Design Reuse 1n a CAD Environment

A thesis submitted for the degree of Doctor of Philosophy

By

Peter T. J. Andrews

Department of Manufacturing and Engineering Systems,
Brunel University

January 1999



Abstract

For many companies, design related information mainly exists as rooms of paper-

based archives, typically in the form of manufacturing drawings and technical

specifications. This ‘static’ information cannot be easily reused.

The work presented in this thesis proposes a methodology to ease this problem. It
defines and implements a computer-based design tool that will enable existing
design families to be transformed into ‘dynamic’ CAD-based models for the

Conceptual, Embodiment and Detailed stages of the design process.

Two novel concepts are proposed here, i) the use of a Function Means Tree to store
Conceptual and Embodiment design and ii) a Variant Method to represent Detailed
design. In this way a definite link between the more abstract conceptual and the
concrete detailed design stages is realised by linking individual detailed designs to
means in the Function Means Tree. The use of the Variant Method, incorporating
‘state-of-the-art’ developments in Solid Modelling, Feature-Based Design and
Parametric Design, allows an entire family of designs to be represented by a single
Master Model. Therefore, instances of this Master Model need only be stored as a set

of design parameters. This enables current design families and new design cases to

be more created more efficiently.

Industrial Case Studies, including a Lathe Chuck family, a Drive-End casting and a

family of Filtration Systems are given to prove the methodology.
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Chapter 1
Introduction

1.1 Computer Aided Design

The advent of computers in engineering has made significant progress in the past
few decades. It has opened up several new opportunities, which would not have even

been thought of with traditional design practices. As Besant and Lui (1986) rightly

point out, in Computer Aided Design, man and machine work as a team where one

complements the other. They identify the strengths and weaknesses of each of them

in the following way:

&6

The computer has three main functions:

1) To serve as an extension to the memory of the designer.

2) To enhance the analytical and logical power of the designer.

3) To relieve the designer from routine, repetitious tasks.

The designer is left to perform the following activities:

1) Control of the design process in information distribution.
2) Application of creativity, ingenuity and experience.

3) Organisation of design information. ”
Besant and Lui (1986)

In the early stages computers were mainly used for intensive, number crunching
tasks. However, work by Sutherland (1963) at M.I.T. on the development of the
‘SKETCHPAD’ interactive computer graphics system prompted the rapid
development of computer technology into other areas of engineering. Initially,
computer graphics concentrated on the development of techniques and software to
facilitate the development of Engineering Drawings. Drafting packages such as
AutoCAD (Autodesk) are implementations of this kind. Thus the computer was
used, primarily, as a drafting tool. Further developments soon extended to using the
computer as a Modelling Tool and an entirely new branch of study called ‘Geometric
Modelling’ was born. The past few decades have witnessed the development of

various types of modellers to address specific industrial needs. The combined



development of abundant computing power, display facilities, storage media, and
input devices, together with evolutionary advances in ‘Geometric Modelling’ has
resulted in a situation where the Computer System, constituting a partnership
between hardware and software, has developed into a powerful tool, for the
engineering industry. These advances in technology have now reached a state of
transition; from regarding the computer as a tool for ‘detailed’ modelling and

analysis, into a tool to assist design as a whole. Applications for this ‘State of the

Art’ area of research include, computer-based Conceptual Design and Design Reuse.

Increasingly innovative applications must be envisaged to exploit this powerful tool,

(Shah et al, 1996). This researclh is aimed at developing such an application,
where the ‘Computer System’ is used in a novel way, facilitating the traditional
engineering companies to computerise their operations with much less effort. This
will enable them to reuse their past designs more efficiently, and develop next
generation products built on their strengths through the latest developments in

science and technology.

1.2 The Need and Associated Problems
The majority of Small and Medium Enterprises (SME’s), deal with the design and

manufacture of a specific range of products, from individual piece-parts to complex
multi-part assemblies. These enterprises typically archive a large collection of
manufacturing drawings, for both discontinued and current ‘in-service’ products,
which must be maintained and made accessible, when needed. The problem for these
compantes is to successfully adopt computerisation of this library of drawings, so

that they can enjoy the resultant benefits of computer technology.

Thus the need here, is to establish an easy way of computerising these designs in a

manner that will enable specific information from various design cases to be

accessed at the press of a button.

The problems associated with meeting such a need are as follows:

1. Establishing a structure for the information that will be required at various levels

of design abstraction



2. Establishing a methodology to efficiently store the structured information.

3. A mechanism to retrieve and use this information.

1.3 The Project

In this project, the structures of design information at different levels of abstraction

were 1dentified as:

a)  Solution concept described as a Function Tree
b) Embodiment Design described as a Parts Tree

c) Detailed Design represented as a geometric, solid model

The principles, comprising a methodology for storing this information are as

follows:

a) The Function Means Tree to store the solution concept and

embodiment designs, and

b) A Variant Model and associated parameter database to store the

detailed design.

A retrieval mechanism for the detailed design was developed in the form of a
skeletal ‘Master Model’. The ‘Master Model’ reads the parameters of a specified
instance from the database to build the corresponding geometric model (or instance).
This novel method eliminates the creation of one geometric model for each design,
from scratch, and creates all instances (or geometric models) of a family from the
same master model. This instance can then be modified or utilised for the next
generation of products. In this way, the activity of computerisation is made much

simpler, and information relating to past designs is made available to the designer at

different levels of abstraction.

1.4 Structure of the Thesis

This research follows the design model outlined by Jones (1980), an adaptation of
which is shown in Figure 1.1. In the first stage, Divergence, all the data related to the
project in terms of design representations and geometric and solid modelling 1S

collated. This enabled the understanding of the state of the art, and was analysed



critically to select the important attributes, characteristics and methods for
integration to the proposed method, and is described in Chapter 2. In the next stage,
Transformation, the elements identified as being important are developed and
combined to form novel methods. The transformation process specifically looked at
two possible methods for storing the detailed designs, the Generative and Variant
methods, and two possible methods for storing conceptual and embodiment designs,
the Chart-Based and Function-Means Tree methods. A combination of The Function
Means Tree and Variant Model were selected as the novel method for development
into a software system (Convergence). The methodology developed is described 1n
Chapter 3. The software developed is given in Chapter 4. Three case studies, the
Guindy Machine Tools Ltd. ‘Lathe Chuck Family’, the Lucas Varity Drive-End-
Shield Casting and the Hydroflow Rotary Drum Filter are presented in Chapter 5.
Chapter 6 presents the conclusions drawn from this work, and discusses the merits

and demerits of the method and finally highlights the areas for further work.

DIVERGENCE

DESIGN REPRESENTATION S CHEMES GEOMETRIC M ODELLING

Function-Means  Product Models Graphical Models  Parametric

STEP Parts Tree DFD Feature Based Design  Generative
Function Tree  Concept Sketches Variational Solid Modelling

TRANSFORMATION

Function-Means Tree v Chart Based Methods
Variant v Generative .

