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| Concurrent, Feature - Template
Name::Plastic_Molded_Box_System
Part::Box_Part_1993
Material::ABS
Tool::Box_Tool 1993 201
Process::Box_Process_1993

: 202

Name:Box Part 1993  Fart, Feature - Template

Function::Electronics Enclosure

Form::Macro_Feature
Normal.x=User_|nput

Normal.y=User_Input
Normal.z=User_Input

Sub_Part_List=(Part.Box_1,Part.Boss_1,Part.Boss_2,Part.Boss_3,Part.Boss_4...)
Volume=SUM(Part.".Volume)
Cost=Matenial. Price*"Material.Solid_Density"Volume 203

200

Name:'‘Boss 1 Sub_Part, Feature - Template

Function::Attach
Form::Simple_Boss
My_Wali=Nearest_Wall (Index)
Location.x=User_Input

L ocation.y=User_Input
Location.z=User_Input
Height=User_Input
Inner_Diameter = User_Input
Normal.x=My Wall.Normal.x]205

Normal.y=My_Wall.Normal.y

Normal.z=My_Wall.Normal.z

Thick_Burst=Burst_Load " Inner_Diameter/Material. Yield_Strength
Thick_Bend=8" Bend_Load " Height A3/3" Pi " Material Modulus * Inner_Diameter*3
Wall_Thickness=MAX(Thick_Burst. Thick_Bend)
Outer_Diameter=inner_Diameter + Wall_Thickness

Hole_Depth = Height + 0.5° My_WQH.Wa"_ThiCknE‘SS}zog
Base_Raaius = 0.25 " My_Wall.Wall_Thickness

Draft_Angle = If (Normal.x = Tool.Normal.x)AND (Normal.y = Tool.Normal.y) AND

(Normal.z = Tool.Normal.z) Then 2 Else 0

Volume = Ei“ (Quter_DiamerA2 - Inner_Diameter’2) * Height 21

207

Name-ABS Material, Feature - Template

Function::Gonstruction
Form;:Macro_Feature

Price::3.50

Name::Younas Mo dulugub_Mate-nr:ul,. Feature - Template

Function::Detormation_Resistance
Modulus = LOOKUP(Resin_Modulus, Process.Machine_Size)
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Tool, Feature - Template
Name::Box_Mold_1993
Function::injection_Mold_Tooling
Form::Macro_Feature
Tool_Class::Split_Cavity
Tool_Width = Cavity.Width + 4
Tool_Length = Cavity.Length + 4

Tool_Height = Cavity.Height + 4 + A_Plate.Height+B_Plate.Height+Base_Plate.Height

Sub_Tool,Feature -Template
Name::Core & Cavi
Function::Shape Meit
Form::Cavity

Projection = Projection + NOT (NEW_FOHM(Part))}21 5

EVidthh= Pgrt.V\I[idth '
ength = Part.Lengt
Height + Part.Height e\

: 212
~208 204

Process Feature - Template

Name::Box_Process_1993
Function::Injection_Molding_Process
Machine_Size = 300T

Barrel Diameter=3in

Sub_Process - Feature

Name::Ram_Melt_Injection

Function::Inject

Form::Ram

Max_Stroke = LOOKUP(Process.Machine_Size, Stroke_Length)
Shot_Stroke = Max_Stroke * Process.Barrel_Diameter

1t (Part.Volume>Shot_Volume) Then "WARNING"~—»n 19

14 00
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CONCURRENT ENGINEERING DESIGN
TOOL AND METHOD

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

FIELD OF THE INVENTION

The present invention 1s directed to a computer system for
automated concurrent engineering, and more particularly, to
a method and apparatus for the concurrent design of parts,
tools and processes.

BACKGROUND OF THE INVENTION

Concurrent engineering aims to integrate product design
and manufacturing cycles 1n a systematic way to facilitate
the swift, cost-elfective progression of new products from
raw concept to end customer.

Traditionally, when designing a new product, a team of
designers usually participate 1n what 1s known as a product
development cycle. In general terms, the first stage 1in
designing a new product 1s that of concept design, 1n which
overall needs and aims are addressed.

Next 1s the mnitial design stage. The initial design stage
comprises steps of designing the part, then choosing the
materials and determining the process to make the part, then
designing the tool to make the part. For example, 1f the part
1s to be a computer keyboard, first the size and shape of the
keyboard (i.e., the part) is determined by a part engineer.
Next, when the part has been designed, a second engineer
determines the design of the tool that can be used to make
the keyboard. Separately, a process engineer determines the
materials and process to make the part, for example, whether
the part 1s to be made of plastic, metal or some other
material, the properties of the material, the process to be
used to make the keyboard (e.g., casting, injection molding,
forming, etc.) what are the process parameters and the rate
of production of the process.

The next stage, after a prototype of the part has been
made, 1s revising the design. The above steps of part, tool
and process design are repeated until a satisfactory part 1s
produced, both as to design and cost of production.

Traditionally, each of the above steps are carried out
sequentially, usually by different people. One person may
design the part, another the tool, and a third the process.
Collaboration between these designers i1s usually minimal.
Where many revisions have to be made, numerous iterations
are needed and a long period of time passes until a satis-
factory part 1s produced.

Using present design approaches and tools, there 1s
incomplete knowledge of the required manufacturing steps
to produce the part, and inadequate consideration of the
variety of other downstream influences that shape time to
market, marketplace acceptance, and product longevity.
Often neglected, but of importance i1n part design are the
constraints added by environmental concerns relative to the
product and 1ts process of fabrication. These flaws lead to a
multitude of costly and time consuming design reworks or

difficult process modifications as unanticipated problems
must be rectified.

Computer tools exist to help each designer carry out his

or her function in the design process. For example,
Computer-Aided Drafting (CAD) tools exist for creating
two and three-dimensional drawings of the part. Material
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properties databases exist to help determine the composition
of the part. CAD/CAM (computer-aided drafting/computer-
aided manufacturing) tools exist that assist in tool design.
Various tools exist for process design, for example, mould
filling tools can be used in designing a mould injection
process and simulations can be used 1n designing a sheet
metal cutting and forming process. However, there 1s very
limited 1nteraction between the tools used at each step 1n the
design process.

Existing tools may be useful in evaluating given designs.
But they are unable to perform concurrent integrated design
of part, tool and process. In eifect, they automate the
traditional sequential approach to design. For example,
consider the field of plastic molding. Computer based tools
now available to the molded part designer (e.g., mold filing
tools, part cooling tools, shrink-warp predictions programs,
structural FEM, even CAD/CAM systems) analyze the part
as a whole. They attempt to predict part characteristics given
full descriptions of geometry and process conditions.
However, such tools can only be used 1n analysis functions;
they do not synthesize new forms that achieve the function-
ality dictated by product use requirements. At best, a well
integrated set of analysis tools may ultimately serve as a
“virtual prototyping” environment, where leading candi-
dates among various design concepts can be evaluated.
However, unless rapid trial and error 1s offered as method-
ology for design, there remains a void to be {filled at the
conceptual design stage. The designer needs guidance to
ensure that all design alternatives, from the outset, incorpo-
rate good engineering practice from the standpoint of all
disciplines that contribute to the product lifecycle.

The way existing design tools represent information and
communicate with each other 1s often not consistent.
Moreover, the design tools used at the stages of part design,
tool design and process design do not, because of the
different representations used by these tools, communicate
well with each other.

For example, CAD application programs create views of
objects 1n two or three dimensions, presenting the object as
a wire-frame “skeleton” or sometimes as a more substantial
model with shaded surfaces. Some CAD programs can also
rotate or resize models, show 1nterior views, and generate
simple lists of materials required for construction.

The drawings output by CAD systems do not comprise
engineering knowledge. CAD systems are used to produce
detailed engineering drawings when part geometry 1s known
both qualitatively and quantitatively—i.e., after conceptual
design 1s complete. Further, CAD systems generate the part
cecometry data used by subsequent analysis software to
simulate part performance. But the part designer 1s not
assisted 1 what to do to design a part that meets all
performance requirements, 1including cost and manufactur-
ability. It 1s as the design for the part 1s formulated that
cuidance 1s needed to ensure that all design alternatives
incorporate good engineering practice from the standpoint of
cach contributing discipline: 1.e., materials, part geometry,
tooling, process and cost analysis.

CAD/CAM application programs can be used 1n both the
design and manufacture of a product. With CAD/CAM, a
product, such as a machine part, 1s designed with a CAD
program, and the finished design 1s translated into a set of
instructions that can be transmitted to and used by the
machines dedicated to fabrication, assembly, and process
control.

CAD and CAD/CAM systems are limited to address only
the form of the design; functional requirements are the
responsibility of the designer, not the system.
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The knowledge used and needed when the part, tool and
process are being designed typically has been represented in
different ways. The notations for the part design, tool design
and process design usually differ and are often not compat-
ible. For example, when using a CAD system to design a
part, knowledge of the process to make the part (for
example, knowledge about die casting a metal part or about
the flow of plastic) is not reflected in the part design in the
CAD system. Thus, the design of a part may, although
geometrically correct, not be a satisfactory design when

considering the process used to make the part.

Further, the representation of the part in the CAD system
uses geometrical primitives that are not useful for tool and
process design. The geometrical primitives in a CAD system
are usually points and lines, not geometrical shapes that are
engineering concepts representing the components of a part.
For example, a CAD drawing for a box 1s effectively one
shape (the box) comprising lines, and not made from the
engineering components that make up the box such as the
base and side walls.

If the computer 1s to assist 1n the act of design, then 1t must
reason about the part of a level of abstraction that 1s close to
that of the designer. Today’s software 1s designed to create
geometry, but form 1s an ambiguous indicator of the design-
er’s intent. Many things look alike, but 1t 1s their end use or
functionality that dictates the appropriate set of rules by
which size and shape can be computed. The engineering,
constraints and design relationships for a load bearing wall
are different from those of a non-loadbearing internal par-
fition. Ribs used for stiffening a wall are subject to com-
pletely different considerations from those used to dissipate
heat, and sizing a hole to accommodate a self-tapping screw
differs from sizing one to allow passage for a wire harness.
Yet 1 each of the preceding scenarios 1t would be dithicult,
it not 1mpossible, to judge the purpose of the geometric
construct solely by its form or placement in the part.

No existing system enables complete product
representation, where the product representation includes
part geometry and functional information about the part. To
do this requires a higher level of design representation than
the typical CAD-type geometric products provide. Feature-
based modeling techniques that have been proposed as a
modeling technique have limitations. First, the designer is
restricted to a finite number of pro-defined geometric
shapes, and this may not be sufficient to capture the complete
behavior of the part 1n terms of 1ts functionalities. Another
drawback 1s the difficulty 1n decomposing complex designs
into a basic feature vocabulary. These shortcomings make it
difficult for an intelligent design system to completely model
a part and its function, and properly reason about the
designer’s intent. A new type of feature representation 1s
required to address these limitations.

Automated processes are known for certain elements of
the design process, but these are of limited application. For
example, Flexible Computer Integrated Manufacturing
(FCIM) is a known automated approach to produce a variety
of parts for a given automated system. Quality Functional
Deployment (QFD) 1s a known process that is used to help
determine functional requirements from customer needs.
Many attempts have been made to develop intelligent design
systems using different implementations strategies. One
implementation method 1s to integrate a commercial CAD
system with an expert system inference engine. Some have
attempted to integrate an expert system shell with a solid
modeler. Another known approach 1s to use an existing
knowledge-based engineering tool which already provides
geometric modeling capabilities and mechanisms for
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embedding heuristic knowledge 1n the form of rules and
methods. Systems developed using the above mentioned
approaches have shortcomings due to the limitations of the
commercial software packages which they are built around.
None of these known tools or processes fully integrate part
tool and process design. Further, no known system repre-
sents all the knowledge for part, tool and process design in
a systematic way so that this knowledge can be used 1n all
stages of the design process.

