Design Representation for Manufacturability Evaluation in CAD:
Beyond Feature-based Design (ASME CIE 92/Al Stream)

Design Representation for Manufacturability Evaluation in CAD:
Beyond Feature-based Design

K. Ishii
R.A. Miller
Engineering Research Center
College of Engineering
The Ohio State University
Columbus, OH

ABSTRACT

This paper addresses CAD representation suitablefor intelligent programs that evaluate life-
cycle concerns. Design for net shape manufacturing servesas a vehicle for our discussion. We
argue that feature-based design aone could lead to an unmanageable number of predefined features
and tagged data in order to accommodate the different perspectivesof the design engineer, tooling
engineer, and process engineer. The paper proposes a compromise between full scope feature-
based design and pure geometry as the recommended form of design representation. This mode
requires methods or formulae to infer information needed for evaluation. There aretwo types of
methods important in manufacturability evaluation: 1) macroscopic search of problemsin the
entire design, and 2) microscopic evaluation of a local form feature. We illustrateour ideas with
two working systems.
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1. BACKGROUND OF DISCUSSION

CAD technology has made a significant impact on mechanical design. In particular, solids
modeling technology (Requicha, 1980) allowed engineers to design products much faster.
Engineerscould evaluatethe esthetics, performance, and even manufacturability of the component
by looking at the realisticimageof the candidatedesigns. The trendtoday is to link this powerful
technology with other computer methods such as finite element methods and Al-based reasoning
(Ishii, 1990), which contribute to life-cycle engineering (Suh, 1988).

For computers to deduce information associated with life-cycle values, the CAD model must
contain pertinentdata. A method considered promising by many is feature-based design (Luby &
al, 1986; Cunningham and Dixon, 1988; Shah and Rogers, 1988; Wilson and Pratt, 1988).
Cunningham and Dixon define feature as “ any geometric form or entity that is used in reasoningin
one or more design and manufacturing activities.” Designersare encouragedto use e ementsfrom
alibrary of features to construct their geometry model. In essence, feature-based design alows
the user to “tag” relevant datainto the CAD data-base which can later be used to conduct certain
analysisor evaluation. Designersexperiencesome problems constructing a product model from
features alone and must use “non-feature’ elements to complete the design.

On the other end of the spectrum is feature extraction (Woo, 1982; Henderson and Chang;
1988). Thisapproach attemptsto look at aconventional CAD data based such as B-rep or CSG
and extract features that are of interest to certain analyses. Hence, the designersare freeto utilize
all the capabilities of a geometry modeler and let the extraction program worry about deducing
necessary data from the model. The drawback is the complexity, incompleteness, and
computational load of such an extraction program. Geometry modelers that accommodate
topology informationin the form of graphs, etc. (Joshi and Chang, 1988; Pinnella, et al, 1989)
makes thetask reasonable. However, this approachalso has limitationsin computational load as
the model becomes complex.

This paper addresses the level of data CAD models should carry regarding life-cycle issues.
Designing with features offers many advantagesin making pertinent data readily availableby other
analysisprograms. However, when the user wishes to analyzea variety of attributes about the
design, theamount of datacarried by the CAD mode rapidly grows. Thisis due to the different
set of parameters demanded by each analysisprogram which may lead to different sets of features
to describe a single model. Creating different features for each life-cycleissue and tagging
enormous amount of datato CAD modelsis obviously not the desired solution.

On the other hand, we do not agree with leaving the CAD models purely geometrical or
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topological and relying on a complex extraction/ recognition program to infer necessary data.
There has to be a happy medium in this spectrum that relates geometry information with other
relevant parameters.

This paper looks at the most appropriatelevel of mix between designing with form featuresand
recognition/ extraction programs. Our major interest is on manufacturability evaluation of discrete
partswith emphasison net shape processes. We define net shape manufacturing as processes that
use molds or dies to transform material which is shapeless, or of simple shape, into a near finished
part. Manufacturability evaluation isimportant in the following aspects of design.

a) Process Selection: Starting from the functional requirementsfor the part, select the most
appropriate manufacturing process.

b) Design for Manufacture: Having selected a candidate manufacturing process, the designer
wants to tailor the geometry so that it is compatible with the process.