CONVERGENCE

Figure 1.1 — The 3-Stage Design Model — Adapted from Jones (1980)



Chapter 2

Background & Theory

Overview

This chapter will discuss the theoretical background of Traditional and Computer
Aided Design methods that are relevant to this research. It will begin with a general

discussion of the Design Process, what elements of this process need to be Captured
to enable effective Design Reuse and how this information can be structured and
stored for efficient retrieval. Methods for structuring Conceptual and Embodiment
design shall be discussed, including the Function-Means Tree and Design Function
Deployment (DFD). The representation of Detailed design involves the study of
Geometric, and in particular, Solid Modelling systems. This will be followed by a
review of Parametric and Variational Modelling, and Feature Based Design - both
of which are techniques to assist in the design of adaptive, engineering models. An
analysis of existing methods that aim to convert two-dimensional manufacturing
drawings to fully-fledged three-dimensional solid models will also be given,
including the Generative (or Procedural) method, and the Variant Method. In all

cases, the applicability of these theories shall be assessed against the requirements of

this project asoutlined in the previous chapter.

2.1 Capturing Design for Reuse

Traditional, existing design documentation is typically found in the form of
manufacturing drawings. These structures contain the outcome of a design process,
and are obvious candidates for Design Reuse. However, if a new engineer is to fully
understand past designs, they will also need access to other, more descriptive, forms
of design documentation, such as the initial design brief, ideas generated throughout
the design, and lessons learnt by adopting a particular technique. This information

requires the capture of information at various stages of the Design Process. Finger

outlines the more specific needs to capture the design process.



“ Explanation — to explain how and why a particular decision was made,
Verification — to determine if characteristics of the final design are consistent
with the intended characteristics as represented by the top-level objectives,
Modification — to predict the effect of making changes to the design,

Reuse — to synthesise a design from a previous design with a similar

specification and,

Instruction — to guide novice designers. ” Finger (1998)

These needs require the identification of which stages of the design process are

relevant to computerisation of past designs. These are discussed in the following

section.

2.2 The Design Précess

Much of design research has viewed the Design Process from a synthesis, or top-
down approach. However, the emphasis in this research is from a bottom-up
direction, as the goal of this project is to store a design for reuse, using the finished
product (the manufacturing drawings) as a starting point. Shigley (1977) outlines the
idealised, top-down design process as a chain of events (figure 2.1a) with iteration.
For this research, the Recognition, Definition and Synthesis stages can be ‘refined’

into a more manageable series of events, as outlined in figure 2.1b, by Evbuomwan
et al (1996).



3 Embodiment Design

Figure 2.1 — The design process , (a) left: Shigley , (b) right Evbuomwan et al.

Requirements — The starting-point of the design and development of a product 1s its
societal need. This need is represented by a set of prioritised requirements.

Therefore, 1n this context, a Requirement can be defined as an element of a need.

Specifications - also termed Product Concepts, are a list of functions, that the design
or artefact should perform to realise the mentioned requirements. These descriptions
include the limitations imposed by factors such as geometry, space, working
environment, legal and other considerations, which are collectively termed as the

design Constraints. Specifications are generally, not solution specific, 1.e. their

content does not rely on a particular solution.

Solution Concepts — The list of functions to be performed as specified by the Product
Concepts is broken into sub-groups, to which sub-solutions are proposed for their
realisation. The combination of these sub-solutions, often termed Subsystems, form

the design solution. Therefore, the Solution Concept may be defined as the

combination of all conformable subsystems, which satisfy all listed functions and

constraints 1in a holistic manner.



Embodiment Designs — The concept relating to a given subsystem can often be
realised in more than one way, or means. For example, a subsystem to reduce the
speed between two parallel shafts can be achieved by using either belt, chain or gear
devices. It is therefore necessary to establish the physical parts that constitute a

subsystem. Establishing the network of parts that form the design is termed the

Embodiment Design.

Detailed Designs — These define the geometry of individual parts, and their spatial

relationships in assemblies. Traditionally, these are given by the set of

manufacturing drawings.

Strategies and methods of Design Theory, (Hubka 1982, 1988) and (Pugh 1991), use
these classifications to model design at its progressively decreasing levels of
abstraction. These have been devised to assist the development of new products
through analysis at each stage. In terms of capturing existing designs for reuse, only
Solution Concept, Embodiment Design and Detailed Design are of major
significance. This is because the initial requirements specified at the beginning of a
‘new’ design process may differ somewhat to the functions the evolved design
actually exhibits. Whether requirements are useful for design reuse or not, is
somewhat trivialised by the fact that they are implicitly represented in the less
abstract Solution Concepts, as functional requirements, (Malmqvist 1995). Similarly,
the Product Concepts as outlined in the design process above, are of limited benefit
to the less abstract representation of already formalised designs. Furthermore, the
creativity and analysis activities of design are more heavily concentrated in the

solution concept, embodiment and detailed stages of design, and therefore are more

fruitful in terms of reuse.

From the preceding analysis it can be said that, for the task of capturing existing

design cases for reuse, the following stages of the design process are of greatest

significance:

a) Solution Concept,

b) Embodiment Design,
c) Detailed Design.



A substantial literature survey of design capture and reuse has shown that, to date, no
commercial system to capture and reuse mechanical engineering designs, at all
levels, has materialised. This subject is still the topic of much academic and (joint)

industrial research, (Duffy 1998) and (Shah et al, 1996). This statement is especially

true for the less well defined area of conceptual design, as the complete design

process 1s not yet fully understood (Maher et al, 1995).

The following sections describe the prominent, existing techniques and theories

developed to represent and capture information relating to the areas of Conceptual,

Embodiment and Detailed design.

2.3 Conceptual Design

A Conceptual Design is the outcome from the process of developing solution
concepts. It is the first stage of design where creativity and innovation are exercised,
obeying engineering and scientific principles. A poor solution concept can never be
improved by good embodiment and detailed designs. Therefore conceptual designs
of existing products are a useful representation of successful designs, particularly for
reuse. However, in real design situations, the conceptual design stage is rarely
recorded. In this section, prominent methods for representing conceptual designs are

reviewed. A concrete mixer design is used as an example in all cases.

Although this research does not focus on the principle of creating a new design from
scratch, many of the theories relating to both conceptual and embodiment designs do.
Moreover, in the majority of cases, information relating to the traditional conceptual
phase of past designs would have been discarded, leaving only the detailed
manufacturing drawings as a record of past designs. However, if a design is to be
adequately reused, some functional description of what the product and its
components do 1s necessary. Therefore these theories are reviewed in the following

subsections, with an emphasis to structuring concepts for reuse.
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Figure 2.2 — A Conceptual Sketch for a Concrete Mixer

2.3.1 Sketching

The most obvious form of conceptual design is sketching (Cross 1991), which 1s
both easily and universally understood. With suitable annotation, sketching is a

leading candidate for recording design intent. Figure 2.2 shows an example of a
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sketch for a Powered Concrete Mixer. Computer-based conceptual design systems
that incorporate sketching, base their input methods through either scanning of
manual sketches or by digitisation (using a puck / pen and graphics tablet). Methods
involving the latter technique include Sutherland’s Sketchpad (as previously
mentioned), and are typically based upon Graphical Representation schemes, which
will be discussed later, in section 2.8.1. This research is concerned with integrating
conceptual information from existing designs into a computer model. In such a case,
a sketch will most probably exist in the form of a rough hand drawing or rendering,
on paper. Which will require scanning. Text relating to the sketch may be either
automatically recognised (IEE) or manually entered, and stored in a database.

