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Abstract

This work focuses on the integration of an auto-
mated manufacturing planner in a product design
environment. One problem faced by product design-
ers is the fact that it is often difficult to quickly ob-
tain accurate manufacturability evaluations early in
the design process. By integrating a design environ-
ment with a manufacturing planner, manufacturing
evaluations can be rapidly supplied to the designer
enabling him or her to make better informed design
decisions. Difficulties encountered in accomplishing
this integration include getting information from the
design environment to the automated planner, and
returning manufacturing evaluations from the plan-
ner back to the designer in a form that makes sense
to the designer. The former is being accomplished
in an on-going project. The latter is the subject of
this work. t

1 Introduction

The goal of this work is to integrate a design envi-
ronment with an automated manufacturing planner.
A difficult part of concurrent engineering tasks is
providing appropriate manufacturing evaluations to
the designer in a timely manner. Designers require
many types of information from a manufacturing
evaluation. They need to know if the product can
be manufactured, the cost of manufacturing, and a
list of alternatives which might allow the product to
me manufactured more inexpensively.

1This work is supported in part by NASA grant NASA
NAG-I-613

The first two types of knowledge can be generated
almost directly from a manufacturing planner: one
can determine that the product is manufacturable if
the planner can generate a valid sequence of manu-
facturing operations that will create the when given
the specification. Manufacturing cost can be deter-
mined by summing the cost estimates of each of the
steps in the plan, the material costs, and tooling
costs. However, a third type of information is also
needed: concrete suggestions for improving the de-
sign. Manufacturability and cost information are
important but are not sufficient to determine which
aspects of the design must be changed in order to
improve it from a manufacturing perspective. The
designer must still analyze the situation and fig-
ure out which combination of design parameters to
change in order to fix or improve the design. Since
there may be many design parameters, this may be a
non-trivial task requiring both design and manufac-
turing knowledge in order to accomplish it properly.

This paper describes a computer assisted
concurrent-engineering tool called the Manufac-
turing Evaluation Agent which provides all three
types of manufacturing information to the designer:
manufacturability determination, cost estimates,
and cost-reducing design suggestions. This system
is different from other systems which generate de-
sign suggestions in the way in which the suggestions
are produced. This system produces suggestions by
performing a knowledge-based analysis on the con-
straints contained in the manufacturing plan.

The purpose of the system is to help focus the at-
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Figure 1: A framework for the communication between design and manufacturing.

tention of the designer on the specific aspects of the
design that most influence manufacturing cost. By
pin-pointing the cost-critical areas of the design and
suggesting alternatives, the Manufacturing Evalua-
tion Agent can help the designer to more quickly
develop a superior design. In particular, this work
focuses on generating suggestions for modifying lo-
cating tolerances in prismatic parts manufactured
in a rapid prototyping environment. Locating tol-
erances specify the permitted variation in a dimen-
sion between a feature and its datum surfaces, or
between two features. These tolerances can have
a large impact on cost. Is is hoped that this tool
will result in more rapid turn-around time, lower
cost designs, and fewer engineering change orders
(EOCs) once the design is sent to the factory floor.

In the process of completing this task, we learned
some important lessons about the nature of the in-
tegration process between a planner and a design
environment. It is not sufficient to view the inte-
gration as a simple connection of information con-
duits between the planing and the design environ-
ments. The integration is a complex, knowledge-
based problem solving process. It requires the use
of a knowledge-based problem solver, embodied in
the Suggestion Generator (see Figure 1) to extract
the appropriate information required by the de-
signer from the manufacturing plan. Furthermore,
this knowledge-based problem solver must contain
knowledge from both the planning and the design

environment to be maximally effective.

System overview. Figure 1 shows a system di-
agram. ManufacturabiUty information is produced
using an iterative re-design cycle. First, the designer
creates a design specification. Currently, the de-
sign is specified in a manufacturing feature-based
format (i.e. holes, pockets and other volumes are
subtracted from a rectangular block of metal). In
on-going work we are implementing a method for
automatically extracting these manufacturing fea-
tures from CSG representations found in standard
CAD modeling systems.