Design for net shape processes offers an excellent vehicle for investigation of our topic, i.e., the
incorporation of manufacturing information into CAD models, since there are severa levels of
expertise involved. Design engineers usually address the functionality of a part. Tooling
engineers must design dies or molds for the part economically, hence they are interestedin the
complexity of the tools that results from the part design. Process engineers are interested in
transforming the shapeless materia in the dieor mold to the specified dimensionin minimumtime.

Naturally, these experts evaluate the candidate design from different points of view.

A concurrent engineering approach to product development introduces at least one additiona
problem aswell. In many instances several processes may be considered tofabricate a part for a
given design concept. For example, die casting, injection molding, and sheet metal fabrication
could all be competitiveprocessesfor many typesof parts. From a CAD point of view, however,
the problemis that the detailed geometry is generally different for each process. Thatis, even
though the conceptual design is the same, thefinal part geometries are different for each process
due to differencesin reinforcement, provisions for fasteners, and process induced part cross-
sectional restrictions. In particular, this paper uses die casting and injection molding to develop
our discussion. We first state the fundamental issues of our discussion. Then, we describe our
proposed approach based on information kept by the traditional blue prints and by inference used
by engineers who read the prints. The paper also gives examples of our research efforts based on
the proposed approach. We present two prototype computer programs that incorporate our
philosophy and describe how they impact engineersin industry.

K. Ishii and R.A. Miller 4



Design Representation for Manufacturability Evaluation in CAD:
Beyond Feature-based Design (ASME CIE 92/Al Stream)

2. INTEGRATING LIFE-CYCLE INFORMATION
2.1 Combinatorial explosion of features

Feature-based design could result in an excessively largedatabaseif we attempt to embed all the
data necessary for life-cycleevaluation. The explosionof datacould comein theform of number
of features, amount of data tagged to each feature, or need for cross referencing parameters of
multipleinteracting features. Thisissueis particularly pertinentin net shape manufacturing. If we
focus on die casting and injection molding, we would have at |east three experts involved in
evaluating a candidate design for manufacturability: design engineer, tooling engineer, and process
engineer. They view the candidate design from different angles.

a) Design engineers primarily look at functions: Ribs to stiffen a part, handles to alow
manipulation of the part, fasteners to assembl e the part with another, etc.

b)  Tooling engineers are concerned mainly with the complexity and fabrication of the dies or
molds.

c) Process engineers focus on material flow and cooling of the part in the mold.

These expertsfocus on different aspects of the candidate design, decompose it differently, and
require different parametrization for design evaluation. Let us examinethe reasons for data
explosion with features.

a) Number of features

Typical feature-based design environmentsdefine feature librariestailored for shape synthesis.
As aresult, most of the featuresare geometry-based and often parametrized to support evaluation
of functionality. However, manufacturing experts may require a completely different set of
parametersfor evaluation. Hence, a “feature” tailoredfor die casting evaluation may be different
from that customized for machining. For example, the manufacturability rule of a“rib” in a part
will bevery different for sheet metal and plastic injectionmolding. If we wereto makea genera
feature-based environment, we may need to definedifferent features for a “rib” manufactured by
different processes. This approach will naturally lead to combinatorial explosion of number of
features. Further, some manufacturability rules may involve relationshipsbetween multiple form
features. In such cases, one approach is to define another class of featuresthat relate all the
necessary geometry information and tag data needed to check the relevant manufacturability
constraints.

b) Amount of tagged data

If we assumethat the number of featuresis optimally determined, we still have the problem of
the amount of datatagged to each feature. The fact that experts view each feature differently
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remains. Designers look at a hole as an empty element that provides access, ventilation, or
assembly of another part. Tooling engineerslook them not as a hole but a need for a core pin
which isa positiveelement that must be fabricatedinto or attached to the base of the mold. They
must also worry about theforces subjected to the core pins by themelt. Process engineerssee the
hole as a flow obstruction. These experts demand different parameter sets to evaluate the
compatibility of thisparticular feature. As mentioned above, some rules demand data from other
nearby interactingfeatures. For example, process engineerswill need to know the existenceof a
neighboring holeor the distanceto theside wall to determinetheflow channel. One needstotag a
vast amount of data to conduct adequate evaluation for manufacturability.

