counted for when realizing that many given constraints were
stated in a concrete form. In the layout stage, the intermediate
constraints are predominant (57 percent), which is not sur-
prising considering the above definitions. In the detail stage
of the design, the concrete constraints have the largest mag-
nitude (47 percent). They are followed somewhat closely by
the intermediate constraints (36 percent). The design studied
was not completed through to the level of full detailed draw-
ings, but instead to the high level layouts with manufacturing
notes. It is expected that with a more detailed level design, the
number of concrete constraints would increase greatly in the
detail stage of the design.
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5 Conclusions

The focus of this paper is concerned with the development
and propagation of constraints and features in the mechanical
design process. This was documented by studying the con-
straints that affected the design of one part’s features in an
entire design protocol. The evolution of the part’s features
involved the generation of design decisions. These design de-
cisions were forced by inputted given, introduced, and derived
constraints and resulted in new derived constraints.

By identifying and codifying the constraints, a better un-
derstanding of the necessary requirements for representing-
them was esiablished. The constraint classification which was
proposed in references 3 and 4 was tested and validated. This
classification consisted of the constraint source, level of ab-
straction, and structure. The structure developed for the con-
straints was based on feature relationships. These feature
relationships were of two form:

< dependent feature >— < instantiation >
< dependent feature > <relation > — <independent fea-
ture >

From these basic patterns, 10 different structures were gen-
erated. These structures were used to successfully model all
the constraints identified in the design protocol studied.

The research performed resulted in a substantial insight into
constraint and feature generation and propagation in the proc-
ess of mechanical design. With the creation of a constraint
classification based on feature instantiations and relations, the
next step, that of building a formal feature/constraint rep-
resentation, can proceed.
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