Current computer-based tools require complete descrip-
tion of the part geometry as well as all relevant boundary
conditions on the state variables of the system (for example,
loads and constraints for stress, molding temperatures and
gate pressure or flow rate for filing). A computer simulation
may then predict the response of the part to this imposed
environment. With sufficient accuracy in the underlying
material response relationships (e.g. modules, density,
viscosity) these tools could be viewed as an element of
prototyping. If the process begins with molding simulation,
and then the part dimensions are corrected for shrink and
warp, as well as the anisotropic distribution of properties
arising from flow orientation effects and if transverse mor-
phological variations are fed into the structural analysis, the
resulting deflections under load and stress patterns could
provide rapid confirmation of the design and the means for
design optimization. Such a strategy, however, fails to
provide for a basic need critical to the rapid evolution of
design concepts 1nto detailed designs; the 1nitial specifica-
tion of geometry and process conditions that are suitable to
meet the design requirements.

Present design practices are illustrated in FIG. 1 (prior
art), which shows the sequential nature of the design and
fabrication steps. The functional elements of part, tool, and
process are handled in a serial fashion that necessitates
considerable prototyping to ensure consistency of the final
part with the designer’s expectations. The role of computing
aides and tools, as discussed above, only support the 1ndi-
vidual functional domains, and do little to bring downstream
influences up to higher design levels.

As shown 1n FIG. 1, the first step of the typical prior art
methods 1s to determine customer requirements (step 2).
Once a product concept 1s decided upon, a preliminary
design of the past is made (step 4). Usually, a sketch is made
of the proposed part. If the sketch is approved (step 6), a
detailed part design can be developed (step 8). A CAD
system 28, a database system 30 and a Finite Element
Method (FEM) 32 can be used to produce a detailed part
drawing. If this drawing is approved (step 10), a prototype
tool design is developed (step 12). A CAD system and a
mold-filling analysis (MF) 34 can be used to produce a
detailed tool drawing. A CAM tool 36 1s used at the tool
fabrication step (step 14). Next, the process specification is
decided upon (step 16), often with the aid of a MF. Actual
manufacturing trials are carried out (step 18), and if
approved (step 20), a product tool design step (step 22), a
tool fabrication step (step 24) and product manufacturing
(step 26) are carried out. One should note the sequential
nature of the prior art design process, and the many revisions
and tests that must be undertaken along the way to obtaining,
correct and feasible part, tool and process designs.

Typically, at steps 4 and 8, parts are conceived for form
and function only, and designed with the assumption of
uniformly distributed properties. For example, when design-
ing parts that will be created using injection molding
techniques, modifications like draft angle and corner radu
are left as afterthoughts for the tooling engineer (at steps 12
and 14), and the ramifications of flow orientation and
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transverse morphology that result from the processing step
(step 16) are rarely considered, if at all. The price paid is one
of over-design to allow adequate safety margins, excessive
rework of part, tooling or process to accommodate unan-
ficipated interactions, and even outright elimination of plas-
fics as candidate materials of construction. In any event, the
result translates to dollars wasted 1n materials and resources,
and profits lost in delayed time to market.

SUMMARY OF THE INVENTION

The present 1nvention 1s directed to a computer-based
method and apparatus for the concurrent design of a part, the
tool to make the part, and the processes used in making the
part. According to the present mvention, unlike prior art
systems, the part design, the tool design and the process
design are carried out concurrently. As used herein, the term
“integrated design” and “integrated design phase” refers to
a single design phase in which part, tool and process are
designed concurrently. A part 1s made from a number of
sub-parts (also called “features™). A product is an assembly
of one or more parts.

Utilizing all available forms of information—data,
algorithms, and heuristics—the present 1nvention works to
produce, concurrently, detailed part geometry, as well as
preliminary tool design and processing recommendations.
As an ancillary benefit, the underlying part description
serves to directly feed all existing forms of computer based
analyses as well as production control systems.

The method of the present invention initially begins at the
start of the manufacturing “food chain”, piece part design.
Without good part design, subassemblies cannot be reliably
designed, and without reliable sub-assemblies, defective
product designs will abound.

To enable correct part design, the present invention pro-
vides the part designer with all relevant information effect-
ing the part design (such as, for example, information about
the processes and materials used to make the part) while the
part 1s being designed. Further, the tool designer and the
process designer are also provided with all relevant infor-
mation elfecting their designs. According to the present
invention, the mformation supplied to the part designer, the
tool designer and the process designer 1s the same “model”
of relevant information. This model of mnformation can be
shared concurrently by each designer. Design decisions
made by each designer can be included as a factor in the
design decisions by other designers. As such, the functions
of part designer, tool designer and process designer often
merge and overlap when the present invention is utilized.

The representative embodiment of the present invention
comprises five modules, namely, a material selector module,
an engineering economics estimator module, a core design
module (that performs the integrated design phase), a tool-
ing generator and a tool fabrication process planner module.
Once the customer requirements for the new product are
ascertained and a preliminary design concept has been
determined, the present invention 1s first used to help decide
appropriate materials and production economics criteria.

The material selector module determines a list of material
properties and associated threshold values that are critical
for success 1 the design of the product. The material
selector module may be regarded as an expert system
comprising, or having access to, part, tool and process
knowledge. The material selector module of the present
invention utilizes “end-use knowledge”. The material selec-
tor module categorizes parts by the end-use application for
the part and the end-user environment 1n which the part 1s to
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be used. For example, 1if the part 1s to be used as a gear 1n
a pump for a cement plant, the materials selector module
will, inter alia, determine the set of properties that such a
ogear should have: e.g., the temperature levels at which the
gear can operate, solvent resistance properties, etc. The
materials selector module can also determine aesthetic
requirements. Further, the materials selector module can
determine, based on the function of the part, that certain
factors are not important, ¢.g., the external appearance of a
gear.

Thus, according to the representative embodiment of the
present invention, material selection and production eco-
nomics are 1nitiated as soon as there 1s a preliminary design
concept. Accordingly, the material selector module uses the
knowledge contained in the nature of the end-use application
(what kind of part is it), in conjunction with its operating
environment (where will the part perform) to define the short
list of material properties and associated threshold values
that are critical for success. For example, when deciding
upon an electronics enclosure for automotive under-hood
environments, the material selector module automatically
speciflies thermal and chemical resistance constraints, elec-
trical properties, impact considerations typical of use and
abuse, cost, even basic size parameters.

These requirements can be used to formulate database
queries to any of a number of remote data servers to generate
a ranked list of suitable materials—including “generic”
materials that represent the lumped average of competitive
commercial grades. As 1s known it the art, databases exist
that comprise lists of materials and their properties, such as,
for example, the on-line databases operated by the General
Electric Corporation, and D & S Data Resources Inc. (of
Yardley, Pa.) both which contain material properties infor-
mation. These databases can be accessed via a modem
connection by the material selector module of the present
invention.

The engineering economics estimator module of the
present invention can be used to estimate the overall cost of
producing the product. By taking the economics of product
design and production into account at an early stage, deci-
sions and constraints can be determined before detailed
designs are made. This prevents designs bemng made or
prototyped that are economically infeasible.

The engineering economics estimator module provides
the resources to trade-ofl various approaches 1n tool design
and machine configuration, manufacturing locale and choice
of vendor against production requirements to arrive at
optimal choices. According to the representative embodi-
ment of the present invention, the processes carried out by
the engineering economics module can work with minimal
information about the part—even less information than that
which 1s often contained 1n a preliminary design sketch. As
1s known 1n the art, indices of part complexity, bounding size
information, and product application/environment informa-
tion used for material selection, have been reduced to
statistical correlations that provide tool cost estimates that
arc accurate to within current industry standards. This
enables economic decisions to be made 1n advance of 1nitial
design steps. This also allows the part design activity to
begin with information such as, for example, knowledge of
material selection, machine size and number of parts to
produce per machine cycle, and production rate, all of which
influence part design decisions.

The core design module of the representative embodiment
of the present invention operates on the principal that form
follows function. The core design module concurrently
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designs part, tool and process. The core design module can
utilize the mformation produced by the material selector
module and the engineering economics estimator module to
generate a more feasible design.

In prior art systems, the part design phase requires part
knowledge, the tool design phase requires tool knowledge,
and the process design phase requires process knowledge,
all of which are usually stored separately and represented 1n
using differing notations. Further, as discussed above with
reference to FIG. 1, each of these bodies of knowledge ares
used at a different stage of the process (¢.g., part knowledge
1s used at step 8 of FIG. 1 and tool knowledge 1s used at step
12 of FIG. 1). As the core design module enables concurrent
design to take place, the core design module requires part,
tool and process knowledge to be represented differently
from past representations. This novel representation catego-
rizes design information by functional geometry and
includes information that can be used to infer design param-
eters from known design information. In the representative
embodiment of the present invention, design mformation 1s
stored as a frame-based representation. In general terms,
cach frame (also called a feature template or a frame of
feature information) can include part information (such as
geometric attributes), tool information and process informa-
tion. Thus, for example, processes knowledge (e.g., infor-
mation about the flow of plastics), which is needed when
designing a part, can be used at during part design.

For example, one frame comprises information about one
geometric primitive, such as, for example, a “box” construct.
This frame 1s indexed by function, e.g., “enclosure”. Thus,
geometric attributes are associated with the function-form
pairs in a straightforward way (e.g., enclosure-box). The
frame comprises information relating to design of the box,
design of the tool to make the box (e.g., mould information),
and design of the process to make box (e.g., injection
molding information). Further, the frame can also comprise
engineering mformation to complete a design if only certain
information 1s known.

Feature information included 1n a frame may comprise a
combination of generic forms and design functionalities. A
feature has attributes that describe its characteristics and
behavior. These attributes can include geometric (i.e. height,
thickness) and non-geometric (material type, yield stress)
information. The attributes, along with a geometric defini-
tion of the feature, are included in the frame of feature
information.

Each feature of the part design, and the corresponding tool
and process design, 1s represented in the frame of feature
information. In the representative embodiment of the present
invention, each frame 1s implemented as an object-oriented
structure that includes name of the feature, object
constructor, geometric forms, function list, attributes, para-
metric relationships and engineering rules represented as
cequality and inequality constraints. A frame represents a
generic feature or feature family that can be used during
product design.

As the present invention represents knowledge about a
part, the tool to make the part, and the process used in
making the part in frames of feature information, the present
invention has the ability to reason and to enable automation
of the transition from design to other aspects of product
development. For example, a frame of feature information
can be used to automate model preparation for engineering
analysis and to automate some aspects of manufacturing,
such as, for example, process planning, material removal
and tolerancing.
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As another example, a frame may have a rule that takes
into account location specific information. Thus, if the
design of a box includes a corner, the system may have a rule
that will round all outside corners.

In most cases, a complete geometric definition of the
feature 1s not required for reasoning and rule checking. The
types of mformation required for reasoning purposes are
those attributes that are relevant to knowledge processing
activity. In addition to geometric attributes, a feature may
have reasoning attributes that are derived based on the
intended functions of the features. Depending on the
application, reasoning attributes may or may not be the same
as geometric attributes. However, in most cases, the reason-
ing attributes are a subset of geometric parameters of the
gecometric attributes. Therefore, a dual representation is an
cffective mechanism which enables modeling of complex
geometric shapes not limiting the user to standard forms and
attributes.

A product design (or model) according the present inven-
tion can be comprised of part functionalities, feature
definition, relationships among features, specifications and
knowledge about part design (together called “feature
objects”). Within a product model, relationships are repre-
sented by a directed graph structure based on dependencies
between the feature objects. This structure model supports
the concept of inheritance and associativity. Such a repre-
sentation of product design 1s beneficial in an intelligent
design system, as 1t allows the relationships between various
features to be easily defined and examined.

Accordingly, the frame-based representation of knowl-
edge utilized by the present invention can capture both form
and function of a feature, enabling implementation of a
complete product definition. For example, a traditional CAD
system may describe a hole 1n a part, but give no indication
of the purpose of the hole. The function of the hole has an
cifect on the design. A hole used for ventilation has different
design requirements than a hole used for insertion of a
screw. The frame-based representation of the present inven-
tion can provide and store knowledge as the desired function

of the hole.

Engineering rules are written as parametric relationships
and constraints. The rules can set the value of an attribute to
a constant, compute the value based on other attributes,
demand inputs, set the value conditionally or look up values
from on-line catalogs and databases. The rules can also call
external procedures to perform complex engineering calcu-
lations such as structural analysis using analytical methods.