However, the information given by sketches can be better obtained from the detailed

design drawings, and hence scanning and archival of sketches does not serve any

realistic purpose here.

Despite being universally accepted as a straightforward representation for conceptual
design, sketches are, on their own, unrelated pieces of a much broader, interrelated
design. Universally legible sketches are often difficult to create, and are largely
dependent on the artistic skill of the designer. In terms of reuse, they represent a
similar but less rigorous degree of information than formalised manufacturing

drawings. By themselves, sketches do not fully represent conceptual design.

2.3.1 Function Family Tree

An existing design cannot be effectively reused if its purpose or Function is not

known. Therefore a system to create and structure the functions of parts, sub-systems
and full product assemblies is required. Top-down design processes use Functional
Decomposition, (Akiyama 1991), to determine what lower-level functions are
required to satisfy the current function. The bottom-up approach, would therefore

Compose higher order functions from those prescribed by lower-level parts and sub-

systems.
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Akiyama (1991) proposes the use of a hierarchical tree structure to represent the
functional composition/decomposition at various levels of abstraction for a given
design. Here, the highest (leftmost) function represents the overall objective of the
design. This is decomposed into sub-ordinate functions, that must be met for its

realisation, which are in-turn decomposed further. Figure 2.3 shows an example
‘Function Family Tree’ for the Concrete Mixer example, where the overall function,
mix and deliver concrete, is decomposed into three major sub-functions: a) to
contain the mixture, b) to mix the concrete and c) to dispose of the concrete mixture.

Each of these sub-functions can then be refined to provide more detailed ‘functional

requirements’,

Akiyama further proposes an extension to this structure, the ‘Function Family Tree’.
By keeping functions in a solution neutral format (i.e. by not implying their
solution), the function tree structure can be seen to represent a family of designs. For

example, a family of ‘Mortar and Concrete Mixers’.

This technique - representing the infent of a design, the relationships between
these functions and the ability to represent a family of (similar) designs within a
single data structure - is beneficial to the objectives of this project. This is
because the method can be adopted as an underlying scheme to retrieve past

designs on the basis of their function, whilst showing the context within which

this function is based.

2.4 Embodiment Design

Whereas systems based on functional descriptions represent the ‘whys’ and
(partially) the ‘hows’ of design, Embodiment Design involves the synthesis and
analysis of combinations of parts of a real, achievable design. Thus, for the
embodiment stage of the design process, methods of representing parts and sub-
systems, through to combinations of these parts, as design variants (or families) are

required. Little published work is available within this area. However, two

established methods of representation do exist: The Parts Tree and Morphological
Methods.
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2.4.1 Parts Tree

Pahl and Beitz (1988) identify the Parts Tree data structure as an ideal method of
representing part and sub-system relationships, as a hierarchical tree. These relations
are typically connectivity based, i.e. the hierarchical order in which parts and sub-
systems are assembled. Such a scheme forms the natural representation of many
commercial Assembly Modelling applications, and 1s also adept to kinematic
analysis. Figure 2.4 shows a parts tree for a variant of the Concrete Mixer. By
observation, 1t 1s evident that the highest node of the tree 1s the full product, and the
leaves (the lowest nodes) relate to physical parts. Any node in-between these
represents a sub-assembly, or sub-system. Therefore, the parts tree can be said to

represent a design in terms of its manufacturing assembly layout.
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Figure 2.4 — A Parts Tree for a Concrete Mixer

2.4.2 Morphological Methods

Embodiment Design techniques involving morphological methods (as has been
stated) are concerned with the synthesis and analysis of possible combinations of
parts that can form a given design. As their name suggests, typical representations
are pictorial and similar in appearance to conceptual sketches. Although this is not

always the case, as some examples include purely textural representations, (Cross
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1991). Two related morphological methods are prominent here, the Morphological
Box (or Chart) and the Morphological Tree.

2.4.3 The Morphological Box

This method represents solutions for a given set of sub-functions as a two-

dimensional array, (Grant 1977), and 1s also known as the Morphological Chart

(Cross1991). In a Morphological Box, functions, known as the design ‘parameters’
each take-up a single row. The solutions (or variants) for each parameter sit in
successive columns of their representative parameter. Thus the box is an unordered
representation of all conceivable combinations of a design. Figure 2.5 shows an
example morphological box for the Mortar and Concrete Mixer example, where a

possible complete solution is given by the combination of the greyed-out boxes.

As this 1s a representation for all solutions that can be conceived by the designer, a
very large number of possible solutions is implied, which is the multiple of the
number of solutions for each parameter. For example, in figure 2.5, the total number
of complete solutions is: 2 x 4 x 2 x 2 x 3 x 3 = 288 possible complete solutions.
This 1s clearly a large number of combinations to handle. However, some
combinations can be easily discarded, as they are meaningless or too difficult to
implement. Also, Morphological Analysis techniques can be adopted to reduce the
number of combinations to a number that is more manageable. A more detailed
explanation of these morphological analysis methods is however of little relevance to
this research. The emphasis here is that the Morphological Box is a useful and
simple representation of all possible variants or combinations for a given design. For
existing designs, the number of solutions per parameter will be much smaller.
Therefore, this method allows the designer to 'pick and choose' elements from a

database of existing components to synthesise a new design.

This method can be effectively used to design the next generation of an existing

product.
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Figure 2.5 — A Morphological Box for the Mortar and Concrete Mixer

2.4.4 The Morphological Tree

In the previous section, the morphological box was shown to be an unordered
representation of possible embodiments, or solutions. The contents of this box can
also be represented as a tree structure, to directly show the possible combinations of

solutions, and 1s termed the Morphological Tree, or the Decision / Alternatives Tree.
(Grant 1977).

In this case, each level of the tree corresponds to a parameter, or row, in the
morphological box. To begin with, each node for a given level represents the
solutions for that level. However, for a given node, branches in the next level

correspond only to compatible solutions, as demonstrated in figure 2.6.
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Such a situation has definite application to the representation of a range (or family)
of existing, similar designs. To be more specific, it can be used to represent more
radical differences between product designs, where all products in the range do not

use variants of all components, of a design family.
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Figure 2.6 — A Morphological Tree for the Mortar and Concrete Mixer

2.5 Function Means Tree

The Morphological Box and the Morphological Tree are established tools for

representing both conceptual and embodiment design under a single data structure.
However, they are sometimes implied, and not explicitly defined within these

structures. Conversely, the Function Means Tree (Andreasen 1980) is a definitive
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relationship between the function (or concept) and its satisfying means (or
embodiment). It is essentially a combination of both the function tree and the parts
tree, although it is structurally representative of the former, being a tool to aid design
synthesis. Here, an overall function is fulfilled by its realising means, which is in-

turn followed by sub-functions and means. As an implied 'rule’, a function can only

be realised by a single means, although a means can require the implementation of

several sub-functions. Where a function branches-out to more than one means, these
represent the possible variants that can be adopted to satisfy it. Figure 2.7 shows a

function means tree for the Concrete Mixer, providing alternative (or variant) means

for the power source: an electric motor, petrol motor, or hand crank.