2.2 "Base feature” problem

One key attribute of most near net shape processes, processes such as forging, casting, and
injectionmolding, is the potential for substantial geometric complexity. They can have many
sculptured surfaces which have added complexity in the form of ribs, bosses, and gussets.
Similar statements aretrue of injection molded parts. Reinforcement of sheet metal parts and die
cast parts intended for the same purpose are dramatically different due to constraints that the
process imposes. Figure 1 shows atypical die cast part with substantial complexity.

Many of the manufacturability assessments require reasoning about the geometry of the part and
checking compatibility with the process. For example, wall thickness must be checked. They can
neither be too thick or too thinfor the given material. Hole diametersand depths must be checked
to insure that the core pins that will form them will not deform and will release. Clearly, dl
portions of the part must be checked for compliance with good design practicefor the process.
This meansthat the computerized evaluation systems must have the ability to 'look at' al regions
of the part and identify significant items of data.
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NAME : TRANS- PART
TYPE : STD

Figure 1. Die cast transmission end cover.

Themagority of thework intended to provide aids for manufacturability assessment has focused
on machining, particularly operations planning for machining (Cutkosky, et al, 1989; Bahns, &
al, 1990). In operationsplanning theobjectiveis to develop aclampingor fixturing strategy and a
sequence of machining operationswhich will transform the stock material into the desired fina
shape. If thisproblem is viewed as a manufacturability assessment, the issue is whether or not a
practical machining sequenceexists for the set of tools which areavailable. It isno surprise that
this problem is greatly facilitated by describingthe partin termsof "features’ which correspondin
afairly direct fashion to the machining operations which arepossible. Holes are relatedto boring,
drilling, or reaming operations depending on tolerances. Slots are related to milling operations and
so on. Of particular interest for this discussion is the fact that it is assumed, at least for the
automated operations planning systems developed so far, that the part is to be machined from a
block or cylinder. The starting shape is always a simple geometric shape.

As described above, the manufacturability questions associated with near net shape processes
are somewhat more complicated. There is no longer any basis for assuming a regular shaped
starting point and afinite sequenceof transformationsto achievethepart. Itis perhapspossibleto
define asmall library of secondary form features, e.g., bosses, holes, ribs, webs, etc., and each
feature can be defined by a small parameter set which provides sufficient data for evauation
(thickness, height, diameter etc.). Using this approach there is still the question of whether a
round boss is the same feature as a hexagonal boss and if a boss located on a planeface is the
same as a boss located on a non-planar surface. If the answers to these questions is no, the
combinatorial explosion is even worse.

But, the secondary features alone are not enough. The “base feature,” the entity or entitiesto
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which these secondary featuresattach, must also be evaluated. It is muchless obviousthat asmal
finite library of simpleshape featuresis practical for constructing parts with the rangeand variety
of surface complexity that is possible in net shape manufacturing. In the absence of such alibrary,
the manufacturability programs must posses significantly more reasoning capability in order to
extract and construct the necessary data from representations which do not store it explicitly.