Typically, the core design module can be used by a part
designer. When designing the part, tool knowledge and
process knowledge are used to influence part design.
Further, as the part 1s designed, the core design module
concurrently designs the tool and the process.

The core design module uses pre-parameterized geomet-
ric elements that are organized under their end-use func-
tionality 1n the part. Thus, the core design module facilitates
rapid definition of the part geometry, as an “assembly”
operation 1n contrast to the “drawing” operation typical of
CAD systems. Because the functional organization of geom-
etry determines the context for engineering decisions nec-
essary to meet the performance requirements, complex
inference schemes are unnecessary. Furthermore, engineer-
ing algorithms allow for definition of geometric parameters
to complete the design, in conftrast to simulation-based
approaches that require full definition of geometry.

For example, an enclosure (function) using a box con-
struct (form) would require the user to specify the bounding
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prism (attributes of length, width, and height), but the part
thickness would be computed based on the mutual satisfac-
fion of design equations for maximum deflection and stress
under load, cooling time constraints, and filing pressure
requirements to {1ll before freeze off. These calculations
draw upon information contained in the preliminary tool
design and process specification. For example, in the field of
injection molding, the calculations used 1n deflection calcu-
lations of side walls or base wall of the box may depend on
the flow orientations that in turn are dependent upon gate
location (an attribute of the melt feed functionality of the
tool), as well as the cooling rates that prevail by contrasting
the convective and conductive heat transport processes 1n
the tool (mold filling and mold cooling functionalities of the
process, respectively). Furthermore, the modules (as well as
other material properties) may depend upon the effect of the
selected 1njection machine and process parameters as they
alter the characteristics of the raw feed material. In addition,
parametric studies conducted by numerical analysis provide
the additional modification to the base equations to reflect
more complex interactions of the part.

When using the core design module of the present
invention, tooling elements that “touch” (or have an effect
on) the material or constrain its behavior such as, for
example, (in injection molding), parting line gate and ¢jector
pin location, can be considered and taken into account when
designing the part. As another example, in injection
molding, process elements that alter the feed material char-
acteristics or influence the melt low characteristics such as,
for example plasticating rate, injection rate, and coolant flow
can also be considered at the part design stage. These
clements, 1n turn may set the constraints for subsequent
decisions as tool and process are designed. For example, the
envelope of part dimensions constrains the overall tool
dimensions, which 1n turn, dictate the minimum machine
size necessary to accommodate the tool. As another
example, 1 injection molding of plastics, the part volume
dictates the shot size and plasticating ratio, both of which
constrain lower and upper limits on the machine size, as well
as dictating operating conditions.

In the representative embodiment, the core design module
uses process characteristic times to represent process
functionalities, such as part cooling, cavity filling or feed
plasticating, 1n the frame. The characteristic times combine
process conditions, tool geometry and material parameters
to form yardstick measures for the underlying transport
phenomena that shape system characteristics.

As the present invention uses concurrent design
techniques, this ensures that no one design phase ends up
over-constrained by earlier decisions made 1n 1gnorance of
their ramifications 1n the other related design phases.

The tooling generator of the present invention takes as
input the detailed part drawings produced by the core design
module and produces a prototype tool. The tooling generator
of the present mnvention 1s an example of the improvement
in downstream operations that are facilitated by the inte-
orated part, tool, and process speciiication arising from the
approach of the present invention.

For example, 1n the 1njection molding field, the dynamic
evolution of core and cavity surfaces that occur automati-
cally during the part design process leads to the data
necessary for sterolithographic machines to create masters
images that, when metallized lead to prototype tooling.
When the detailed tool design 1s built around the preliminary
structure from the part designer, the feature level tool
description contains the associated machining operations.
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The tool fabrication process planner module uses the
frame-based representation of the present invention to pro-
duce 1nstructions to people or machines for the creation or
assembly of a tool. By using the form/function parts of the
present mvention to describe tool and 1ts manufacture, time
to market 1s reduced 1n the production of tools. It 1s the
natural extension of the concurrent part design methodology
whereby the tool and its fabrication process are handled
concurrently.

The present invention can suggest alternatives in the
design process. The present invention facilitates the selec-
tion of proper design approaches. For example, if the user
requires a join, the present imnvention lists possible choices,
c.g., screws, clips, nails, etc., and 1if given enough
information, may suggest a preferred approach. Further,
taking other design information into account, once the
desired join 1s selected, the system can make further design
suggestions. Thus, if the user selects a screw, the system can
inform the user of a preferred height and outer diameter of
the screw based upon the systems knowledge of the size of
the boss. If the user then instead selects a self-tapping screw,
the system will notify the user that the dimensions of the
boss may have to be increased.

The knowledge representation scheme of the present
invention enables engineering economics to be given to a
user. For example, once the part, tool and process design
have been established, the system can access on-line data-
bases or stored information to determine the cost producing,
the part 1n different geographic areas, the cost of producing
two parts per mould compared with three parts per mould,
and which machines are needed to produce the part and the
cost of such machines. Thus, 1t can be determined if 1t 1s
feasible to produce the part within budget. The system can
inform the user of breakdown of its estimated production
cost (e.g., inform the user that the material cost is the
greatest cost) to enable the user to redesign the part, tool or
process so that budgets are met.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow chart describing the steps of prior art
design methodologies.

FIG. 2 1s a block diagram 1illustrating the hardware used
in the operation of the present invention.

FIGS. 2A and 2B together are a diagrammatic represen-
tation of an example feature template.

FIG. 3 1s a flow chart describing the steps of the meth-
odology of the present invention.

FIG. 4 1s a block diagram of the modules of the present
invention.

FIG. 5 1llustrates 1n block diagram form a feature template
data structure used by the core design module of FIG. 4.

FIG. 6 1s a block diagram of the system architecture of the
present 1nvention.

FIG. 7 1s block diagram of a system architecture diagram
for an injection molding plastics system.

FIG. 8 1s an example of a function sub-hierarchy.

DETAILED DESCRIPTION

Referring now to the drawings, and initially FIG. 2, there
1s 1llustrated in block diagram form the hardware used to

operate the representative embodiment of the present inven-

tion. A central processing unit (“CPU”) 32 is coupled to a
memory device 34, an input device 35 and an output device

36. The CPU 32 can be, for example, a personal computer
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such as a UNIX brand workstation, an IBM compatible
personal computer, an Apple MACINTOSH computer or a
SUN brand workstation. The mput device 35 can be, for
example, a keyboard, mouse, voice recognition unit, or any
other device capable of receiving instructions. The input
device 35 may be a link to another computer system, for
example, for receiving instructions over a network. The
output device 36 can be any device that 1s capable of
displaying or presenting data and/or diagrams to a user. For
example, the output device 36 may be a computer monitor.
In the representative embodiment, the output device 36 can
output information and diagrams concerning part gecometry,
draw direction, material specification and machine specifi-
cation. The memory 34 may be secondary memory, such as
a disk drive, or primary memory, such as RAM, or a
combination of both.

The modules of the present invention are implemented in
software, but can, 1f required be implemented in hardware or
a combination of hardware and software. The modules are
stored on 1n the memory 34 and are executed by the CPU 32.
The user interface of the present invention enables intelli-
gent “conversations” to take place between the modules and
the user via the input device 34 and the output device 36.

In the representative embodiment, the present invention 1s
implemented 1n the “C++” programming language and uses
Pro-Engineer from Parametric Technology Inc. as its solid
modeling and front-end CAD system. The present invention
1s 1implemented using object-oriented programming tech-
niques.

The data structures of the present invention are stored in
the memory 34. In the representative embodiment, the data
structures that represent part knowledge, tool knowledge,
process knowledge and material knowledge are templates
(also known as frames).

The template scheme provides a uniform data handling
mechanism that spans the domain of part, tooling, process
and material. The templates of the present invention allow
the collection, under a single header, of various types of
information: fixed parameters (e.g., user supplied data),
parameters derived by relationship with other parameters
from the same template (¢.g., a boss’ outer diameter com-
puted from the value of its own inner diameter), parameters
derived by relationship with parameters from other tem-
plates in the same domain (e.g., a boss’ height computed
from the thickness of the wall to which it 1s attached), and
parameters derived by relationship with parameters from
other templates in other domains (e.g., a boss’ draft angle
computed from the tool orientation relative to the boss). The
relationships may be, for example, algebraic expressions,
logical expressions or functions that return a value by means
of any data handling procedure encoded in a computer
programming language.

As used herein, the templates of the present mvention are
called “feature templates”. Usually, each feature template
comprises four domain templates, namely, a part-feature
template, a process-feature template, a material-feature tem-
plate and a tool-feature template.

The templates of the present mnvention are organized 1n a
hierarchical structure. Thus, feature templates can be com-
bined to create macro-feature templates. Accordingly, the
template scheme of the present invention allows a hierar-
chical set of representations that build upon a simple set of
function-form primitives to yield successively more com-
plex design elements. For example, an “attach::gusset-
reinforce__boss” structure can be defined by reference to an
existing boss template and an existing gusset template
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without the need to re-specily the underlying data structures.
In turn, a “mount::corner__boss” construct could be defined
as four “attach::boss” templates, located at the corners of a
planar quadrilateral. These compound templates are called
macro-feature templates—they are created by inclusion of

the defining elements or data structures of previously
defined features.

A feature template 1s a representation of a primitive object
which has a form and a function. An example of a feature
template 1s a “support::tapered wall” feature template,
wherein the primitive object 1s a tapered wall and the
function of the tapered wall 1s support. Another example 1s
a “support::;rib” feature template that represents a type of
projection known as a rib, where the rib has a support
function. A tapered wall and a rib can be regarded as
sub-parts that can be used to make a part.

Each feature template also includes information about the
geometric form of the primitive object. The form 1nforma-
fion provides a representation of a parameterized primitive
geometric entity having the form of the primitive object.
Examples of primitive geometric entities include a trapezoi-
dal prism, a rectangular prism, a cylinder closed one end and
a circular plate. Thus, a feature template includes form
information that represents a parameterized primitive geo-
metric entity having the form of the primitive object of the
feature template.

Feature templates describe procedures and geometric
forms along with user defined parameters and constraint
relationships. The constraints represent rules associated with
the feature. The present invention enables a design to create
an 1nstance of a feature according to a feature template 1n
run-time.

Each feature template 1s indexed by the function of the
primitive object that the feature template represents (e.g.,
support, fasten, etc.). Additionally, each feature template can
also be indexed by the primitive object (e.g., wall, prism,
etc.). Each feature template can be uniquely defined by its
primitive object/function pair (e.g., support::rib).

Each feature template also may include other information
relating to the primitive object. For example, a feature
template may include 1nformation about the tools and the
processes to make the primitive object and the material(s)
from which the primitive object 1s made. The tool
information, the process information and the material infor-
mation can also be stored in templates.

Referring now to FIGS. 2A and 2B, there 1s illustrated an
exemplary feature template 200. The feature template 200
comprises four templates, namely, a part-feature template
202, a process-feature template 204, a material-feature tem-
plate 206 and a tool-feature template 208. The feature
template 200 can be regarded as being a master template
with pointers 201 to domain specific templates (e.g., 202,
204, 206 and 208). In the example of FIGS. 2A and 2B, the
feature template represents a plastic molded box that 1s made
using 1njection molding.

The part-feature template 202 represents a box. The
function of the box 1s an electrical enclosure. Part-feature
template incorporate sub-part feature templates that repre-
sent the sub-parts that are used to make the part represented
by the part-feature template. For example, a “Boss_1”
sub-part feature template 203 1s shown that represents a boss
that has an attach function. (Other sub-parts are used to

make the box represented by part-feature template 202, but
are not shown in FIGS. 2A and 2B.)

The part-feature template 202 includes part information.
The part information may include information about the
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form of the part (e.g., its shape and dimensions) and other
relevant information, such as, for example, the volume of the
part and the cost of the material to make the part. As shown
in FIG. 2A, the part-feature template includes a volume
formula. To evaluate this formula, the template accesses all
the sub-part templates to determine the volume of the
sub-parts, and then sums these volumes. To evaluate the
material cost formula, the template accesses the material-
feature template 206 to obtain material price information.