Of all conceptual and embodiment design systems, Andreasen’s Function Means
Tree structure is best suited to wholly model the design process. Also, and perhaps
its most significant advantage is that it is simple to understand and implement, and 1s

therefore a major contribution to this research.

The Function Means Tree can be easily utilised as the source for a Function

Family Tree, representing Conceptual Design, or a Parts Tree representing

Embodiment Design.
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2.6 Design Function Deployment (DFD)

The design methods outlined so far, do little to provide the designer with a system

containing the required tools to quantitatively analyse various stages of the design

process. Design Function Deployment, (Sivaloganathan et al 1995), takes the
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approach of integrating qualitative techniques, such as ratings schemes with the

evolutionary methods already described and detailed design analysis applications
under a single umbrella. Shahin et al (1998) categorise Design Function Deployment
as an underlying Product Modelling system for design reuse. Here, they identify
the use of DFD's chart-based data structures to store and evaluate the

Requirements, Product Concept, Solution Concept, Embodiment and Detailed

levels of design (level 1 of figure 2.8). This is achieved though the use of an
extensive tool base (level 2) and databases (level 3). Of the stages in level 1, stages

1,2 and 3 are of greatest concern here, as they involve the processing of Conceptual,

Embodiment and Detailed design.

The following is therefore a brief summary of the design process prescribed by

Design Function Deployment (Kimpton and Sivaloganathan 1998):

Stage 1 — stores the prioritised requirements and the functions that deploy these
requirements. This includes the constraints that have to be imposed on the product.
The functions are expressed in a Solution Neutral form to facilitate the generation of

a number of different conceptual solutions in stage 2, and are stored in a chart form,

as outlined in figure 2.9.

Stage 2 — stores the Solution Concept. (Shahin et al 1998) outline the objectives of

storing conceptual designs as:

a) The overall list of functions performed by the product as a whole,
b) The list of subsystems which constitute the overall product,
c) The list of functions performed by each of the subsystems,

d) A description of the shape of the product,
e) Optional importance ratings of the various functions required, and

f) An optional measure of the ‘level of achievement’ to indicate whether the

function is provided well by the concept or not.
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Figure 2.8 — Structural Overview of Design Function Deployment

A chart similar to that in figure 2.10 1s used to store the conceptual solution, and
each solution is stored in a separate chart. This chart relates the Functions of stage 1,

along with their importance ratings, to sub-systems, that have been determined using

the design methods outlined in level 2 of DFD, e.g. the morphological box. The

result of this relation i1s another set of importance ratings per architecture (or

conceptual design).
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Stage 3 — represents the Embodiment Design (figure 2.11). The Parts and
Components required to define the Sub-Systems, taken from stage 2, are related, to
establish a further set of ratings. Detailed design of these parts and sub-systems 1s

then undertaken, using the modelling and design tools available in levels 2 and 3 of

DED.
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Figure2.9 — Stage 1 DFD Chart
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2.6.1 Design Reuse within DFD

Shahin et al. also define Design Reuse as a tool available in level 2 of the DFD
structure diagram (figure 2.8). Their method proposes a chart-based structure to
represent Conceptual and Embodiment Designs (providing detailed designs) at
different levels of abstraction, while maintaining a coherent connection between
these levels. The DFD chart 1 provides the product concept, chart 2 provides the
solution concept and chart 3 provides the embodiment design. A link at chart 3 opens

up the geometric modeller, which contains the detailed design. This process is

outlined 1n figure 2.12.

Lt

Geometric Modeller

Figure 2.12 — Integration of the Design Process within DFD
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The information contained in these charts is very detailed, for all stages of the design
process. The DFD method provides a system to cope with every eventuality, but
is therefore, somewhat cumbersome and difficult to use. As a result, many
organisations, especially small and medium sized companies, may view DFD as

a complicated means of re-defining what is already known, which is true for the

case of many well understood, existing designs. Hence, DFD is not wholly suitable

for the condition of simplifying the modelling of past designs.

2.7 Detailed Design

Detailed design 1s the final stage of the design process. Traditionally, the outcome of
this stage is a set of drawings called the ‘Manufacturing Drawings’. These provide

information on the dimensions of individual parts, their materials, surface finishes
and other related details. They also show how assemblies are arranged to construct
the final product. BS308 (British Standards Institute), outlines the rules and
conventions that govern the preparation of manufacturing drawings. In all companies
involved with manufacturing, be they large or small, there is a large collection of
legacy and current manufacturing drawings. This archive represents the
organisation’s largest accumulation of engineering creativity and effort. Industries
that have been in operation for some years will often have a significant part of these

drawings, stored in record rooms, with little referral or use. The principal reasons for

their limited use can be recognised to be:

1) A large amount of unstructured data,

2) Considerable effort is needed to trace any particular design, and even more effort
1s needed to understand it.

In order to make this ‘large collection of creativity and effort’ more exploitable, past

designs should be structured and computerised so that they can be easily reused.

The objectives of such a system are as follows:

a) Retain some degree of design intent - Design intent can be represented in

manufacturing drawings either directly by textural (annotated) descriptions,
attached by labels to various elements of a drawing, or indirectly through

particular dimensions that are characteristic of the design. Figure 2.13 illustrates

examples of this. The ‘Through Hole’ (left) and ‘Square Thread’ (right), of a

23



pipe-bending design, show how essential characteristics of a design are
represented on manufacturing drawings. Initial techniques for modelling detailed

design ignored these characteristics. Hence the use of labelled text and the

engineering significance of an ‘entity’ should be preserved.
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Figure2.13 — Representing Design Intent in a Manufacturing Drawing of a Pipe-

Bender: (left) Main Body and (right) Screw Shaft

b) Similar parts and products should be grouped into families - ldentifying and

d)

grouping similarities between designs has advantages in both design and

manufacturing. As well as cataloguing benefits, duplication can be minimised,
thereby reducing the effort required.

Designs should be easily adaptable - Paper-based drawings are static, that is,
they cannot be easily modified when a (sometimes minor) change is required.
The adoption of computers in design was an attempt to overcome this deficiency.
However, the degree to which computer generated models can be adapted varies
widely.

The models should be useful for future developments - The emphasis behind this
research is to allow companies to computerise their designs, with minimum
effort, so that they can use the latest computer technology to improve and

generate new designs. Therefore, the design representation should reflect this

desire, i.e. the design model should be in a format that can be easily used, or
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transformed, for downstream applications, for example Finite Element Analysis

or CNC manufacturing.

In order to achieve these objectives, the following two important constituents

are necessary:

1) Models to store the detailed design, and

2) An easy method of converting the paper-based drawings into these models.