The collection of manufacturing features is given
as input to the Manufacturing Evaluation Agent
along with a list of the manufacturing processes,
tools,fixtures and stock material. The Manufactur-
ing Evaluation Agent has two internal parts: a man-
ufacturing planner and a suggestion generator. The
Manufacturing Planner used by the Manufac-
turing Evaluation Agent is called p3. p3 takes the
inputs and converts them into an optimized manu-
facturing plan which is stored as a network of con-
straints. Lastly, the constraint net is used as the
input to the Suggestion Generator. The Sugges-
tion Generator produces one or more suggestions by
analyzing the constraint net.

This last step is the heart of the suggestion gener-
ation process: it operates by applying a set of rules
to the constraint net which identify cost-critical



steps that may not be completely essential to the
function of the design. Knowledge of the manufac-
turing cost factors, and of the importance of vari-
ous manufacturing constraints is used to make this
determination. The program then formulates sug-
gestions detailing what aspect of the design should
be changed and by how much, in order to pro-
duce a reduction of the number of manufacturing
steps. Reducing the number of major steps in the
plan reduces manufacturing cost. The suggestions
are passed back to the designer who must decide
whether he or she wants to adopt the changes. Once
the changes have been made, the design can be sent
to the Manufacturing Evaluation Agent for the next
evaluation cycle.

2 Background and Literature

There are many tools that can provide manufac-
turahility information to designers [CA92], [Ks J86],
[Nan871, [CT871, [Het941. Hetem created a cost
estimation system which produces highly accurate
manufacturing cost estimates [Het94]. In user tests,
Hetem allowed designers to see the costs of each op-
eration, which prompted them to eliminate features
which were not absolutely necessary. Systems such
as this one are very valuable. However, such sys-
tems do not directly help designers to identify what
aspects of the design should be changed in order to
improve it, particularly in more subtle cases where
cost factors are not related one-to-one to features
of the design. Identifying what changes should be
made is a non-trivial problem for designers since
there are many aspects of the design that could be
varied.

We are defining suggestion generators as pro-
grams which can produce concrete suggestions for
design improvement. We would like to contrast sug-
gestion generators with design critics. Design crit-
ics point out what is wrong with a design. Some-
times they may also make suggestions as to what
to do in order to fix the problem. However, design
critics do not necessarily generate suggestions. Ad-
ditionally, design critics operate in response to iden-
tification of problems. Suggestion generators, in
contrast, make suggestions in response to opportuni-
ties for improvement. There need not be any prob-
lems in the design in order for a suggestion generator
to make a suggestion.

There are a variety of systems that can make

design suggestions (some of which are also de-
sign critics). We divide these systems into two
types: handbook-based tools 2. and plan-based
tools. Handbook-based tools utilize simple and
direct relationships between the design and manu-
facturing cost of the kind one would find in a de-
signer’s handbook, usually keying on some direct
property of the design. Plan-based tools, on the
other hand, must generate a manufacturing plan
in order to predict cost. The design/cost relation-
ships used by plan-based tools are usually complex
and take into account many interacting cost factors.
Suggestions result from properties of the manufac-
turing plan rather than from direct properties of the
design.

The family of systems most closely related to the
work reported here are plan-based suggestion gen-
erators. Some examples of plan-based approaches
include work by Schmitz and Desa [SD94], Hayes,
Desa and Wright [HDW89], Mantyla, Opas and
Puhakka [MOP89], and Das, Gupta, and Nau
[DGN94]. All of these programs make shape related
design suggestions in order to reduce plan cost and
tend to be highly combinatorial. However, there are
many ways in which manufacturing costs can be re-
duced other than by modifying the artifact’s shape.
In this work we explore how costs can be reduced
by modifying locating tolerances. Additionally, we
explore ways in which constraints from both design
and manufacturing can be combined to rapidly fo-
cus the search space.