The sub-part feature template 203 represents a boss. To
obtain the orientation vector 205 for the boss, the template
dynamically accesses the wall sub-part feature template (not
shown). Geometric parameters of the adjoining wall are also
used to compute hole depth and base radius geometric
parameters of the boss (see 209). In this example, a default
setting 1s that the boss 1s constructed perpendicular to the
wall. The boss thickness 207 is computed (rather than
specified by a user) by manually satisfying several perfor-
mance constraints. Material properties from the material-
feature template 206 are used to evaluate these constraint
relationships. Geometric parameters from the tool-feature
template 208 are used to compute the draft angle of the boss,
using a conditional assignment function (see 211).

The material-feature template 206 can also include sub-
material templates. In this example, the material-feature
template 206 i1ncludes a “Youngs Modulus” sub-material
feature template 210 that has a “lookup” function 213. The
material parameter “modulus” reflects the influence of the
injection process as captured 1n a lookup table correlating
machine size effects on property degradation.

The tool-feature template 208 can also iclude sub-tool
templates. In this example, the tool-feature template 208
includes a “core and cavity” sub-tool feature template 212.
The sub-tool feature template 212 has a melt shaping
function 215. The details of the cavity projection in the
injection mold tooling are formed by a solids-modeling
operation to remove the volume occupied by molten poly-
mer for the cavity block, using values of the geometric
parameters of the newly instantiated boss. Further, the
maximum dimensions of the cavity block feature are
deduced from the part feature dimensions (see 217).

The process-feature template 204 can also include sub-
feature templates. In this example, the process-feature tem-
plate 204 1includes a “ram_ melt_ injection” sub-process
feature template 214. The sub-process feature template 214
has a function 219 1n which the part feature’s volume 1is
compared against the process feature capability to warn the
user of design inconsistences.

The feature-template 200 itself may be included as a part
of another feature template, making, 1n effect, the feature
template 200 a sub-part feature template. Further, the
feature-template 200 can include form and function infor-
mation fields that comprise information about the feature as
a whole.

The present invention enables a designer to create feature
templates and store them 1n a feature template library.

A primitive object can have a number of functions. For
example, a rib may have a support function and/or a flow-
leader function. A tapered wall may have a support function
and/or a shield/access function. As stated above, each fea-
ture template 1s indexed by the function of the primitive
object.

The following table (Table 1) identifies examples of
feature templates:
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Feature
(primitive object)

Feature class-wall

Uniform thickness

Tapered

Stepped

Triangular

Curved

Flat Disk

Housing

Box

Round

Dome

Projection

Rib

(jusset

Post
Boss

Depression

Hole

Groove

Assembly

Snap
Hinge

Hole for molded-

in-Insert
Rectangular
Flange

Circular Flange

Dog-Ear-Flange

14

TABLE 1

Form
(primitive
geometric entity)

Rectangular Prism

Trapezoidal Prism

Assembly of Walls
Triangular Prism

Segment of

Cylindrical Shell

Circular Plate

5-Sided Rectangular
Box

Cylinder closed one
end

Hemisphere

Rectangular Prism

Triangular Prism

Cylinder

Hollow Cylinder

Cylinder

Rectangular Slot

Clip
Flexible Connection

Cylinder

Rectangular Frame

Circular Ring

Dog-Ear

Function

Support
Shield/
Access
Support
Shield/
Access
Support
Support
Shield/
Access
Support
Shield/
Access
Support
Shield/

Access

Support
Shield
Access
Support
Shield/
Access
Support
Shield/

Access

Support
Flow-
Leader
Support
Flow-
Leader
Support
Locate
Fasten
Support

Locate
Support
Shield/
Access
Locate

Support
Shield/

Access

Fasten

Support
Locate
Fasten

Locate
Support
Shield/
Access
Locate
Support
Shield/
Access
Locate
Support
Shield/

Access
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TABLE 1-continued

Form
Feature (primitive
(primitive object) geometric entity) Function
Helical thread Helix Fasten
Join
Fillet Concave Bead Flow-
Leader

Accordingly, a “feature” can be regarded as being an
instance of a primitive object created according to a feature
template.

The present mvention supports design at various design
levels. For example, a feature template may, in the design
process, represent a sub-part (such as a boss), a part (such as

a gear), or an assembly or subsystem (comprising a number
of parts), or a product or system. For conveniences the term
“part” 1s used, but this term 1s not limited to part, and
includes sub-part, assembly, subsystem and product.

Accordingly, a feature template may represent any object in
the design process, for example, from a screw to a completed

product.

Referring now to FIG. 3, there 1s 1llustrated in flow chart
form the overall steps of a representative embodiment of the
present 1nvention. The {first step 1s to determine customer
requirements (step 42). In the representative embodiment,
customer requirements are specified 1n terms of constraint
relationships. A constraint relationship can be, for example,
an expression 1nvolving parameters and/or procedures of
features. (Generally, as used herein, a procedure is an
algorithm representing behavior.) Constraint relationships
can exist at the product level, the part level and the sub-part
level. According to the present mmvention, any entity must
satisty constraints specified at its level and all high levels.
By way of example only, general mjection molding require-
ments and design specific requirements can be expressed 1n
terms of constraint relationships.

Next is the material selection step (step 44). In the
representative embodiment, this step 1s carried out by a
material selector module (72 of FIG. 4). The output of the
material selector module 72 includes a list of material
properties and associated threshold values for a part (or
geometric primitive) that are critical for success. The mate-
rial selection module 72 can provide 1its output in the
template notation of the present mmvention.

The next step is that of economies estimation (step 46). In
the representative embodiment, this step 1s carried out by an
engineering economics estimator module (74 of FIG. 4). At
the economics estimation step 46, various design approaches
are presented to the user to enable the user to determine
production requirements that economically feasible. The
economics estimator module can work with minimal mfor-
mation about a part (typically, less than is usually contained
in a preliminary design sketch) to arrive at optimal choices.
In the field of injection molded plastics, examples of deci-
sions made at step 46 include mold and machine
configuration, manufacturing locale, vendor of raw
materials, production rate etc. It 1s noted that if, at a later
design phase, revisions to a design are made, then new
economic estimations can be presented to the user. At any
stage, the user can change the parameters decided at this
step, and the present invention will automatically update
cost estimates etc. that are effected by such changes.

After material selection and production economics have
been decided, concurrent design of the part, tool and process
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takes place (step 48). In the representative embodiment, this
step is carried out by a core design module (76 of FIG. 4).
At step 48, a detailled part drawing, a preliminary tool
drawing and a preliminary process specification are
produced, concurrently.

If the detailed part drawing, the preliminary tool drawing
and the preliminary process specification are approved (step
50), then the detailed part drawing and the preliminary tool
drawing are used for tooling generation (step 52). A tooling
generator produces a prototype tool design and a process
planner uses this design to make a prototype tool. In the
representative embodiment, this step 1s carried out by a
tooling generator module (78 of FIG. 4). Accordingly, a
prototype tool 1s produced.

The preliminary process specification 1s used by a process
engineer to determine a detailed process design (step 54), as
is known 1in the art. The prototype tool (produced at step 52)
and the detailed process design (produced at step 54) are
used in prototype trials of the part (step 56). If these trials
meet with approval (step 58), then a detailed tool design is
made (step 60). A tool fabrication process planner module
(80 of FIG. 4) is used at step 62 to translate the detailed tool
design 1nto the associated machining operations. This, along
with the detailed process design, 1s used in the process
molding operation (step 64).

It 1s noted that the steps of FIG. 3 can be modified to suit
individual requirements. One should note that unlike the
prior art methods (e.g. FIG. 1), the detailed part drawing, the
preliminary tool drawing and the preliminary process speci-
fication are produced concurrently.

Turning now to FIG. 4, there 1s illustrated 1n block
diagram form the modules of a representative embodiment
of the present invention. There are five modules, namely, the
material selector module 72, the engineering economics
estimator module 74, the core design module 76, the tooling

ogenerator 78 and the tool fabrication process planner module
80.

The material selector module 72 generates an a priori
choice of suitable material(s) for the product based upon
product application and environment. The material selector
module 72 draws upon a material properties database 90 for
values and a product design library for the subset of critical
properties and their default values based upon application
and environment. The material selector module 72 interacts
with the core design module 76 to continually scan and
update a list of viable materials based upon updated data on
part performance requirements.

The material properties database 90 supports multiple
data representations for any given property. The database 90
supports an SQL interface to accomplish extensive pattern
matching query operations, for example, return all resins
with a glass transition temperature greater than 150 C. The
material selector module 72 can generate a series of queries
in the form of inequalities for specific property values.

The engineering economics estimator module 74 allows
the designer to examine the overall part cost sensitivity to
factors that include: material, part dimensions, tool fabrica-
fion cost, production lot size, processing cost etc. The
engineering economics estimator module can be utilized
both before and after part/tool geometry definition. During
part creation, the engineering economics estimator module
74 can provide feedback of the total part cost, and the
contributions to this cost due to material, tooling and pro-
cessing. The material properties database 90 comprises
material costs, and once the geometry of the part 1s
determined, the cost of the materials can be calculated.
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The engineering economics estimator module 74 also
supports an interactive environment that allows the designer
to examine the cost of a part at the different project phases.
At a very early stage of design, an engineering economic
model 1s used in such a way that the designer will know what
area of the process (tool cost, material cost, processing cost,
set-up cost and post-processing costs) is the largest con-
tributor to part’s overall cost. In latter stages of the design,
the part cost can be broken down into sensitivity factors that
include material type, part complexity, part dimensions, wall
thickness, tolerancing etc. Lastly, once the design 1s settled
and the tool 1s designed, a machine based cost model can be
used.

The core design module 76 concurrently designs the part,
tool and process. The core design module can utilize the
information produced by the material selector module 72
and the engineering economics estimator module 74 to
ogenerate a more feasible design.

The core design module 76 can request functional knowl-
edge from the user to for use 1n designing the part, tool and
process concurrently. The core design module utilizes infor-
mation about the function that the part performs during the
design process. For example, if the user wishes to design a
part that has a join, the user will interact with the core design
module 76, for example, by inputting that the user wishes to
include a join in the design. The core design module 76 will
present the user with a list of possible options that fulfil the
user’s requirements. The user can then select one of the
options (e.g., a type of join) that the core design module 76
SuUgoests.

The core design module 76 uses a frame-based approach
to represent knowledge. FIG. 5 1llustrates 1in block diagram
form a feature template data structure used by the core
design module 76. Each feature template 100 stores infor-
mation as form/function pairs. The form/function pairs com-
prise knowledge about various geometric primitives, orga-
nized by function. Each feature template 100 includes
knowledge about parts 94, tools 96 and processes 98.

The core design module 76 also utilizes material infor-
mation 92 about part 94, tool 96 and process 98. This
material information i1s obtained from the material properties
database 90. In the representative embodiment, the material
to be used 1s 1nitially determined by the material selector
module 72 (e.g., at step 44).

Each feature template 100 categorizes design information
by functional geometry and includes information that can be
used to infer design parameters from known design infor-
mation. A feature template 100 can include part information
(such as geometric attributes), tool information and process
information. Thus, for example, processes knowledge (e.g.,
information about the flow of plastics), which is needed
when designing a part, can be used during part design.

In the representative embodiment of the present
invention, each feature template 1s 1mplemented as an
object-oriented structure that includes name of the feature,
object constructor, geometric forms, function list, attributes,
parametric relationships and engineering rules represented
as equality and 1nequality constraints.

Examples of algorithms and the data structures that can be
used to implement the core design module 76 are detailed in

Appendix A.

The frame-based representation of knowledge utilized by
the present invention can capture both form and function of
a feature, enabling implementation of a complete product
definition.

The tooling generator 78 takes as 1nput the detailed part
drawings produced by the core design module and produces
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a prototype tool. The tooling generator of the present mven-
fion 1s an example of the improvement in downstream
operations that are facilitated by the integrated part, tool, and
process specification arising from the approach of the
present 1nvention.

The tool fabrication process planner module 80 1s an
expert system that determines the most appropriate fabrica-
tion method(s) for tool components, sequences the fabrica-
tion operations, and allocates shop resources to deliver tools
in the shortest possible time.