2.3 Feature Interaction

The feature interaction problem for manufacturability assessment arises because areas of
concernon the part, and corresponding data, may be dueto factors totally unrelated to the function
of thepart or the way the part model was constructed. This isparticularly trueif the shape of the
part is being modified to make it more compatible with a new process. Consider figure2 which
depictsthe cross section of a hypothetical two-piece component consisting of a circular bushing
and a spacer. The bushing is composed of two features, aring and a plug. The namesof the
featuresdenote certain functional characteristics and were selected by the part designer prior to the
point of considering the fabrication method, and the dimensional information provided is critica
for thefunction of thepart. If adiecasting evaluation programis asked to evaluate this part, there
are some immediate problems unless the program has sufficient reasoning capability. First, the
featurenames are almost certainly of no use becausethey do not correspond to the namesused for
die casting features. This means that the evaluation program, if driven only by features, would not
haverules appropriatefor “rings’ and “plugs’ and it would not know if these features correspond
to other features which it does know about.

&l I(il /Ring

/Spacer
d1 t / Plug

d2

Figure 2. The base feature issue

The dimensional data absolutely critical for the proper functioning of the part, and therefore
explicitly provided, namely d1, d2, d3, and d4, are only a part of the data that is neededfor the
casting evaluation. The thickness of the part is importantin a die casting. If itis too thin, the
material will not fill the cavity. If itistoo thick, there will be problems created by the large thermal
mass. Therefore, the evaluation program will require the total thickness, i.e., d1+d2 and d3+d4
aswell as other data. These dimensions come about as an interaction of the ring, spacer and plug.
None of these dataitems is an attribute (parameter) of asingle feature alonewhich meansthat the
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necessary datawould not be contained in the instantiation of the feature. The system must be
smart enough to know that the interaction is taking place and to construct the appropriate data.

Bosses

, O

Plate

Figure 3 Feature interaction

A second, somewhat simpler exampleis figure 3 which shows thetop view of two bosses on a
flat plate. Thedistance betweenthe bosses, d, isa dimensionwhich does not existin the absence
of one or both of the features. Datainstantiating this dimension would also not be found in any
standard dimensioning of the part nor would it be explicitly represented in most part models. It
would however be of interest when exploring flow and dielife questionsfor die casting. Both of
these examplesillustrate cases in which the necessary dataare not parameters of the part model but
can be derived from commonly available data. These data cannot simply be retrieved from a part
database but require computation.

The same examples also illustratea potential problem with the capture of designintent. Itis
sometimesassumed that the utilization of featureswill provide abetter characterization of what the
designer had in mind when the part was created, and thisis trueto some degree. However, if
multiple features are orchestrated to achieve a function, and no one feature achieves that function
alone, we are still faced with the problem of capturing design intent. Considering figure 2, for
instance, if the spacer and plug together fill a critical spacing or locating requirement it is the
combined height of of the plug and spacer together, i.e. d1+d2, which arecritica to the design. It
would be this combined dimension which should be toleranced, not the individual dimensions.
The combined dimension is not a form feature parameter. These and similar issues have been
recognized in Dong and Wozny (1990).

These simple examples show that a practical manufacturing evaluation system cannot be
organized around the concept of non-interacting features. Even if the features carry names
corresponding to the manufacturing domain in question, critical dimensions arise because of
interactions. An attempt to define beforehand all of the possible interactions which might occur
presents another combinatorial explosion. Similarly, sincethefeatures logically should be defined
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by the designer for functiona reasons, the features of the basic part model will not even
correspond to the manufacturing features. Both of these problems suggest that it will be more
fruitful to exploreapproacheswhich enablethe manufacturing evaluation functionsto better reason
about the part and construct, rather than retrieve, the necessary data. Some preliminary results
along these lines are presented in Chen et.al. (1991a&b).

3. INFERRING NECESSARY INFORMATION
3.1 Embedding data vs. inferring information

In itsextreme form, the feature-based design approach requires every question, manufacturing
or otherwise, to be packagedin afeaturedescription. Thatis, designershaveto tag every pieceof
information needed for manufacturability evaluation. Another way of describing thisapproachis
that users design with packaged or predefined features. We need a very large number of features
to cover al the functional needs and manufacturinginterests. Each feature will requirea large
piece of computer memory if it isto contain data pertinent to all the design rules one wishes to
consider. Note that as discussed earlier, this may even require different pieces to describe the same
basic design but detailed for different processes. Thisapproach offers advantages when targeting
a certain class of products and evaluation criteria. However, when targeting a general purpose
CAD system that accommodate linkages with intelligent programs that evaluatediverse life-cycle

issues, they face the “data explosion” problem outlined in the previous section.