Section 2.8 represents a survey on Geometric Modelling systems, which is followed

by the successive developments of Parametric and Variational Modelling (section
2.9) and Feature Based design (section 2.10). Section 2.11 surveys the methods for

converting paper drawings into computer models.

2.8 Geometric Modelling

Geometric Modelling can be defined as a branch of study which ‘brings together and

applies analytic geometry, vector calculus, topology, set theory, and an arsenal of

computation methods to model geometric entities’

Mortenson (1985)

It essentially deals with the modelling of the following four constituent, geometric

entities of an object:
a) Vertices
b) Edges
c) Surfaces
d) Solids

Mathematical theories and techniques have been developed to represent each of
these entities. The fundamental objective of their development 1s to haver a
representation scheme, which can be used to represent all members or varieties
within a class (e.g. straight, circular and other edges), and their manipulations (€.g.

extension, truncation etc.). Homogenous co-ordinates have been developed to store

points, or vertices. Parametric representations of curves were developed to represent
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both simple and composite space curves and surfaces, several representative

techniques to model solid objects have also been developed.
The fundamental objective of Solid Modelling i1s to provide a complete

representation of a solid object. Requicha defined solid modelling as:

‘an emerging body of theory, techniques and systems focused on informally

complete representations of solids — representations that permit (at least in principle)

any well defined property of any represented object to be calculated automatically.’

Requicha (1980)

A solid modelling system can be defined as being the combination of a modelling
engine and a set of algorithms, which can answer geometric questions by scanning

the geometric model. This definition is schematically represented in figure 2.14.

Input for prEEERE————
Modelling

Figure 2.14 — A Solid Modelling System

The effectiveness of this model and modelling system depends upon the number of
algorithms that are available within the system to answer geometric questions. This

concept 1s a key issue in selecting the most suitable representations to store part

designs.

The development of CAD systems has been incremental, and the motivation for this
has stemmed from different industrial needs. The first application that saw the
development of what are now termed Graphical Systems, used the computer as a
drafting tool. This was followed by attempts to use the computer as a sophisticated

modelling tool. This led to several such models that were developed to cater for
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varying industrial requirements. In general, these models fall into the following

categories:

1) Graphical Models - to aid the generation of manufacturing 2D drawings.

2) Shape Models - to represent raster (scanned) images for image processing.

3) Surface Models - to create complex curves and surfaces.

4) Solid Models - to capture complete representations of 3D geometry

Of these categories, Graphical and Solid Modelling techniques are of particular

interest to this research, since paper-based drawings are akin to graphical models,

and solid models maintain a complete representation of the object.

2.8.1 Graphical Models
These models form the original definition of CAD, Computer Assisted Drafting.

They are intended to represent 2-dimensional sketches and complete manufacturing

drawings in an electronic, editable format. Until recently, these systems have been

the most widespread form of CAD.

Early drafting systems represented these drawings as a ‘linked-list’ of entities, where
each node in the list contains information about an entity (a line, arc, circle etc.).
This information may include the entity’s class (e.g. straight-line, arc, circle etc.), the

line-type (continuous, dashed etc.), geometry (e.g. start-point, end-point co-

ordinates) and connectivity etc,. A linked-list representation for a general geometric

object 1s shown in figure 2.15.

As well as enabling the use of standard primitive types, e.g. lines, circles and arcs, a

number of graphical systems have invoked the use of associative graphical
primitives, enabling a Parametric form of drafting to be adopted. Parametric design
(or in this case drafting) is a process where parameters (typically geometric
dimensions) relating to elements of the design, can be modified. For example, the
radius of a circle can be changed from 10mm to Smm. This is not the same as
deleting the 10mm radius circle and creating a new 5mm circle. Both Parametric and

Variational Design techniques shall be discussed, in more depth, in section 2.9.
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NULL

. straight-line . straight-line type: straight-line
ts){m verte%: 1 gytgxeit verte?c 2 start vertex: 3
end vertex: 2 end vertex: 3 end vertex: 4

. straight-line : straight-line type: straight-line
ts){gl?t vertegx: 5 tsytgft verte?c 6 start vertex: 7
end vertex: 6 end vertex: 7 end vertex: 8

. straight-line . straight-line - straight-line
ts}{gft verte?c 4 ts{gft verte?c 3 ts}{gu?t vertegx: i
end vertex: 5 end vertex: 6 end vertex: 11

ge 13 ¢ '

: straight-line . straight-line type: straight-line
ts{gret verte?c 2 ts}{gret verte?c 12 start verte?z: 11
end vertex; 12 end vertex: 9 end vertex: 12

edge 17 o—— > NULL

. arc
ts%gft vertex; 8
end vertex: 10

radius; 5

type: arc
start vertex: 7
end vertex: 9

radius: 5

. straight-line
ts}{gft verte?(: 4
end vertex: 1

. straight-line
ts){gft vertegx: 8
end vertex: 5

. straight-line
tsytgle:t verte?c 11
end vertex: 10

. straight-line
ts){gft verte?(: 10
end vertex: 9

Figure 2.15 - Linked-List Representation of a Graphical Model
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Centre_Point Aux_line

Point_

Arc
Aux line2 Point_2

Figure 2.16 - A Fillet and its Associative Primitives (Shah 1995)

For the majority of these systems, primitives are represented internally using

Associative Representation, where the construction process used to create the

primitive 1s stored. For example, when constructing the fillet (a circular Arc) of
figure 2.16, a further, associated primitive (a Circle) is required. Both of these

primitives may be represented as:

For the Arc:

Construction technique: fillet_arc_between_straight _line_segments
Point_1: intersection (Circle, Aux line 1)
Point_2: intersection (Circle, Aux line 2)

For the Circle:

Construction technique: circle_touching_two_line segments
Radius: given_by the_user

Centre_point: (some computation involving the two lines)

If the user of this system decides to say, change the Radius of the fillet, they can
simply modify the Radius parameter, and re-execute the construction history
representation. Unlike non-parametric situations, where the fillet-arc would have
been deleted and replaced with a primitive of a different radius, associative

information (i.e. to lines 1 and 2, and the circle) is maintained.
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A nonsense object

Figure 2.17 Ambiguous 3D Graphical wireframes

Three-dimensional graphical models are an extension of their two-dimensional
parent, being represented essentially by the inclusion of an extra dimension (as x, y
and z for a point). These are termed wireframe models, as they hold no direct
volumetric interpretation. Hence, whilst being very fast to reproduce on a graphics
terminal, they can be ambiguous. Examples of this include those shown in figure
2.17. Enhancements to graphical models, through the use of layers and colours etc.,

only represent entities of an object, and not its solid form. This makes it difficult to

visualise complex, and even simple objects (again see figure 2.17), and due to this

weakness, graphical models are not wholly suitable from a design reuse perspective.