Turning now to FIG. 6, there 1s 1llustrated 1n block
diagram form 1s a more detailed diagram of the system
architecture of a representative embodiment of the present
invention.

The core design module 76 utilizes a representation
system 76a. The representation system 76a, as discussed
above, 1s a frame-based (or template) representation system
that 1s arranged by form and function. The user inputs
commands at an input device 35. The commands can be, for

example, text strings and mouse location references. The
commands are interpreted by a command and control mod-
ule 108. User commands, data and requests for data can be
sent via a bus 116 to the appropriate module or database.
User commands and data are also sent to the representation
system 76a of the core design module 76.

The representative embodiment of the present invention
operates 1n a plurality of modes. These modes include
material mode, part mode, tool mode and process mode. The
system operates 1n these modes to allows a user to concen-
trate on the design of a particular element. For example,
when 1n part mode, the user may be entering information or
making decisions concerning the design of a part. Design
decisions 1n each mode effect the other modes. For example,
when 1 part mode, a change to the part design automatically
modifies the tool and process design. These modifications
can be seen when the user changes to the respective mode.
As discussed above, a change to a single design feature (or
sub-part) may dictate changes in a number of other features
(or sub-parts), and the command and control module 108
implements and orchestrates such changes.

The command and control module 108 enables the user to
change modes and to add, edit and delete objects from the
design environment, to 1nterrogate or add to a system
database, and to receive other commands and dispatch them
to the appropriate module.

The representation system 76a of the present invention
can be regarded as the hub of the concurrent design process.
As such, it can freely interchange data with existing com-
mercial software from a variety of environments. This
climinates the need to create a wide variety of system
functionalities that are presently available. For example, the
present invention can export data to spreadsheet and scien-
tific graphics packages, and export graphics and reports to
word processing and. desktop publishing programs.

In the representative embodiment, an external interface
module 36b controls data exchange with external software.
The external interface module also enables read/write access
to disk storage 34a.

The representative embodiment supports, amongst others,
the following interfaces: to CAD systems—IGES, Pro-
Engineer and IDEAS; for FEM structural analysis—
PATRAN/NASTRAN and IDEAS; for FEM molding filling,
cooling and shrinkage analysis—C-FLOW, IDEAS, Mold-
flow and TMC; and for tool design—IDEAS, Pro-Engineer
and DME Moldbase Catalog.

A geometry engine 102 (or solids modeler) produces a
geometric representation of the solid part suitable for display
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by a rendering engine 104. In the representative
embodiment, the geometry engine 102 also generates the
mold cavity geometry from the part geometry. The geometry
engine can 1nterpret “construction entities” used in the
drawing process, €.g., points, lines and planes of reference,
in addition to the physical components of the part under
design. The geometry engine 102 can generate tangency,
orthogonality, surface normal information, etc. for feature
placement on the part. The geometry engine 102 can also
rotate, translate and scale single features on the part to the
entire part.

In the representative embodiment the Pro-Engineer CAD
system, available from Parametric Technology Inc, 1s used
as the rendering engine 104. The representation system 76a
interfaces with Pro-Engineer to create drawings of the part
and tool design, as discussed below. The rendering engine
104 can display a graphical representation of the surfaces
ogenerated by the geometry engine 102. The rending is
sufficiently rapid to allow realtime interaction with the part
(¢.g., scaling, translation, rotation, zooming of views).

A screen system 110 controls the display of data on an
output device 36, as 1s known 1n the art. The representative
embodiment utilizes a window-based system.

The representation system 76a 1s coupled to an inference
engine 102. The inference engine 102 includes a set of
design rules. The design rules incorporate design
knowledge, for example, that a change 1n one feature
requires a change in surrounding features.

The representation system 76a, in conjunction with a
feature library 114, stores knowledge of material, product,
tooling and process behavior and their interactions. As
discussed above, this knowledge 1s arranged using frame-
based data structures, or templates. The detailed design of
cach sub-part added to the part 1s completed using this
knowledge, requiring a minimum amount of user specifica-

tion to fully define the geometric parameters of that element.

According to the present 1nvention, this knowledge 1s
arranged 1n a hierarchical fashion. There are four parent
objects: the material (e.g., polymer resin or composite), the
part, the tool (e.g., mold hardware) and the process (e.g.,
injection machine operating parameters). Each of these
parent objects can be regarded as being composed of a
hierarchy of offspring objects that represent some functional
class of behavior that belongs to that domain. Furthermore,
the four classes interact, or share information owing to the
interrelationships between the material properties, part per-
formance and geometry, tool construction, and process con-
ditions. These 1nteractions can be shared, as appropriate, by
all objects 1n the hierarchical structure. As an amalgamation,
the four domains represent an integrated product-process
model built from the underlying engineering design meth-
odology contained within the “objects” 1n the hierarchical
structure.

The material representation 1s a traditional database
approach that stores and reports the collection of material
properties needed by the designer. Additionally, each mate-
rial can be viewed as an object (¢.g., a material template) that
1s comprised of child objects that are the individual prop-
erties (e.g., viscosity, thermal conductivity, heat capacity,
etc.). These property objects have various rules that provide
for reconciliation of a property request with the various
forms 1n which data may be stored. For example, when a
melt rate of a specific resin at a specific temperature and
shear rate 1s required, the rule would examine the data
available for the specific resin and decide how best to satisty
the request—extrapolate, interpolate or evaluate. Each mate-
rial template can exchange information with the feature
templates.
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The feature templates are able to generate default values
for the feature with minimal user specification. These
defaults utilize engineering knowledge and can reflect both
structural and moldability requirements. As an example, a
boss for a self-tapping screw can be suitably detailed with no
more 1nformation that the root diameter of the screw and the
height of the boss. Structural requirements are handled by
application of classic stress-strain formula for various
shapes with standard load patterns.

In the field of imjection molding of plastics, the represen-
tation system 76a also includes a tool cavity generation
system 99 that automatically generates tool cavity dimen-
sions from a solid cavity block.

A database system 112 includes a variety of stored data
services. The database system 112 includes the material
properties database 90 and a product design database 126
(storing a products engineering requirements). The present
invention allows databases to be added to the database
system 112 as needed. For example, 1f the present invention
1s used 1n the field of 1njection molding plastics, an 1njection
molding machinery characteristics database 122 (providing
generic operating parameters for classes of molding
machinery) and a mold-making machinery characteristics

database 124 could be added.

A calculation engine 118 generates the parametric values
for newly instantiated or modified features (or sub-parts) by
evaluating a set of engineering calculations. Engineering
formulac are embedded in each feature template (when
needed). However, these formulae can also be stored exter-
nal to the templates, in one location, to allow sharing and to
save storage space. Examples of calculations supported by
the present invention include stress/strain calculations such
as solid beam deflection, snap fit (cantilever variation), and
hoop stress 1n annulus; 1mpact calculations; mold filling
calculations such as pressure drop, flow orientation and weld
line location; mold cooling calculations; and shrinkage/
warpage calculations.

The calculation engine 118 interacts with a symbolic
engine 120 that provides the solution of equations mnvolving
geometric parameters, material properties and processing
variables.

Turning now to FIG. 7, there 1s illustrated 1n block
diagram form a system architecture diagram for an 1njection
molding plastics system. The tool cavity generation system
99 that automatically generates tool cavity dimensions from
a solid cavity block (discussed above) is shown, along with
the 1mjection molding machinery characteristics database
122 and the mold-making machinery characteristics data-
base 124. FIG. 7 1illustrates that the components of the
present invention can be simply modified or enhanced for
many various applications.

The constraints of one feature can refer to attributes of
another feature. These constraints can be defined in the
absence of the external feature to which they refer. The
representation system 76a provides connectivity information
for all features (or sub-parts) in a part. Automatic detection
of changes to connectivity information takes place when a
feature 1s added, removed or edited. For example, a designer
may wish to introduce parametric relationships between
features (or sub-parts) during construction of a part. The
designer may wish to locate a boss on a wall so that the boss’
position depends on the position of the wall. Then, if the
wall 1s moved, the boss will move with it. In addition, the
designer may also want to specify that the boss 1s located at
the center of the wall. If the wall 1s later resized, the boss 1s
automatically repositioned. Both examples require that the
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boss be sensitive to changes 1n the wall’s parameters. These
relationship are supported by the present invention’s ability
to 1terpret arbitrary algebraic expressions.

Constraints (or rules) can be of several types. The fol-

lowing 1s a list of typical types of constraints supported by
the present 1nvention as well as an example of each con-
straint:

Constant: The thickness of the wall 1s 0.125 inches.

Computed: The cost of the part is $5 times its volume
fimes 1ts density.

Referenced: The geometry of the mold activity 1s the same
as the outside geometry of the plastic part.

Conditional: If the bending stress 1s greater than material
yield stress, use remnforcing ribs or gussets.

Lookup: From the mold base catalog, select the plates that
will accommodate the internal cavity.

Iterative: Find the lowest cost combination of wall thick-
ness and material types with a weight less than 1 1b and
deflection less than one hundredth of an inch.

Geometric: The A-plate should always align with the
B-plate 1n a mold.

External: Procedures based on external analysis results.

As stated above, the present invention can interface with
CAD programs, such as the Pro-Engineer CAD program.
The following are examples of typical instructions (and
related explanations) that a user can enter using the input
device 35. These instructions will be interpreted by the
command and control module 108 of the present invention.
The examples relate to designing the body of an electronic
enclosure having a four sided box shaped housing that can
be made of nylon or polycarbonate. The requirements of the
part are that the uniform pressure on the base wall 1s 5 psi,
the maximum allowable detlection of the base plate 1s 0.125

inches and the maximum part cost is $1. A boss of diameter
0.25 inches, height 0.75 inches) 1s located a the center of the
base plate.

Restore(“BasicObjects™)
- Loads basic wall and boss templates and
material properties into the system.
ListT()
- Lists available templates
ListI()
- Lists available instances of templates
ListG()
- Lists other objects in the system
Createl(:WallTemplate, BaseWall)
- creates a base wall; the system will query
for three size dimensions and placement
information.
Createl(:WallTemplate, SideWall1)
Createl(:WallTemplate, SideWall2)
Createl(:WallTemplate, SideWall3)
Createl(:WallTemplate, SideWall4)
- creates four side walls; the system waill
query for the three side dimensions and
placement information for each wall.
Create1(:BossTemplate, Boss1)
- creates a boss; the system will query for
height and diameter dimensions and placement
information for the boss.
ModifyAttr(:Boss1, X, :BaseWall.Width/2)
ModifyAttr(:Boss1, Y, :BaseWall.Length/2)
- used to move the boss to the center of the
plate 1f not placed correctly. These two
statements define a parametric relationship
which constrains the boss to the center of the

base wall.
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-continued

ModifyAttr(:Boss1, X, 1.0 + :Basewall.Width/2)
ModifyAttr(:Boss1, Y, 1.0 + :BaseWall.Length/2)
- Constrains the boss to be offset one inch 1n
the X and Y directions form the centre of the
base wall.
CreateO(PartData)
AddAttr(:PartData, Material, :Nylon)
AddAttr(:PartData, MaxCost, :1.00)
AddAttr(:PartData, PartCost,
Cost(Material.PricePerPound))
AddAttr(:BaseWall, Pressure, 5.0)
ModifyAttr(:Boss1, Diameter,1.2*:BaseWall. Thickness)
- modifies the diamter attribute of the boss
ModifyAttr(:BassWall, Thickness, 0.125)
- modifies the thickness of the base wall.
ModifyAttr(:PartData, Material, :PolyCarbonate)
- change the material to polycarbonate
Save(“work™)
- saves the model
Restore(“work™)
- retrieves the model
AddAttr(:WallTemplate, Wall Volume,
Length*Width*Thickness)
AddAttr(:WallTemplate, VolumeConstraint,
WallVolume > 25.0)
- adds a volume constraint; these two
instructions an attribute and compute the
volume. The computed volume 1s used to
evaluate the volume constraint.
CreateT(SeparationWallTemplate, ‘GenCost’, “Wall”)
- creates a new template named
“SeparationWallTemplate™
AddAttr(:SeparationWallTemplate, Thickness,
0.75 * AttachedWall().Thickness)
- adds a constraint that the separation wall’s
thickness 1s always 0.75 times the attached
wall’s thickness
Create1(:SeparationWallTemplate, SeparationWall)
- creates a new insuance of a wall; the system
will query for the size dimensions and
placement information.