3 An Example Problem

The design specification. In Figure 2, we show
an example artifact design. We refer to volumes
that Can be created by specific manufacturing pro-
cesses as manufacturing features. For example, a
hole is a manufacturing feature which represents a
cylindrical volume that can be made by a drilling
process. A shoulder is a manufacturing feature that
represents a rectangular volume that can be made
by a milling process. This artifact has 12 manufac-
turing features: 11 through-holes and a shoulder.
Internally, the specification for this artifact is rep-

~Das et al. [DGN94] use the terms "rule-based" tools and
"plan-based" tools. However, we find that the term "rule-
based tools" is too easily confused with "rule-based systems"
so we have chosen to use the term "handbook-based tools
instead."
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resented as a rectangular block of metal from which
the manufacturing features are subtracted. The di-
mensions of the block are specified as 0.3 x 1.75 x
6.50 inches. Additionally, the dimensions of each
feature must be specified, as well as their locations
and orientations on the block. A set of datum sur-
faces, and locating tolerances must also be speci-
fied for each feature. Datums are the surfaces from
which the location of a feature is measured. A Lo-
cating tolerance specifies the variation permitted in
the distance between a feature and its datum. It is
necessary to specify tolerances because manufactur-
ing processes are not capable of consistently produc-
ing the exact dimensions specified. There is always
some error in a physical process.

The three holes (hi-holel, io-holel and tri-holel)
are the most important manufacturing features in
Figure 2. The tight locating tolerances (+ 0.0015")
between each of these features and their datum sur-
faces generate many constraints on the manufactur-
ing plan. Sides 2 and 3 are the datums for all three
of these through-holes. In particular, these toler-
ances produce the constraint that the datum sur-
faces, sides 2 and 3, must be machined before these
holes are drilled.

Generatin$ a manufacturin$ constraint net.
p3 is a manufacturing planner which takes the de-

sign specification and converts them into a set of
manufacturing constraints, p3 meshes these con-
straints together into a close to optimal manufac-
turing constraint network.

In this paper, our focus is on how design sug-
gestions are generated from a plan, so we will only
briefly describe the planner itself. For additional
details on the planner and examples, we refer the
reader to [HW89], [Hay90], and [Hay95]. From a
manufacturing perspective one of P3’s special prop-
erties is the fact that it is capable of reasoning about
locating tolerances and datum surfaces. It produces
efficient plans capable of achieving the specified tol-
erances.

From a planning perspective, pa and its predeces-
sor, Machinist [HW89], operate in a manner similar
to MOLGEN [Ste80] in that they are hierarchical
planners, and to SIPE [Wi184] in that contextual ef-
fects of operators are permitted and are computed
by rules in the domain model. Such effects, although
difficult to model, represent a major and impor-

tant part of the reasoning in many (if not most)
real world domains. Additionally, p3 and Machin-
ist utilize a strategy for globally optimizing plans
known as the Least Commitment to Operator Se-
lection (LCOS) Strategy [Hay94a]. This strategy 
modeled after behaviors observed in protocol studies
of human planning. The ability to produce optimal,
or close to optimal plans is essential in real world
planners. The Machinist planner has been verified
to produce plan equivalent in quality to those of ex-
perts having a range of experience from 6 to 8 1/2
years [Hay94b].

We will skip the step by step explanation of how
p3 generates a plan from a design specification, and

go directly to the result. The manufacturing con-
straint network produced by p3 for the example
specification in Figure 2 is shown in Figure 3. Each
node in this partially ordered graph represents one
major step in the plan (i.e. a setup). The arcs rep-
resent ordering constraints between the nodes. The
step at the tail of each arc must be performed be-
fore the step at the head. This partially ordered
constraint net represents several possible totally-
ordered manufacturing plans.

Additionally, each constraint in the network is
augmented with information recording which part
of the design gave rise to the constraint. This aug-
mentation of the constraint graph representation is
very important because it allows specific cost factors
to be traced back to design properties. This is es-
sential to the operation of the suggestion generator.
The labels on the constraint arcs in figure 2 specify
the source of the constraint. For example, the la-
bel "tolerance(lo-holel, 2)" indicates that the source
of the constraint is the locating tolerance between
lo-holel and its datum side, side 2. We showed this
plan to an expert machinist; he approved it as valid.