The other end of the spectrum is CAD with only pure geometry and topology information.
Pure B-rep conveys geometry and the topology of the geometric elements (faces, edges, vertices)
only and hence is quite compact. However, we need to apply sophisticated, sometimes complex
and computational expensive methods to obtain the data needed for manufacturability evaluation.
In some cases, it is impossible to carry out evaluation from pure geometry alone. We need
semanticinformation, information related to tolerances, surface roughness, and the like. Some of
these systems are quite powerful and robust. But once again, they tend to target specific class of
objectsand address a narrow scope of life-cycle interests. The more generic one tries to make
these extraction programs, the more complex and computational expensive they become. Also, the
fact that these methods make fairly specific assumptions about the CAD data structure limitsthe
robustness of this approach.

Somewherein between these extremesliethe conventional “blueprints’ (Figure4). Blueprints
carry messagesin a slightly different way from features. Blue prints carry arelatively small yet
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adequate” data’ for a specified manufacturing process. In many cases, they accommodate* codes’
that can be interpreted by different experts accordingto their needs.  Experts “infer” relevant
parameter sets from these*“codes’ and necessary information from geometry. These “codes’ are
the keys to these inference tasks, i.e., direct experts where to look and guide them to the
parameters they need for evaluation. The form of these codes and theinference methodsused by
the experts arewhat we areafter. Thefigurebelow illustratesthe spectrum between feature-based
design which aims to embed theinformationin the CAD database and pure geometry to which one
has to apply sophisticated feature extraction program to infer necessary data.

Full fledged BI . Pure
feature ue print Geometry

environment l

it -

—_— —
Feature-based Feature
Design extraction

Figure 4. Embedded Data vs. Extracted Data

Blue prints often embed information that reflect, but not specifically describe, designers’ intent.
Dimensional specificationssuch as tolerancesare good examples. In other words, the non-
geometrical information prescribed in blue prints comprises historical pieces of the solution to
embedding datain design modelsat the appropriate level. These solutionsrepresent some form of
standardized “ codes’ that do not specifically express facts, but contain data that can be interpreted
by various experts who can then use some inference rules to deduce the information they need.

3.2 Data for manufacturability evaluation
Manufacturability assessment, in general terms, involves at least three distinct kinds of
geometric data:

1) Aggregate data: Thisisdatawhich in arough sense providesan overall description of the
part. The volume/surface arearatio is one example which provides a gross estimateof the
average wall thickness of a part.

2) Feature parameters. Thisisthe set of attributes associated with specific form features. The
height, diameter and volume of a boss might be an example.

3) Relational data: Thethird type of datais the relationshipsamong features or geometric
elements.

These data can be obtained, with varying degrees of difficulty, from the part model. Some of
themare explicitly stored and it is just a matter of dataretrieval, others require a substantial amount
of reasoning to infer the necessary data from other part attributes stored in the representation.
These data provide the inputs for process specific reasoning which generally involves rules,
algorithms and inference for addressing manufacturing specific questions. For example,
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parameters can be used to locate holes which would require long narrow core pins in the die or
narrow grooves which would resultin thindie steel sections. The specific meaning of 'long' and
'narrow’ is material and process dependent, but for any given case, the use of such featureson a
dieis amost aguaranteeof high die maintenancecost andisa likely source of gection and quality
problems. Making judgmentsabout flow obstructions and die erosion would involvelocating any
surfaces which fall directly in the flow path of the material. This entails reasoning about the
rel ationships between the gate through which the material is injected and the surfaces of the die
cavity and extracting relational data as well as tolerance information. Both parameters and
relational data are required to locate and analyze potential hot spots, regions of high mass
concentration which will result in shrinkage problems when the part cools.