It 1s noted that the above 1nstructions are merely examples
of the types of instructions that can be interpreted by the
system of the present invention. Instructions can also be
entered using GUI commands, via, for example, a mouse, or

using voice recognition techniques or natural language com-
mands.

As shown 1n the above examples, when a template has
been created, an 1instance of the template can then be created,
where actual dimensions and other parametric information 1s
supplied. In the above example, the dimensions and para-
metric information 1s mostly supplied by the user. However,
the present invention can include templates having rules that
supply the dimensions and parametric information based
upon known factors, such as the function of the object or
known attributes about other related objects.

The following describes a typical design scenario con-
sisting of designer interactions and system responses as 1t
applies to the design of a flat wall with an attached boss:

The designer starts by instantiating the nominal wall
feature and uses the add-on operation to provide “Fas-
ten” functionality. In this example, the system searches
for a function template using “Fasten” as the search
criteria and provides the user with the boss feature.
(The system may also provide a list of other features
that can have a “Fasten” functionality.) The user speci-
fies the parameters for the boss such as dimension and
positioning mnformation.

Based on the selection, the reasoning attributes of the
feature template are evaluated and the system examines
the appropriate constraints. The constraints retrieve
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necessary additional information from other feature
templates, look-up tables and the material database 90.
The constraints that pertain to the feature “boss” are
evaluated, and 1t 1s found that the thickness of the boss
1s adequate to support the applied load. However, while
considering the mold {ill criteria, the thickness exceeds
the manufacturer’s recommendation (as retrieved from
the manufacturer’s external database) for the selected

material.

Depending on the constraint evaluation results, the user 1s
notified through one of the following mechanisms:
warning messages, error messages and design change
recommendations. If a unique and unambiguous solu-
tion exists, the system will automate the solution design
change process. In all cases, the system’s reasoning and
engineering basis for the recommendations are pro-
vided. In the boss example, the system notifies the user
that the “BOSS IS TOO THICK” and recommends a
range ol appropriate thickness values for the selected
material that satisfies both the mold fill and the strength
criteria.

If the user decided to accept the system’s recommended
design changes, they are automatically executed by the
system. In the example, the user has selects a value
within the suggested range and the system reinstanti-
ated the boss accordingly.

At any time the user has the ability to modity the feature
attribute values and the system processes the effect of
these changes. In the boss design scenario, the load 1s
increased and based on structural evaluation, the
designer 1s notified that the boss requires additional
reinforcement. The system recommendation 1s to add
three gussets of given dimensions to withstand the new
load and this 1s accepted by the designer. This results 1n
reinstantiation of a boss with three gussets.

When the geometry 1s determined, moldability constraints
further shape the part. A box, for example, uses orientation
with respect to the tool draw directions to apply draft by
flaring the side walls relative to the base, and a radius equal
to the wall thickness assigned by the above-mentioned
process 1s applied to all edges and corners. The interpreta-
tion of the draft angle operator 1s left to individual function-
form enfities. An “attach-boss” feature, for example, would
modifly the boss diameter at the base to be greater than that
at the top to create a sloping of the walls in contrast to the
approach used by the “enclose-box™ construct.

The present invention supports the grouping of sub-parts
into new sub-parts or parts. Accordingly, a macro-feature
template can be created, as discussed above, being an
assembly of feature templates and/or other macro-feature
templates. A macro-feature 1s therefore an instance of an
assembly of objects created according to a macro-feature
template.

A feature template typically represents a sub-part.
However, the frame-based representation scheme of the
present 1vention 1s flexible and can represent entities at
different levels 1n the design hierarchy. Thus, according to
the present invention, a feature template may also represent
a part (wherein the part is the feature) or an assembly of parts
(wherein the assembly is the feature).

The present invention provides a group of external objects
that characterize interactions between the part under design
and the part’s environment. Typical interactions in this
category include structural thermal and EMI constraints.
Additionally, parts which have been previously designed can
be introduced to the design of a new part as an external
object.
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When the variables of a constraint relationship are not
known, the system automatically masks or disables that
constraint and flags 1t as “not evaluated”. When all variables
to a constraint are known, the system evaluates the appro-
priate procedures to check that the constraint relationship 1s
satisfied. The system can identify constraint violations, and
can facilitate the designer be 1dentifying potential solutions
to the violation. Where a unique and unambiguous solution
exists, 1t can be automatically implemented by the repre-
sentation system 76a. Accordingly, in the representative
embodiment, feature templates have access to analytical
routines for structural, thermal, flow, and EMI analyses.

The following 1s an a description of a high level pseudo-
code describing the functions performed by the core design
module 76 when adding a new 1nstance of a template. This
pseudo-code 1s representative only, and 1n this example, 1s
limited to creating a housing for an electrical component:

1. Imtiate NEW MODEL

2. NUL PART
2a. Volume=0

3. NUL TOOL
3a. 2 planes

4. NUL PROCESS
4a. No Spec

5. NUL MATERIAIL
6. Select Material

7. Specity Application:—Electrical Enclosure {Response
received from user}

8. Specily Environment:—Household
9. Set Default Constraints

10. Specity/Edit Constraints
11. Select MATERIAL Index ABS

12. Add FUNCTION FORM
12a. Input Minimal Geometry & Orientation, Length,
Width, Height, and normal vector to deck.
12b. Update TOOL
12¢. Update PROCESS
12d. Update MATERIAL
12¢. Computer Unspecified Geometry
12f. Update PART
12¢. Update TOOL
12h. Update PROCESS
121. Update MATERIAL
Update PART
1. Notity Attached Features
2. Compute Part Volume
3. Compute Projected Area
4. Compute Heat Content
Update TOOL
1. Modity Core/Cavity Insert Dimensions

2. Modity A& B Plate Dimensions to {it core/cavity Inserts
Update PROCESS

1. Modify Clamp_ Force(Projected Area)

2. Modify Shot_ Size (Part Volume)

3. Modify Machine Size(Clamp, Shot, Tool Size)
Update MATERIAL

1. Update Machine Effect on Properties

2. Update Flow Orientations

3. Update Core/Skin Proportions

EXAMPLE

The power of the approach of the present invention in
generating both configurational and geometric design 1s best
illustrated by example, in this case, 1n the field of plastics.
The example 1nvolves the development effort in the design
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of 1injection molded plastic parts. It 1s noted that this field of
use 1s only an example, and the scope of the invention 1s not
so limited.

Successful design or injection molded plastic parts
requires extensive knowledge of material properties and
behavior, tooling, injection conditions and other processing,
parameters. This complex relationship between plastic prod-
uct design and the cost and quality of the product demands
design experts with many years of experience who under-
stand the interaction of these variables.

Polymer part production 1s, by its very nature, an activity
that demands concurrency. Advanced polymer materials
derive their properties from the material’s microstructure,
and this microstructure evolves from the processing steps
that transform the feed resin material from a particulate solid
to a melt that 1s then shaped, formed, and subsequently
cooled to produce the final part. The end use properties, then,
are the combination of raw material properties, the machine
and tooling geometry through which the material passes, and
the processing condition that prevail. Any design derived
solely from consideration of end product form and function
1s likely to fail either because over-design will make it too
costly, process influences on material performance will
make 1t perform unreliably, or product geometry will lead to
impossible tooling or process requirements.

The design methodology of the present invention 1s
1deally suited for injection molded plastic part as the present
invention incorporates all stages of product design, from
material selection to conceptual and detailed design to
process design and manufacture at a first integrated design
phase.

In order to successiully design injection molded plastic
parts, all aspects of the product life cycle need to be taken
into account, requiring an extensive amount of knowledge
be available to the designer. The present 1nvention captures
the knowledge existing in different disciplines and puts this
knowledge to use at the first design phase to enhance the
quality of overall design, including the part design, the tool
design and the process design.

Consider one element of the design of a PC housing: the
attachment of the computer mother-board to the enclosure’s
bottom. There are many ways of providing for this func-
tionality in plastic parts. For simplicity, this example reduces
the scope of consideration to attachment by screw, which the
present invention would present to the user as an alternative
family of forms in the attachment family. This simple
selection establishes a chain of design decisions that embody
part detailing, tooling and process considerations, most of
which are amenable to automated completion.

To begin, use of a screw suggests a boss as the appropriate
form for the desired functionality. The location of the
mounting points relative to the enclosure walls permits
automatic selection of a free standing boss structure rather
than a form 1ntegrated 1nto the wall itself, and the underside
clearance of the mother-board dictates the boss height. The
designer then has additional options 1n specitying the nature
of the connection. The system may be allowed to choose a
“default” connection type based on knowledge of the prod-
uct type and use, or the designer’s general preference, or a
specific form can be manually selected. A typical hierarchi-
cal arrangement 1s shown i1n FIG. 8. In any approach,
however, the choice provides the additional information
needed to detail the geometry. The object oriented software
implementation allows the sharing or “inheritance” of
design rules from the root to the leaves of the family tree that

1s shown 1n FIG. 8. As a result, 1t 1s not necessary to repeat
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design procedures common to all bosses mm each of the
oifspring forms. Assume that a self tapping screw 1s chosen
as the selected form.

Knowing the screw size immediately fixes the inside
diameter of the boss as the root diameter of the screw.
Typically, an outside diameter of twice the boss’ inner
diameter would serve as adequate to resist failure from hoop
stresses 1n the boss, but a rigorous calculation drawing a
value from the property database 90 could be substituted.
Furthermore, the length of the pilot hole needs to be
extended to twice the length of thread contact to sustain the
stresses 1mposed by the screw. Simple cantilever beam
calculations can automatically determine the suitability of
the boss to withstand any lateral forces that might be applied
to the board. If inadequate, the system would suggest the
addition of gussets or a web depending upon the boss’
proximity to the enclosure walls.

While these calculations ensure that the primary structural
requirements of the boss are satisfied, more work remains to
account for moldability demands. The center hole of the
boss 1s counter-bored to eliminate the differential shrinkage
problems that would occur from the thick base section
mounted on the thinner housing wall. Sharp corners repre-
sent stress concentrators and flow inhibitors that are a
common source ol part failure 1n plastics. These can be
removed by automatically radiusing the transitions. Typi-
cally a radius of fifty percent of the wall thickness 1s used,
but this value can be determined algorithmically. In fact, the
radius at the boss base 1s a good example of compromise on
the standard value. On one hand, a large radius would
provide better load bearing capabilities, while on the other
it exacerbates the problems of differential shrinkage result-
ing from the thickness of the boss wall relative to that of the
base. A minimum radius of twenty five percent can be
applied here, or a material specific calculation 1nvoked.
Since the system detects that the boss core aligns with the
pull direction, draft angle 1s applied to inner and outer walls
of the boss to aid in part ejection. The completed geometry
then dictates an incremental addition to the part volume with
an associated contribution to part cost based on material
pricing.

With the geometric specifications complete, the tooling
and process ramifications of the newly added form can be
detailed. The part geometry can be corrected for shrinkage
to generate the dimensions of the mold cavity. Since the boss
f1lls from base to cap, anisotropic shrinkage corrections can
be applied to use different values 1n the flow and cross to
ejection force calculations. Using a function-based tool
costing model, the contribution of the added boss to tool
production cost can be immediately determined.

The part cooling time represents the major component of
process cycle time, and this can be quickly estimated as four
times the part Fourier number (the square of the thickest
dimension divided by the melt thermal diffusivity). The boss
wall thickness can be automatically checked against the
existing list of forms to determine the maximum critical
dimension. If freeze off 1s to averted without excessive cycle
time, the {ill time has to be less than, but comparable to, the
cooling time. This provides a means of algorithmically
determining a pressure drop required, and thus the feature’s
contribution to the overall machine requirements for mold
filing, and the processing costs associated with 1ts operation.
Special process attributes can be associated with a feature,
such as a weld line that may form in the boss due to unequal

rates of fill resulting from the flow front’s progression under
the base.