Generatin$ su$~estions from the manufact-
uring constraint network. Next, the manufac-
turing constraint net is passed from the planner to
the suggestion generator. There are two assump-
tions behind the way in which the suggestion gen-
erator is constructed. The first is that cost reduc-
tions requiring many design changes are probably
not worthwhile because many changes may greatly
compromise the function. Thus, the rules in the
program are geared to look for suggestions that re-
quire minimal changes. The second assumption is



that looking for minimal changes provides a way of
filtering inappropriate design suggestions from rea-
sonable ones. As suggestion generators grow in size,
and the number, type and complexity of their sug-
gestions also grows, we predict that the generation
of numerous suggestions will become a problem. If
the designer may become annoyed if he or she must
sift through too many suggestions. To make a sug-
gestion generator into a useful tool, it must be able
to provide a high density of useful suggestions, or
the designer will not bother with it. A useful sug-
gestion is one that reduces the design’s cost the most
while compromising its function the least.

Although it is important to find as many design
suggestions as possible, it is also important not to
overwhelm the designer with information. It is our
feeling that it is more important to provide design-
ers with a few likely suggestions, than it is to provide
them with all possible suggestions through which
they must then sift. Using these two assumptions,
the suggestion generator iteratively looks at each
new version of the design for ways to reduce its cost.

Iteration 1: A set of suggestion generating rules
are applied to the constraint graph in Figure 3. Sug-
gestion generating rules are of two types: one sug-
gests design changes which reduce cost. The other
suggests design changes that increase quality at no
additional cost. In this example, one of cost re-
ducing rules fires when it recognizes a cost reduc-
ing opportunity. In this case, the rule recognizes
that it may be possible to eliminate set-up B (see
Figure 3). In set-up B, side 2 is machined. The
reason that side 2 is machined is so it can be used
later in set-up C as a datum for the shoulder, and in
set-up D as a datum for the 11 holes. If one were to
make the simple design modification to the design
that the holes and the shoulder use side 5 as a da-
tum instead of side 2, then set-up B would no longer
be required. The Suggestion Generator outputs the
following suggestion to remove one set-up:

SUGGESTION i :
You can remove one set-up if you make all of
the following design modifications:

The tolerance on the dimension between
SHOULDEKI and SIDE 3 must be loosened
from +/- 0.0015 to less than +/- 0.002

The tolerance on the dimension between

SHOULDER1 and SIDE 2 must be loosened
from +/- 0.0015 to less than +/- 0.002

OR change the datum for SHOULDER1
from SIDE 2 to SIDE 5

The tolerance on the dimension between
HI-HOLE and SIDE 2 must be loosened
from +/- 0.0015 to less than +/- 0.002

OR change the datum for HI-HOLE from
SIDE 2 to SIDE 5

The tolerance on the dimension between
TRI-HOLEI and SIDE 2 must be loosened
from +/- 0.0015 to less than +/’ 0.002

OR change the datum for TRI-HOLE from
SIDE 2 to SIDE 5

The tolerance on the dimension between
LO-HOLE1 and SIDE 2 must be loosened
from +/- 0.0015 to less than +/- 0.002

OR change the datum for LO-HOLE from
SIDE 2 to SIDE 5

These 5 changes constitute one suggestion. All 5
of these changes must be made in order to get the
cost reduction. If only 4 of them can be made, it is
of no benefit.

Additionally, a quality increasing rule fires.
It identifies many tolerances that can be increased
slightly at no increase in cost. This rule produced 8
additional suggestions of the following form:

SUGGESTION 2 :
The tolerance between
SIDE 3 and LO-HOLE1 can be increased
from +/- 0.0015 inches to +/- 0.001 in
with no increase in cost.

The Suggestion Generator produced a total of 9
suggestions in the first iteration. It is now up to
the designer to decide which suggestion to adopt,
if any. The designer must consider the trade-offs
between cost and function, and decide which are
worthwhile. Only one of the 9 suggestions should be
adopted before the next iteration, since suggestions
may interact with each other.