Thekey to addressing the manufacturability questions, and possibly other questions not directly
related to the original design synthesis, is the ability for the down stream processes to perform
geometric reasoning on the part model. Features have often been proposed as a means of
providing high-level, semanticinformationto enablethisto occur. As described earlier, features
alone are no guaranteethat the necessary reasoning can occur at the intended level. Features
provide an incomplete semantics for many cases of interest.

Itis perhapsuseful to ask why features, if matchedto the process, providethis capability. The
answer is simply that features ensure that the appropriate reasoning is brought to bear on the
relevant portions of the part. Bosses are evaluated as bosses should be evaluated, ribs are
evaluatedas ribs. Inthis sense, features, by acting as tags, solve the basic perceptual problem of
locating those regionson the part that arerelevant to thetask at hand. Sincefeature recognitionis
still far from fully developed for parts with the complexity of many net shape parts, in the absence
of such cues, it islessthan obviousthat any evaluation system canfind all of the featureswithout
human help.

For a variety of reasons then, features alone do not seem to be a particularly promising
approach to providing better integration of design and manufacturing concerns. The explicit
features that the designer wantsto use don't match the features the manufacturing engineer wants
to use and conversely. Why should adesigner berequired to construct a part design by ‘carving'
it out of a solid block just to make the machining problem easier? It isnot clear that the designer
knows the best way to machineit, and it may not be clear that machining is the most effective
process to use. Furthermore, the above analysis and examples show that there still remain
substantial geometric reasoning problemseven if featuresof thetypical sort are used as part of the
part description. For these reasons, the more rationale approach would seem to be one which
constructsthedesigns using featuresof particular relevanceto the designer, but to enhancethe part
model with sufficient structural and parametric information so that down stream geometric
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reasoning can occur. In other words, we need to follow the 'blueprint paradigm” in which
sufficient data are provided by the description of the part so that any additional datawhich may be
necessary can be inferred by acompetent actor with sufficient reasoning capability. The question
is, what constitutes sufficient data.

A number of current research efforts are beginning to address some of these issues. Of
particular interest are modelers such as NOODLES (Pinnellaet al, 1989) which provide a much
more compl ete representation of the topology of the part than traditional systems. Systems such as
Anderson and Chang (1990) also are interesting. This system is specifically aimed at machining
and process planning, but the concepts may well generalize. The TAGUS system developed at GE
Corporate Research (Irani et. al. 1990) has some particularly useful characteristicsfor applications
of the type described here. It provides a bridge between traditional modeling systems and other
geometry dependent applications such as finite element modeling, design optimizationetc. The
system takesthe geometry of the source system and reconstructsa part representation with suitable
geometry and topology for the target application. Dong and Wozny (1990) and Rossignoc (1990)
both address related problems and provide useful constructs. In general terms, the problem is
related to the feature mapping problem (Shah, 1988, Shah and Rogers, 1988).

4. OUR RESEARCH EFFORTS
4.1 Macroscopic identification of local focus

The work on die casting focused on detailed design support which is viewed as providing
detailed evaluation of the part geometry for castability and providing very high level functionaity
so that shape modifications can be quickly and easily made to improve the castability of the part.

The need for process specific detailed design support is based on the fact that the detailsof the
geometry are often very process specific. The overall envelope of the part, the basic shape, will be
defined by the fit and function requirements which require that parts assembled to form a
component. The conceptual design will account for these requirements, but it will not, and
possibly should not, committo a specific process. This means that the design will haveto be
refined by adding specific geometric detailswhich arerequired for the process. These detailsmay
include addition of reinforcements, modification of wall thicknesses, removing sharp corners, and
adding draftsand fillets. These and other componentsof the geometry must be process specific.
Rib patterns for cast parts and welded partslook very different, for example. Thetype of detailed
design support provided by the die casting system helps a designer quickly transition from the
partially completed conceptual design to a castable shape.