2.8.2 Solid Models

The aim of Solid Modelling is to create a complete and robust representation of a 3-
dimensional geometric design, and in comparison to 3-dimensional, graphical
models, in an unambiguous manner. There are a number of factors that influence the
capability of a solid modelling system. Of these, two are prominent. The ability to
maintain the integrity of a model, through an integrity-checking algorithm, or by

limiting model construction to only integrity-preserving operations. Also, it is useful

to handle large models at differing levels of complexity (or abstraction), which calls

for the use of part and assembly modelling. Further characteristics of solid modelling
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techniques can be used to classify various approaches to the requirements of this

research:

Expressive Power - indicates the degree to which a solid can be modelled, 1.e.

accurately or by approximation.

Validity - is akin to the integrity (mentioned previously), where validity-checking
algorithms can be executed, or the enforcement of validity-preserving modelling

techniques undertaken.

Unambiguity and Uniqueness - All solid models should be unambiguous. This
requires that all valid representations correspond to a single solid. Furthermore, if

only one representation of a solid exists, then that representation is said to be unique.

Description Languages - specify the ‘input method’ for a given representation.

Conciseness - characterises the amount of space required to store the representation.

Clearly this should be kept to a minimum.

Computational Ease and Applicability - are measures of the algorithms that

can/must be written to realise the representation scheme, from an applications

viewpoint. And also implies the suitability of a particular scheme to a given

application.

Almost two decades ago, Requicha (1980) defined six such schemes, suitable for the
representation of unambiguous solid models. The following sections will discuss
only the representation schemes related to this research, and their particular

relevance to storing adaptive solid models, being a primary objective of this

research.

2.8.3 Pure Primitive Instancing

This 1s a parameter-based scheme, where a generic primitive is created to represent a
family of similar designs. The scheme is based around an implicit, or procedural,
representation of the solid. Therefore individual family members can be instanced by
specifying their parameters and re-executing the stored procedure. Pure Primitive
Instancing has its roots in a concept known as Group Technology (Hyde 1981). This

is a technique used in Computer Integrated Manufacturing (CIM) to assist process
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planning, design retrieval and scheduling (for example), by grouping similar parts

into standardised families, thereby encouraging the use of standard parts and

components.

The underlying principle of grouping families of similar designs into a single generic
model, 1s of considerable interest to this research. To this end, the author has

developed a similar technique, Parametric Primitive Instancing (Andrews 1996). The
goal of this application is to efficiently distribute solid models of standard

(catalogue) parts. This involves the creation of generic, primitive models for
standard component families, such as spur-gears and bearing-housings, which can be

fed into an intelligent engine, to produce the required instances (figure 2.18).

B TR TR Y|
A Shont | Siock spur el . |
| Creates a simple spur gear of uniform thickness.

' & - o | ¥
.2 3 d I. z i ‘-
- il sl .__;_..____.__.n..-,..ﬂ-.-.__-.-._l-h.d-..-.-ln_—-ﬂ.. o
i | L

Figure 2.18 Example of the PPI application — Creating A Spur Gear Instance

This representation scheme holds many advantages over traditional geometric
modelling systems. Firstly, its ease of modifying the shape of a solid. It is also very

efficient 1n terms of storage, requiring only the generic primitive and the set of
necessary parameters to store an entire family of designs. The scheme is also
unambiguous and unique. To some degree, the original intentions of the designer are

maintained, as these are hard-coded within the generic primitive. However, a major
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drawback of this scheme 1s that, being procedural, only the geometry (or shape) of
the generic primitive can be changed. Major changes in the fopology of solids is

difficult to achieve, as there 1s no scope for conditional parameter definitions. Also,

the scheme can be slow and resource consuming, as it requires the solid to be built

from scratch (generated) each time it is instanced.

Although this method has significant drawbacks, its foundations are relevant here.
The ability to group a family of similar part designs into a single, generic model, is
an efficient means of storing a family of past designs. Along with the ability to

instance particular family members with a given set of parameters, Pure Primitive

Instancing, in some form, can be used for this research.

2.8.4 Constructive Solid Geometry

Constructive models comprise a set-theoretic approach to representing solids by

combining primitives using Boolean set operations. The history by which this is

achieved 1s recorded as a binary tree.

Half-Space models (Requicha 1977) define a volume bound by a combination of
surfaces. These, in turn, are defined by inequality relations, such as z>0, which
defines the three-dimensional Euclidean space for all points with a ‘z’ co-ordinate

greater than zero. Primitives are created by performing Boolean operations to a

number of these inequalities. For example, the cylinder of figure 2.19 can be defined

as follows: \

H.:x2+y2-r2<0
H,:z>0

Hy;:z-h>0
Cylinder = H; N H; N H;

Figure 2.19 A Simple Half-Space Model
(Mintyla 1988)

35



By itself, the Half-Space model i1s of limited use, as it is often inconvenient to
construct a model 1n terms of complex inequalities. Hence these models are usually
used as the basis of representation of other schemes. Constructive Solid Geometry
(CSG) models (Voelcker and Requicha 1977) make use of Half-Space models as
bounded, pre-defined and parametric primitives, analogous to Pure Primitive

Instancing. These can be instanced and combined by the use of Union, Difference

and Intersection Boolean operations, and simple transformations to represent a
complete solid model, and are structurally represented by the CSG-tree (figure 2.20

for example). The model of the ‘L’ bracket 1s formed by instancing two rectilinear
blocks, using a union operation to create the L shape. A cylinder primitive is then

instanced, and subtracted (by a difference operation) from the L.

o

>
>

Figure 2.20 A CSG-tree for an L-bracket
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The CSG representation scheme is very efficient in terms of storage requirements,
being a high-level interpretation of the solids construction process. Its resultant solid
models are unambiguous and valid, as they are based upon regularised set
operations, which will always result in the interior closed volume of its set-theoretic
operations. However, CSG 1s not unique. Also, being an implicit data structure,

unforeseen future modifications to the CSG solid model are difficult to implement

(Zuffante 1986). For example, figure 2.21 shows the ‘parameterised’ CSG-tree for
the L-bracket (minus the hole).

_+

Figure 2.21 Parameterised CSG-tree for an L-bracket

A block ‘A’ of dimensions ‘c x d x €’, and a block ‘B’ of dimensions ‘f x g x h’ are

united to form the L-shape. However, the user of the system may wish to represent

the bracket dimensions in terms of overall height and width (e.g. ‘c x i’). Such a

37



requirement cannot be fulfilled with the standard CSG representation scheme. Even

if such parameterisation was possible, design intent can be lost, as CSG does not

maintain information relating to mating of primitives (figure 2.22).

Figure 2.22 Lack of Primitive Relationships in the CSG-tree

2.8.5 Boundary Representation

The Boundary Representation (or B-Rep) model divides a solid, in terms of its

bounding faces. In turn, these faces are defined in terms of their bounding edges and
vertices. This represents a two-sided-manifold (Méantyld 1988), where the inside of
this manifold represents the enclosed volume of the solid. Figure 2.23 shows an
exploded view of the faces that make-up the L-bracket example. Faces are usually
derived to lie on a surface that can be defined by planar, quadratic, toroidal or

parametric expressions, which are also included in the B-rep data structure. Typical

B-rep structures include:
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Polygon-based Boundary Models - where all edges are straight lines and, therefore,

all faces are planar (polygons). This structure is used extensively in graphics based

applications.