Iteration 2: Let us suppose that the designer
decides to adopt SUGGESTION 1 and makes the
appropriate set of changes to the design specifica-
tion. The new specification is sent back to the Man-
ufacturing Evaluation Agent which generated a new
manufacturing constraint graph shown in Figure 4,
and a new set of suggestions. We also showed the



Figure 3: The initial manufacturing constraint graph

plan resulting from the new constraint graph to the
machinist, and he verified that it was correct and
feasible. If the designer does not adopt any of these
suggestions or make further changes to the design,
then the program exits.

For this example, the total cost of the original
design has been reduced by one set-up as the result
of making very small changes to the design.

Lessons learned. The first lesson we learned
about integration of a planner with a design envi-
ronment is that this integration is a complex task re-
quiring more than simply setting up the appropriate
data exchange conduits and protocols. It requires
the use of a knowledge-based problem solver (em-
bodied in the suggestion generator) to extract the
appropriate information required by the designer
from the manufacturing plan.

The second lesson we learned pertained to sug-
gestion generators: a suggestion generator need not
operate in response to a problem. A suggestion gen-
erator can react in response to recognition of oppor-
tunities for improvement even in designs in which
there are no specific problems. Thus, the designer

need not settle for a sufficient design containing no
problems. A suggestion generator can help the de-
signer to optimize a design.

The third lesson we learned was the potential im-
portance of meta-knowledge of the domain in fo-
cusing the search for suggestions. Our suggestion
generator produces 10 - 15 suggestions per iteration
for a very limited class of modifications. A sug-
gestion generator with a broader range would soon
run into difficulty because it might bombard the de-
signer with too many suggestions on many topics.
In order to provide more focus to the tool, we feel
that in the future it may be necessary to assign an
impact level to each constraint in the manufactur-
ing constraint graph. Ideally, information from both
design and manufacturing should be use simeulte-
niously to focus the search for relevant suggestions.
Low-impact constraints which produce only small
effects on the design’s function and the manufac-
turing plan’s integrity should considered for mod-
ification early. Additionally, high cost constraints
should be considered early. High impact and low
cost constraints should be considered for modifica-



Facemill side I

Squaring

Tolerance(shoulder1, 5)

©
Facemill side 5

Mill shoulder1

Squaring

Tolerance(Io_holel, 5)

Tolerance(tri_holel, 5)

Tolerance(hi_hole1, 5)

Tolerance(Io_holel, 3)

~ Tolerance(tri_holel, 3)

l ) Tolerance(hi_hole1, 
"~" ~ Facemill side 4

Sidemill side 3
SidemiU side 6
Drill Io hole1
Drill Io_hole2
Drill Io_hole3
Drill Io_hole4

Figure 4: The constraint graph after the design modification

Drill tri_holel
Drill tri_hole2
Drill tri_hole3
Drill hi_hole1
Drill hi_hole2
Drill hi hole3
Drill hi_hole4



tion only as a last resort. The value in modifying
such constraints may be very small. Representation
of function (a difficult task) may be an important
key in providing this meta-knowledge about the im-
portance of the manufacturing constraints.

4 Conclusions

In this paper we presented a plan-based suggestion
generator which produces cost-saving design sugges-
tions. This tool provides manufacturability infor-
mation to the designer by integrating a manufac-
turing planner into a design environment. The in-
tended benefit of this tool is that it will help design-
ers make more informed design decisions, producing
lower cost, higher quality designs.

This tool looks for minimal design changes that
will produce maximal cost reductions. Suggestion
generators are a class of tools which look for op-
portunities for improvement of a design, even when
there are no problems. The Design Advisor serves
as an active tool to aid the designer in rapidly iden-
tifying the most cost-critical aspects of the design.
Additionally, the tool can suggest ways of increas-
ing design quality at no additional cost. In future
work, we will explore: additional types of sugges-
tions, ways of incorporating statistical representa-
tions of tolerances, and more complex cost estimat~-

ing functions, such as that under development by
Hetem [Het94].
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