The current version of DIECAST (Liou and Miller, 1991), the system mentioned above, was
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constructed by integrating Pro/Engineer from Parametric Technology, a commercial CAD system,
with a knowledge based system constructed in Nexpert/Object from Neuron Data. The overal
architecture of the system is shown in Figure 5. The knowledge-based side containsthe process
specific knowledge which govern those aspects of the part geometry significant for evaluation, and
it has the material specific rules which must be applied. The CAD side provides the geometric
modeling capability. The integration routines provide access to geometric data and modeling
functions. The knowledge based system carries out the reasoning using specific itemsof data
obtained through queries to the modeler and through inferences made from such data. A part
model with augmented topology is maintained by the knowledge based system to support the
reasoning process.

The system can provide ageneral overall assessment of apart design and itssuitability for die
casting. Thisis done by determining the size envelop (length, width, height), the overall weight
of the casting, and the nominal wall thickness computed from the volume to surface arearatio.
These data, which are very easy to compute, are compared against standards for the material to
determineif the designiseven in the bal park. A number of more detailed assessments and design
aidsare also available.

Intearrf%ce | User Interface | Part
display Part Representation
Definition
CAD Routines
Databsae
Geometric Design
Geometric Query Model
Computation Routines
Geometric
Modification
Routines
CAD System Integration Knowledge-based
Module System

Figure 5. System architecture of DIECAST

Oneof thedesign aids provided helps to locate a partingline. Given a partingline and the die
opening direction, the part is automatically evaluated for undercuts. The location of the surfaces
causing undercuts is used to suggest alternate parting line locations where feasible, and an
orientation with the minimum number of cores and slides can be found. With a parting line
established, all surfaces on the part requiring draft are then located and the draft can be
automatically applied using values from the knowledge base, or the user can specify custom values
which are then automatically applied without further user intervention. Or, of course, the user can
perform the functionmanually asin atraditional CAD system. Similarly, the edgesof the part are
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checked for fillets and rounds as required by thematerial. If no round or fillet isfound, or if the
radiusis not sufficient, modifications can be performed automatically or under user control.

The part representation used in this system is featurebased in the sense that itis composed of
‘'user defined' featuresand a feature library which containsribs, webs, bosses, slots, grooves,
and cored holes. The construction in terms of features makes it possible to construct a more
compl eterepresentation than is used by the CAD system alone, but since user defined featuresare
allowed, thereis no constraint on the complexity of the objectsthat can be designed. Sincethe
knowledge based system has no explicit design rules for non-library features, these features
cannot be evaluated in the same way as library features. However, none of the checks and
modifications described above actually require features. These computations are performed using
basic geometric and topological data which is found in the boundary representation of the part,
independent of the feature. At present there are design rulesin the knowledge base for each
specific library feature. Further, thereare certain local shape evaluationswhich can be performed
on both library and user defined features as long as the user provides labels for selected feature
dimensions. Most notable in this category is the evaluation of wall thickness. Note that the
dimension label plays the same role for user designed features that the feature name plays for
library features. Thisenablesat |east some evaluation of featureswhose general shapeand formis
specified beforehand. Figures 6 shows atypical evaluation and suggestions by DIECAST.

THE BOSS IS TOO HIGH/THICK
The boss is too high. Please reduce the
height down to 6Xdiameter of the boss.
The boss is too thick. Please add a cored
hole to reduce the thickness of the boss.
Use DISPLAY/MODIFY to modify the
height of the highlighted boss.

Use PLACEMENT or USR_PLACE to add

a cored hole into the highlighted boss.

R1.00
BOSS RADI US

Figure 6. Evaluation and Suggestion Given by DIECAST
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DIECAST in itscurrent form does not support the degree of reasoning which is necessary. It
does not support feature interaction type reasoning, and it is too dependent on the use of feature
namesand tags. To removesome of these deficiencies, amore abstract characterization of features
is being implemented which will allow the design rules to be expressed for classesof geometries
which are topologically equivalent. This together with explicit representation of the dependency
relationships among features will enable much more significant reasoning to occur. Chen
(1991a,b) provides some of thedetails of the approach and we plan to incorporate this method in
our future systems.