The “common language™ used by the present mnvention to
enable it to perform the above described functionality 1s the
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feature template representation of the present invention. By
replicating decision processes across all of the supported
part functionalities, the present invention captures and stores
the designer’s intent, and transforms it to a fully detailed
design that embraces best available design guidance.

The present invention can support the automated detailing,
of part, tool, and process when applied to injection molding
products. Injection molding 1s merely one example of illus-
frating one use of the present imnvention. The method and
apparatus of the present invention can be used 1n many fields
of design, including, but not limited to, for example, com-
pression molding, blow molding, resin transfer molding, die
casting and metal die casting, reactive molding, thermoset
molding, sheet metal forming, metal machining, 1nvestment
casting, and the design of integrated circuit chips, electronic
circuit boards, furniture, housing and buildings, roads,
bridges, automobiles, aircraft, ships, computers, telecommu-
nications devices, video display and transmission devices,
photographic systems, and kitchen appliances, and the com-
ponents for these products. Further, the approach of the
present 1nvention 1s not predicated upon a single designer
deciding all aspects of a project, although 1t can be so used.
The single, common data representation of the present
invention supports the multiple functionalities of the design
team, allowing overlap of normally sequential designs of
part, tool, and process.

APPENDIX A

Abstract Algorithms and Data Structures

Expressions

The set of all expressions Exp, 1s comprised of elements
that are sixtuples of the form:

( ¢ € Boolean
T =t Xty X...Xt,
t 1s a set,
c=TRUE=f:T->t
c = TRUE = f(value(eval(A))) € t
¢ = FALSE = v = < UNDEFINE
. ¢ =TRUE < value(eval(A) €T

c, T.t,1, v, A) € Exp & <

) >

Interpretation:

¢ Is a boolean variable that defines when the application
of the function f returns a valid value.

T Is a set of valid argument types.

t Is the return type.

{ Is the function that maps values 1in T to values 1n t.
v Maintains the current value of f(value(cval(A)))

A Is the (ordered) set of arguments to f.

Functions on Expressions

Given an expression the function value returns the cur-
rently computed value stored 1n the state variable v.

(c, T,t,f, v, A)e Exp
value(c, 1, f, v, A)=v

We extend the function value to operate on ordered sets of
€ XPressions.
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E, € Exp, B> € Exp, ..
value(E,, E,, ..., E,)) = (value(E,), value(E,), ..., value(E,))

., B, € Exp

The function eval conditionally recomputes the value of
the state variable v. If the conditional variable ¢ 1s true then
the result of eval will set the state variable v to the result of
applying the function f to its arcuments A.

(c, T,t,1, v, A)e Exp A ¢ = TRUE
eval(c, T, t,f, v, Ay =(c, T, t, £, f({value(eval(A))), A)

(c, T.t,f, v, A)e Exp A ¢ = FALSE
eval(c, T, t, f, v, A)=(c, T, t, f, < UNDEFINED >, A)

We extend the function eval to operate on ordered sets of
€Xpressions.

E, € Exp, E> € Exp, ..
evallE(, E,, ..., E,) = (eval(E,), eval(E,), ..., eval(E,))

., E, € Exp

Dependent Objects

Dependent objects are objects that contain both “sym-
bolic” and “actual” references to other dependent objects.
Symbolic references are used to refer to dependent objects
that currently do not exist. Actual references are references
to existing dependent objects that correspond to one of the
symbolic references defined by a given dependent object.
Optionally, a dependent object, x, may define a symbol that
can be used by other dependent objects to refer to x.

Given some universe of “symbols™ 2.

( DCX
R c DO
. Y EL

D, R, y) e DO <

> contains a special symbol € which 1s equivalent to “no
symbol” or the “empty symbol”, and has the following
properties:

a,b EXA(a eAbe)—=a=b vab ab E&EAla=ev b=€C)—a b

Interpretation:

D Represents a set of “symbolic” references to objects
that a given dependent object depends on.

R Represents a set of*“actual” references that a given
dependent object depends on.

v Represents an optional “symbol” that 1s defined by this
dependent object.
Functions on dependent objects
The function resolves 1s a predicate that defines when a
“symbolic” reference “resolves” or “identifies” a dependent
object.

xeXAD R yeDOAx=y
resolves (X, (D, R, ¥)) = TRUE

xeXAD, R, y)eDOAx£Yy
resolves (x, (D, R, ¥)) = FALSE
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The function independent 1s a predicate that defines when

a given dependent object 1s “independent”, 1.e. it has no D, R, y)e DOA U c DOA
Symbolic references (4 x € unresolved_references(D, R, ¥)du € U | resolves (D, R, ¥))
resolve_references (D, R, y) =
D.R,y)eDOAD=0 5 resolve_references (add_references (D, R, y), u), U)

independent (D, R, ¥) = TRUE

D,R,y)eDOA U cDOA

D,R,7eDOAD=0 (V¥ x € unresolved_references(D, R, ¥)¥ u € U| = resolves (D, R, ¥))

independent (D, R, ¥) = FALSE 10

resolves_references (D, R, y) = (D, R, ¥)

The function add_ references adds an “actual” reference
to a dependent object provided that the actual reference is
resolved by some “symbolic” reference 1n the dependent s
object.

The function resolved_ references returns the set of
“actual” references already resolved against some universe
of dependent objects.

(D, R, y) € DO

resolved_references(D, R, y) = R

D, R, y) € DO A re DO
add_reference (D, R, ¥), 1) = (D, R {r}, %)

20

The function remove__reference removes an “actual” ref-
crence from a given dependent object.

DRy e DY A re o 25 Unsatisfied Objects
remove_reference (D, R, ), r) = (D, R — {r}, ¥)

The function unresolved_references computes all of the _ _ _
“symbolic” references that do not have a corresponding The set of unsatisiied objects USO 1s the subset of
“actual” reference. 30 dependent objects that are unsatisfied, I.E.:

D, R, DO
(D, R, y) e DO (D,R,y)eUSOa:}[ ( | ¥) €
unresolved_references(D, R, y) = - satistied(D, R, ¥)
IxeD|(¥YreR|-resolves (x, 1)} 15

The function satisfied 1s a predicate that defines when a
dependent object 1s satisfied, 1.e. there exists an “actual” Interpretation:
reference for each of the “symbolic” references 1n a given
dependent object. 40

D Represents a set of “symbolic” references to objects

(D, R, y) e DOA unresolved_references(D, R, y) = @ that a given dependent object depends on.
satisfied (D, R, ¥) = TRUE

R Represents a set of “actual” references that a given

45 dependent object depends on.
(D, R,y) €DO A unresolved_references(D, R, y) # @ vy Represents an optional “symbol” that 1s defined by this
satisfied (D, R, y) = FALSE dependent object.

7.3.1 Functions on unsatisfied objects

The function resolve references resolves all possible ., The function satisfies computes the subset of unsatistied

“symbolic” references given a universe of dependent objects that would be partially satisfied if the given depen-
objects. dent object was added to the set of dependent objects.

x e DOAy CUSO
aC USOAbCUSOAA D, R, yyebddeD|resolves(d,x)) aC USOAbCUSOA (D, R, y) e b¥d e D| - resolves(d, x))
satisfy_set(a, b) = satisfy_set(a | {(D, R, ¥)},b—-{D, R, )} v satisfy_set(a, b) = a
satisfies (X, y) = satisfy_set (Q), y)

60
The function resolve adds on “actual” reference to all

unsatisiied objects that contain a “symbolic” reference to the
orven dependent object, resolve returns the set of fully
satisiied objects that results from resolving references.
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x C USOAyC DOA
SCcUSOAQC DOAQNUSO=0A

a e SAz=resolve_references(a, {yDAS' =S —a

satisfied (z) - satisfied (z)

Q=QUl _ Q=Q
S=0Q S*#Q
resolved_set (5, Q) = ' resolved_set (S5, Q) = resolved_set (5, (/)

resolve (X, y) = resolved_set (x, ()

Dependancy Module

The dependancy module 1s a triple:

(G 1s an acyclic directed graph
SCVGA cDOASNUSO=0
(G, 5, U)e DM < < UcV(iG AU cCUSO
VG =SUUASN =0

Interpretation:

G Is the directed graph of dependencies between relations
in the product model.

S Is the set of relations that can be successiully computed
because all of their inputs are well defined.

U Is the set of relations that cannot be computed because
at least one 1put 1s undefined.
7.4.1 Functions on a dependency module

(G, S,U)e DG AxCcDOA

25

30

32

EG={Ex,9v|x,ye VIOAD,R,y)=y deD Aresolves (d x)}

-continued
else return FALSE.

else

1f there exists x 1n X such that mark(x) <1 then

return TRUE

X" = resolve references (x, V() A SAT = satisfies(x’, U) A AS = resolve (SAT, x') A
G' = (VG X'}, E(G) U {(a, x") | a e resolved_references (x')} L {(x", b)|b € SAT = 6)

satisfied (x’) - satistied (x’)

V
S =S| JASIIXIAU =U—-AS S =S| JASAU =U—-AS | {x/)

cycle (G') - cycle (07)

\
add_object (GG, S, U), x) = < ERROR > add_object ((G, S, U), X) = update_depependencies (G, 87, U’), SAT)

Functions of Dependency Graph

(Given a diagraph G.

For all x 1n V() mark x with + infinity

X :={x|x1s 1n V(G) and |(1n(x)| = O}

1f X ={ }then return TRUE.

1:= 0.

l: For x 1n X mark x with 1.

1:=1+ [.
X :=1{x|yi1s 1in X and X 15 1in out(y)}

if X =1} then

if there exists y in V(x) with mark(y) = +infinity then

return TRUE
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-continued

else goto 1.

Algorithm for detecting cycles 1n a directed graph
Input: a digraph G.

Output: TRUE if the graph contains a cycle, FALSE
otherwise.

Performance: Proportional to |[E(G)|+[IV(G)|.



Re. 36,602

33

(G, S, U) e DG Ax € DO

34

X’ = resolve_references (x, V() A SAT = satisties (x/, U) A AS = resolve (SAT, x') A
G = (V(G) [ {x’}, {(a, x)|a € resolved_references (x)} | E(GQ) | {(x’, b)|]b € SAT})

satisfied (x’)
S’=S[JAS | {x’}
- satistied (x’)
S’ =S JAS

satisfied (x/)
U =U-AS
- satisfied (xX/)
U=U-AS ] {x}

cycle (G')
add_object ((G, S, U), x) = < ERROR >
- cycle ()

add_object ((G, S, U), x) = update_dependencies (G', 8/, U’), SAT)

(G, S, U)eDG Ax, ye DO

substitute_object ((G, S, U), X, y) = add_object (delete_object (G, S, U), x), y)

(G, S, U)ye DG xe VIG) A
AU={b|x, ) e E(GIAU =U| JAUAS =S - AU

G’ = (V(G) —{x}, E(G) - {(a x)l(a, x) € E((®)} - {(x, b)l(x, b) € E(G)})

cycle (G7)
delete_object ((G, S, U), x) = < ERROR >
- cycle ((F)

delete_object ((G, S, U), x) = update_dependencies (G, &, U’), AU)

What 1s claimed 1s:

1. A computer-based engineering design system to design
a part, a tool to make the part, and the process to make the
part, comprising:

a Processor,

a memory coupled to the processor, the memory storing a
plurality of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including a
representation of a primitive geometric entity having
the form of the primitive object, each feature template
including information relating to a tool to make the
primitive object and a process to make the primitive
object;

an mput device coupled to the processor receiving a
request to design the part, the request including one or
more predetermined functions that the part performs;
and

a core design module executable by the processor, the
core design module designing the part, the tool to make
the part and process to make the part by accessing the
plurality of feature templates in the memory to locate
one or more primitive objects that perform the one or
more predetermined functions.

2. The engineering design system of claim 1 further
comprising an output device coupled to the processor, the
output device displaying a graphical representation of the
primitive geometric enfity corresponding to each one or
more primitive objects located by the processor.

3. The engineering design system of claim 2 wherein at
least one primitive geometric entity 1s displayed on the
output device at a location on the output device specified by
a Uuser.

4. The engineering design system of claim 2 wherein at
least one primitive geometric entity 1s displayed on the
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output device at a location on the output device specified by
the core design module.