Vertex-based Boundary Models - the wasteful repetition of vertices, when defining

faces 1n the polygon-based models, is eliminated by defining vertex entities, which

can be referenced to define faces.

Edge-based Boundary Models - for models where some edges are not straight lines.
Here, edges are defined as entities, which are closed to form a loop (see figure 2.24).
Examples of this model include the Winged-edge (Baumgart 1974,75) and Half-edge
(Méntyla 1988) data structures, as well as the Face-Adjacency-Hypergraph (FAH)

which 1s a useful representation for automatic feature extraction.

Figure 2.24 Various Entities of a B-rep model
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Boundary Models can be created using a variety of techniques, of which the drafting
interfaces of Graphical Representations are popular. Other techniques include Sweep

Representations and CSG construction schemes. However, despite the expressive

power of B-rep models, they are invariably difficult to validate. CSG conversion
techniques can produce vulnerable results, and the use of incremental sweeping
operations is considered unsafe (Braid 1979). Although the use of the Euler-Poincaré
formula and its derived Euler operators (Mintyld 1988) can be used to determine the
integrity of Boundary Models. Further disadvantages of B-rep include the size of its

models, and that its representations are not unique (Woo 1985).

The ease with which Boundary Models can be constructed (or rather input) has made
the use of B-rep, in some form or another, a popular choice for current geometric
modelling kernels. To this extent, they are of relevance here. B-rep is an explicit
representation scheme, i.e. its geometry is dependent upon related entities. It 1s
therefore inherently parametric, implying that the shape of its models can be easily

altered by changing the values of its vertex entities.

2.8.5.1 Data Storage and Redundancy

As has been stated, the fundamental objective of solid modelling is to provide a

complete representation of a solid object. However, the effectiveness of boundary
models is dependent upon the algorithms used to answer related geometric questions.

Originally, it was thought that representing geometric and topological data explicitly

enhanced the capability of these algorithms. —
Consider the representation of the three fundamental vertex, edge and face entities
for a simple cube. Baer et al (1979) identify nine possible combinations for these
representations, as outlined in figure 2.25. Various applications require (or rather
prefer) the representation of a solid’s topology in different forms, e.g. facets (or
faces) are more useful for ‘solid’ rendering, whereas a vertex-only representation is
more concise. It is therefore possible to state that no single data structure provides a

completely satisfactory representation of topology in all practical cases, and some

redundancy is inevitable.
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f:{v} f: {e}
v:{v} v.{e}
e:{f} e:{v} e:{e}

Figure 2.25 - Nine Topological Relationships [Baer at al.}

2.8.6 Relevance of Solid Modelling Systems
Of the representation schemes defined by Requicha (1980), the following three have

been discussed to be of relevence to this research:

e Pure Primitive Instancing
e Constructive Solid Geometry

e Boundary Representation

Of these, CSG and B-rep hold major significance as they are successful and well
established methods of representing solid models. In fact, current research and

commercial solid modelling systems have combined the distinct advantages of these

two schemes, to form hybrid modellers. Here, CSG 1is used primarily to validate

representations, and B-rep is used to define loops and surfaces in a parametric
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fashion. However, they do not readily facilitate the requirements of representing
designs from a family range. On the other hand, Pure Primitive Instancing is based

around this principle, be it typically only for piece parts. Although, it has the

disadvantage of being limited to regularised shape changes.

2.8.7 Enhanced Solid Modelling Schemes

As they stand, CSG and B-rep schemes, and their hybrids, have evolved through four
significant advances, as defined by Requicha and Voelcker (1983):

1) Stored Input Definitions - only the inputs (i.e. the construction history) is stored,

2) Volatile Input Definitions - 1s an initial attempt to store a useful representation of

the solid, where the inputs are deemed unnecessary and discarded,

3) Stored Input Definitions with Approximate Representations - is an application of

an approximated B-rep scheme,

4) Stored or Volatile Input Definitions together with Auxiliary Representations -
here, auxiliary representations of the model are stored to assist validation and

modification (for example), as well as the original input definition.

The significance of these definitions (figure 2.26), and particularly for this research
that of figure 2.26d, is the use of auxiliary representations. Although these
representations add to the size and complexity of a model definition, their use can
overcome some of the more static properties of Geometric Modelling systems
(Nielson 1987 and Voelcker 1988). Research over the past decade, has seen the

growing use of Parametric, Variational and Feature-based (auxiliary) representations,

which shall be discussed in the following sections.
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Figure 2.26 Solid Modelling Schemes Requicha and Voelcker (1983)

2.8.8 An Overview of Geometric Modelling

The preceding subsections, from 2.8.1 to 2.8.7, described the development of the

‘Geometric Modelling’ paradigm, and its applications.

It started with the objective of having a complete representation of the object
modelled. Initial attempts were concerned with issues of ensuring Validity,
Uniqueness etc. Primitive Instancing, Half-Space models, CSG and Boundary
Representations were developed as promising modelling techniques.
Application algorithms were also developed with these schemes. Redundant
data storage is seen as a method to resolve application issues. Finally, Hybrid

Modellers (having more than one representation scheme) were developed to

contain the accumulated benefits of the schemes included. This paradigm, even
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with its significant developments, required further development to
accommodate unforeseen, future requirements of solid modelling applications.

It was felt that a significant leap was necessary. Parametric and Feature-based

modelling were seen as the way forward.

2.9 Parametric and Variational Modelling

With the exception of Pure Primitive Instancing, the Geometric Solid Modelling
systems defined so far can be described as static. In these cases, a representation 1s
created, where no definitive relationships between primitives (and parts) exist. These
are defined solely by geometry. Therefore, when the model requires modification,
obstructing primitives or surfaces must be deleted, and the remaining and new
geometry created. The aims of Parametric and Variational Modelling (or Design) are
two-fold. Firstly, to adapt an existing model to satisfy a new design requirement, by
the simple modification of a few parameters. And secondly, for the reuse and
standardisation of existing designs as part and product families. Both of these aims

are relevant and well suited to the objectives of this research.

The terms Parametric Modelling and Variational Design have been used
interchangeably 1n both academic and commercial domains (Kurland 1996). In fact,

little or no distinction between the two may be apparent to the users of such systems,

as their construction process is similar (figure 2.27):
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1) Create a nominal model of the
design using standard geometric
modelling operations, but with no

specific dimensions stated.

2) Define  geometric  constraints
between  entities. These  are
generally in the form of
dimensional, or entity-to-entity
constraints. E.g. set a line to be

vertical, or set line A to be parallel

to line B.

3) Evaluate, or regenerate, the models
constraints, by use of a general

solution procedure.

4) Create variants of the model, by
changing parameter values and re-

evaluating the general solution

procedure.