4.2 Representation for “local” reasoning

Another research effort focuses on the representation of manufacturability guidelines or design
rules that apply to a more general class of geometrical form rather than specific functional form
features. Many conventional design rulesrequire a predefined set of parameters that describe the
geometry of the featurein question. Our aim is to redefine these rules in terms of geometry
characteristicsthat can be inferred using relatively simple inference from various CAD data
structures. A good exampleof such design rulesis the identificationof “hot spots’ in injection
molding that dictatethe cycle time and possibility of undesirable sink marks. Most injection
molding handbooks provide distinct sinkmark prevention rules for each form feature that are
commonly used: ribs, rib intersections, bosses, gussets, snaps, and other thickness variations.

Figure 7. Geometry-based sinkmark index

Our efforts focused on strategic experimentswith sample partstogether with parametric use of
FEM based simulation programs to develop a generic, geometry-based index for sinkmark
prediction and cycle-timeestimation. Basically, the sinkmark formation is a function of the
cooling surface surrounding a unit volumeof material. Hence, the proposed geometry index isthe
radius of asphere or acylinder that fitsin alocal thicknessregion such asaribs, rib intersection, a
boss, etc. Figure 7 describes the geometry index. Naturally, the threshold for the acceptable
sinkmark index depends on the process condition that are economical for production. Hence, the
threshold to be used in thedesign guideline will depend on the feasible process condition, which
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in turn, reflect the processing cost. We are currently developing a similar geometry index for

warpage in injection molding. Our proposed geometry index uses symmetry of volume vs.
cooling surface ratio.

We are currently incorporating these generic manufacturability rules into our computer-aid for
layout design, HyperDesign/Plastics(Ishii and Hornberger, 1989). HyperDesign is atool that
targets 1) engineer training and 2) compatibility check of preliminary design. Current
implementation allows the user to sketch atwo dimensional layout of his’her concept and attach
“form” iconsto represent geometry form features. The system uses design compatibility analysis
(DCA; Ishii, et al., 1988) to evaluate the manufacturability of the design and give suggestions for
improvement. Figures 8 shows example screen dumps from our latest system.

Obviously, compiling manufacturability rulesfor every possible geometry feature resultsin the
explosion of the number of design rules. The development of generic geometry-based rules,
which may involve some level of reasoning, allows the applicationof a small number of design
rules to a wide variety of geometry features. The current HyperDesign runs on Macintosh
computers using HyperCard front-end and Apples Logic Manager (LM) for inference.
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dfim1003 bad xib_3
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Figure 8. HyperDesign Plastics
5. CONCLUSION

This paper addressed representation of candidate designs in CAD suitable for intelligent
programs that evaluatelife-cycle concerns. We argued that feature-based design alone could lead
to an unmanageablenumber of predefined features and tagged datain order to accommodate the
different perspectives of the design engineer, tooling engineer, and process engineer. Unlike
machined parts, the lack of a starting or “base” feature and the complexity of possible geometry
form adds to the difficulty of constructinga generic “feature-set” for net shape manufacturing.
However, the use of pure geometry as aform of representing designsleads to the need for avery
sophisticated, possibly computationaly expensive computer programs, i.e., ultimate feature
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extraction programs, to deduce the information needed for evaluation.

What we needis a*“happy medium” between these extremes. In particular, we need to develop
coded forms of information and methods to infer, from the code, various data needed for
evaluation. Specifically, our research focuses on: 1) Method of where to look based on the
physical characteristicsof the problem and 2) Method of inferring manufacturing information
from a set of focused parameters.

Our futureresearch will address verificationof our proposed concept viafurther devel opment of
computer-aids for die casting, injection molding, and sheet forming.
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