5. The engineering design system of claim 2 wherein at
least one primitive geometric entity 1s displayed on the
output device at a location on the output device specified by
the core design module and a user.

6. The engineering design system of claim 2 wherein at
least one primitive geometric enfity i1s displayed on the
output device at a location on the output device specified in
the feature template that includes the primitive geometric
entity.

7. The engineering design system of claim 1 wherein a set
of dimensions for each primitive geometric entity corre-
sponding to each one or more primitive objects located by
the processor 1s specified by a user.

8. The engineering design system of claim 1 wherein a set
of dimensions for each primitive geometric enfity corre-
sponding to each one or more primitive objects located by
the processor 1s determined by the core design module.

9. The engineering design system of claim 1 further
comprising an Iinterface to a computer-aided drafting
system, the interface coupled to the processor and transmit-
ting to the computer-aided drafting system a set of instruc-
tions defining the primitive geometric entity corresponding
to each one or more primitive objects located by the pro-
CESSOT.

10. The engineering design system of claam 1 wherein
cach feature template 1s indexed by the form of the primitive
object represented 1n the template.

11. The engineering design system of claim 1 wherein
cach feature template represents a primitive object having
more than one function.

12. The engineering design system of claam 1 wherein
cach feature template represents a primitive object having
one or more functions.

13. The engineering design system of claim 1 wherein the
core design module simultaneously designs the part, the tool
to make the part and the process to make the part.
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14. A computer-based design system to design a part, a
tool to make the part, and the process to make the part, the
part comprising a plurality of sub-parts, the design system
comprising:

a Processor;

a memory coupled to the processor, the memory storing a
plurality of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including a
representation of a primitive geometric entity having
the form of the primitive object, each feature template
including information relating to a tool to make the
primitive object and a process to make the primitive
object;

an 1nput device coupled to the processor receiving a set of
mstructions, each mstruction in the set of instructions
referring to a sub-part and specifying the function that
the sub-part performs; and

a core design module executable by the processor, the
core design module designing the part, the tool to make
the part and process to make the part by accessing the
plurality of feature templates in the memory to locate
for each instruction a primitive object that performs the
function specified for the sub-part.

15. The engineering design system of claim 14 wherein
the core design module further comprises means for com-
bining the sub-parts to create the part.

16. The engineering design system of claim 14 wherein
the core design module simultaneously designs the part, the
tool to make the part and the process to make the part.

17. A computer-based engineering design system to assist
in designing a part and a tool to make the part, the system
comprising:

a Processor,

a memory coupled to the processor, the memory storing a
plurality of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including a
representation of a primitive geometric entity having
the form of the primitive object, each feature template
including information relating to a tool to make the
primitive object;

an mput device coupled to the processor receiving a
request to design the part, the request including a
predetermined function that the part performs; and

a core design module executable by the processor, the
core design module designing the part and the tool to
make the part by accessing the plurality of feature
templates 1n the memory to locate the primitive object
that best performs the predetermined function.

18. The engineering design system of claim 17 further
comprising an output device coupled to the processor, the
output device displaying a graphical representation of the
primitive geometric enfity corresponding to the primitive
object located by the processor.

19. The engineering design system of claim 18 wherein
the graphical representation of the primitive geometric entity
1s displayed on the output device at a location on the output
device specified by a user.

20. The engineering design system of claim 18 wherein
the graphical representation of the primitive geometric entity
1s displayed on the output device at a location on the output
device specified by the core design module.

21. The engineering design system of claim 18 wherein
the graphical representation of the primitive geometric entity
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1s displayed on the output device at a location on the output
device specified by the core design module and a user.

22. The engineering design system of claim 18 wherein
the graphical representation of the primitive geometric entity
1s displayed on the output device at a location on the output
device specified 1n the feature template.

23. The engineering design system of claim 18 wherein a
set of dimensions for the primitive geometric entity corre-
sponding to the primitive object located by the processor 1s
specified by a user.

24. The engineering design system of claim 18 wherein a
set of dimensions for the primitive geometric entity corre-
sponding to the primitive object located by the processor 1s
determined by the core design module.

25. The engineering design system of claim 17 further
comprising an 1nterface to a computer-aided drafting
system, the interface coupled to the processor and transmit-
ting to the computer-aided drafting system a set of instruc-
tions defining the primitive geometric entity corresponding
to the primitive object located by the processor.

26. The engineering design system of claim 17 wherein
cach feature template 1s indexed by the form of the primitive
object represented 1n the template.

27. The engineering design system of claim 17 wherein
the core design module simultaneously designs the part and
the tool to make the part.

28. A computer-based engineering design system to assist
in designing a product and a tool to make the product, the
system comprising;

a Processor,

a memory coupled to the processor, the memory storing a
plurality of feature templates,

cach feature template being a representation of a primitive
object having a form and a function, each feature
template indexed by the function of the primitive object
and including a representation of a primitive geometric
entity having the form of the primitive object, each
feature template including information relating to the
tool to make the primitive object;

an 1nput device coupled to the processor receiving a
request to design the product, the request imncluding a
predetermined function that the product performs; and

means for stmultaneously designing the product and the
tool to make the product by accessing the plurality of
feature templates 1n the memory to locate the primitive
object that best performs the predetermined function.

29. A computer-based design system to assist in the
simultaneous design of a part, a tool to make the part, and
a process to make the part, the design system comprising:

d Processor,

a memory coupled to the processor, the memory storing a
plurality of feature templates, cach feature template
being a representation of a primitive object having a

form and a function, each feature template indexed by

the function of the primitive object and including a

form 1nformation relating to the primitive object, tool

information relating to a tool to make the primitive
object and process information relating to a process to
make the primitive object;

an 1nput device coupled to the processor receiving a
request to design the part, the request including a
predetermined function that the part performs; and

a core design module executable by the processor, the
core design module simultaneously designing the part,
the tool to make the part and the process to make the
part by accessing the plurality of feature templates in
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the memory to locate one or more feature templates
representing primitive objects that perform the prede-
termined function.

30. The design system of claim 29 wherein each feature
template further comprises material information relating to
a material with which to make the primitive object that the
feature template represents.

31. A computer-based design system to assist i the
simultaneous design of a complex object, a tool to make the
complex object, and a process to make the complex object,
the design system comprising:

a Processor,

a memory coupled to the processor, the memory storing a
plurality of feature templates, each feature template
being a representation of a primitive object having a

form and a function, each feature template indexed by
the function of the primitive object and including a

form 1nformation relating to the primitive object, tool
information relating to a tool to make the primitive

object and process information relating to a process to
make the primitive object;

an 1nput device coupled to the processor receiving a
request to design the complex object, the request
including a predetermined function that the complex
object should perform; and

a core design module executable by the processor, the
core design module simultancously designing the com-
plex object, the tool to make the complex object and the
process to make the complex object by accessing the
plurality of feature templates in the memory to locate
onc or more feature templates representing primitive
objects that perform the predetermined function.

32. A method to design a part, a tool to make the part and

a process to make the part, comprising the steps of:

receiving a set of constraint relationships that specify the
desired function of the part;

selecting a material with which to make the part;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the Tunction of the primitive object and including part
information including at least one representation of a
primitive geometric entity having the form of the
primitive object, each feature template further includ-
ing tool information and process information relating to
the primitive object;

accessing the set of feature templates to obtain a selected
feature template being a representation of a primitive 1s
object having the desired function and capable of being
made from the selected material; and

concurrently designing a part drawing, a tool drawing and
a process specification to make the part by utilizing the
part information, the tool information and the process
information 1n the selected feature template.

33. The method of claim 32 further comprising the step of
displaying a representation of the part drawing on an output
device by plotting a representation of the primitive geomet-
ric entity corresponding to the selected feature template.

34. The method of claim 32 further comprising the step of
outputting the part specification to a tooling generator to
produce a prototype tool.

35. The method of claim 32 further comprising the step of
utilizing the part drawing, the tool drawing and the process
specification to make the part.

36. The method of claim 32 further comprising the step of
utilizing the part drawing, the tool drawing and the process
specification to make a part specification.
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37. The method of claim 36 further comprising the step of
inputting the part specification as a set of constraints to an
automated design system.

38. Amethod to concurrently design a part, a tool to make
the part and a process to make the part, comprising the steps

of:

receiving a set of constraint relationships that specifty the
desired function of the part, the part having a plurality
of sub-parts;

for each sub-part, receiving a set of constraint parameters
that specily the desired function of the sub-part;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including form
information, tool information and process information
relating to the primitive object;

for each sub-part of the part, accessing the set of feature
templates to retrieve a selected feature template for

cach sub-part being a representation of a primitive
object having the desired function of the sub-part;

combining the form information in the selected feature
templates for each sub-part to create a part drawing;
and

concurrently with the previous step, designing a tool
drawing and a process specification by utilizing the tool
information and the process information 1n the selected
feature templates.

39. The method of claim 38 wherein the step of combining
further comprises the step of providing connectivity infor-
mation for all sub-parts 1n the part.

40. The method of claim 38 wherein the step of combining,
further comprises the step of providing parametric relation-
ships between sub-parts.

41. A method to design a part, a tool to make the part and
a process to make the part comprising the steps of:

receiving a set of constraint relationships that specily the
desired function of the part;

selecting a material with which to make the part;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including form
information, tool information and process information
relating to the primitive object;

accessing the set of feature templates to obtain a selected
feature template being a representation of a primitive
object having the desired function and capable of being
made from the selected material; and

concurrently designing a part drawing, a tool drawing and
a process specification to make the part by utilizing the
form information, the tool information and the process
information 1n the selected feature template.
42. A method to concurrently design a part having a
plurality of sub-parts, a tool to make the part and a process
to make the part, comprising the steps of:

for each sub-part, receiving a set of constraint parameters
that specily the desired function of the sub-part;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including form
information, tool information and process information
relating to the primitive object;

for each sub-part of the part, accessing the set of feature
templates to retrieve a selected feature template for
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cach sub-part being a representation of a primitive
object having the desired function of the sub-part;

combining the form information in the selected feature
templates for each sub-part to create a part drawing;
and

concurrently with the previous step, designing a tool
drawing and a process speciiication by utilizing the tool
information and the process information in the selected
feature templates.
43. In a computer-based design system, a method for
designing a part, comprising the steps of:
providing a set of part templates each representing an

object that has a form and a function, each part template
including form information;

providing a set of tool templates each representing a tool

to make an object, each tool template including tool
information;

providing a set of process templates each representing a
process to make an object, each process template
including process information;

providing a set of feature templates, each feature template
assoclated with a part template, a tool template and a
process template;

receiving a set of constraint relationships, the constraint
relationships including a desired function for an object
under design;

accessing the set of feature templates to retrieve a selected
part template representing an object having the desired
function, an associated tool template and an associated
process template; and

utilizing the form information in the selected part
template, the tool mmformation in the associated tool
template and the process mformation i the associated
process template to concurrently design a part drawing,
a tool drawing and a process specification.
44. A method to design a product, a tool to make the
product and a process to make the product comprising the
steps of:

rece1ving a set of constraint relationships that specity the
desired function of the product;
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selecting a material with which to make the product;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including form
information, tool information and process information
relating to the primitive object;

accessing the set of feature templates to obtain a selected
feature template being a representation of a primitive
object having the desired function and capable of being
made from the selected material; and

concurrently designing a product drawing, a tool drawing,
and a process specification to make the product by
utilizing the form information, the tool nformation and
the process information 1n the selected feature tem-
plate.
45. A method to concurrently design a product having a
plurality of sub-parts, a tool to make the product and a
process to make the product, comprising the steps of:

for each sub-part, receiving a set of constraint parameters
that specily the desired function of the sub-part;

providing a set of feature templates, each feature template
being a representation of a primitive object having a
form and a function, each feature template indexed by
the function of the primitive object and including form
information, tool information and process information
relating to the primitive object;

for each sub-part of the product, accessing the set of
feature templates to retrieve a selected feature template
for each sub-part being a representation of a primitive
object having the desired function of the sub-part;

combining the form information in the selected feature
templates for each sub-part to create a product drawing;
and

concurrently with the previous step, designing a tool
drawing and a process specification by utilizing the tool
information and the process information 1n the selected
feature templates.
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