Figure 2.27 Constructing Parametric

and Variant Models

The difference between the Parametric and Varational techniques lies with the

method(s) used for the general solution:

Parametric Modelling techniques make use of a Rigid Constraint Satisfaction

procedure. In this case, the construction history, parameter assignments and

constraints are stored in a defined, sequential order. Parameter assignments can
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include both numerical values and simple relational expressions. The model is then
solved according to this recorded sequence. The main advantages of this system are
its simplicity to implement, and its speed of execution. However, the main
disadvantage of Parametric Modelling is that the model must be fully constrained.

As each entity in this sequential representation must be satisfied before the next one

can be solved.

Variational Modelling systems adopt a Flexible Constraint Satisfaction method.
Constraints are represented by a set of simultaneous equations, which are solved to

realise the design. The advantages of Variational Modelling are that, the order in

which constraints are defined 1s not important. Hence the system 1s more flexible
from the users perspective. Furthermore, under-constrained models can be solved,
i.e. for models where the geometry is not completely defined. Here, the user can
define which constraints are actually known, and evaluate the model to get-a-feel of
how it will look and react to changes, and then proceed to achieve a fully constrained

model. This also allows for a more intuitive design process.

To illustrate this difference, Kurland (1996) defines two parallel lines (figure 2.28).

A Parametric Modeller may define line-A as being parallel to line-B, and a distance

‘x’ apart. So when line-B is moved, line-A will move respectively. However, an
attempt to move line-A will fail, due to the sequential nature of the Parametric
system. For a Variant Modeller, a constraint such as ‘let lines A and B be parallel,

and a distance ‘x’ apart’ may be given, allowing both lines to be moved whilst

gk g iy

maintaining this constraint.
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Parametric Modelling Variational Modelling

A is constrained to lie parallel A is constrained to lie parallel

and a distance 'x' from B and a distance 'x' from B

L A

X X
B B
1) B is moved, and a follows 1) B is moved, and a follows
= A
X
B B
2) A is moved, but B does not follow 2) A is moved, and B follows

A A

Figure 2.28 Difference between Parametric and Variational Systems

Many authors use differing terminology for these approaches. For example,
Parametric Modelling can also be described as an explicit form of Variational
Design (Shah and Maintyld 1995), or more generally as being Procedural. Whereas
Variant Design is termed as being implicit. Moreover, both the procedural or
Parametric, and implicit Variational Modelling techniques are suited to storing a
family of similar designs as a single adaptive model. However, both of these

techniques still do not express the engineering significance of a model. Therefore,

the following section shall discuss the use of features in solid modelling and design.
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2.10 Feature Based Design

In their definition of features, Shah and Méntyld (1995) state that a feature represents
the engineering meaning or significance of the geometry of a part or assembly.

Features can be thought of as building blocks for product definition, or for geometric

reasoning. For example, consider the design represented in figure 2.29.

Pin En

I-Section connecto

Crank End
Crank Ring 1Y Bearing Lock Notc
.. 11\
Cranking Groove
Bolt Hole
Balance Boss

Figure 2.29 — Design Features of a Connecting Rod (Shah and Miintyld 1995)

The figure shows the design features of a ‘con-rod’, and through the combination of

these features a-complete definition of the design is achieved. Therefore, the

characteristics of a feature can be listed as follows:

a) a feature is a physical constituent of a part,
b) a feature is mappable to a generic part,
c¢) afeature has engineering significance, and

d) afeature has predictable properties.

A feature can be a single entity (or primitive), or a combination of related primitives,

that perform a defined function. Features (should) also contain and maintain

constraints to their surroundings. A simple example of a feature is a hole. In
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geometric terms this can either be represented as a cylinder, subtracted from a given
base model (for CSG), or as a cylindrical face, bound at both ends, but whose inner

volume is void (for B-rep). However, an engineer will typically define a hole as

being ‘a cut-out of a given diameter and depth, or as being drilled straight through

the base model’, for example, as shown 1n figure 2.30a and 2.30b.

depth

(a)

Figure 2.30 A Simple (Blind) Hole Feature

diameter

(b)

(b)
Figure 2.31 A Through-Hole Feature

This feature should also contain information as to its location and position on the

base model (figure 2.30c), and if, say, defined as a through-hole, should be able to

automatically adapt itself according to changes in its parent entities, i.e. the base part

to which i1t 1s attached (figure 2.31).
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A feature model is a data structure that represents a given part or assembly, primarily

in terms of its constituent features. Each feature in the feature model 1s an

identifiable entity that has some explicit representation. The shape of a feature, as

shown earlier, may be expressed in terms of dimensional parameters, enumeration of
geometric and topological entities and relations, or, in terms of the constructional

steps needed to produce the geometry corresponding to the feature.

Shah and Mintyld (1995) enumerate the following feature properties, which indicate
the range of properties that may be included in a feature model:

a) General Shape (topology and/or shape),
b) Dimensional Parameters (independent parameters),
¢) Constraint Parameters and Constraint Relations,

d) Default Values for parameters,

e) Location or Attachment Method,

f) Location Parameters,

g) Orientation Method,

h) Orientation Parameters,

1) Tolerances,

i) Construction Procedure for the geometric model,

k) Recognition Algorithm,

) Parameters computed on the basis of other features,
m) Inheritance Rules or Procedures,

n) Validation Rules or Procedures,

0) Non-Geometric Attributes (part number or function etc.).

There are a number of commercial feature-based design applications in use today.
Prominent examples include Pro/ENGINEER (Parametric Technology Corporation),
Mechanical Desktop (Autodesk) and SolidWorks (SolidWorks Corp.). All of these

systems provide a subset of the above characteristics of modelling with features and

thus make the detailed design process more flexible and useful.
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2.10.1 Feature Creation Methods

Features are clearly an integrated part of Computer Aided Design and Engineering.
They possess reuse facilities for the design synthesis, manufacturing and adaptation
stages. Therefore it is beneficial to represent the computer model, related to this

research in terms of features. Shah (1991) and Feru et al (1992) define the two

methods of feature creation as follows:

Form Feature Recognition - where features are recognised and extracted, by some

means, from an existing, defined geometric model, and

Design by Features - the solid model is constructed as a combination of features.

2.10.2 Form Feature Recognition

With this method, a solid model, already created using the Geometric Modelling
techniques described earlier in sections 2.8-2.9, is decomposed into form features.
This process is governed by a Feature Recognition System and a Feature Database,
which contains generic primitives of various features, to which elements of the solid

model can be compared. This process can also be either interactive or fully

automatic:

Interactive Feature Recognition — Here the created geometric model is displayed via
a suitable user-interface. The user then picks elements of this model, which they
wish to be recognised as a feature. The feature recognition system then compares
this geometry to what is stored in the (feature) database, and extracts the relevant

geometry from the solid model, whilst adding the feature to an evolving feature
model (figure 2.32).
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Figure 2.32 Interactive Feature Definition

Automatic Feature Recognition - This technique was originally developed as a
method for Machining Region Recognition (a subset of CAPP). However, here

interest lies in dealing with features bound by the interior volume of the solid model,

and not from a machined volume. Therefore, we will discuss what is termed Pre-
Defined Feature Recognition. This is a fully automated system (i.e. there is virtually

no user-input to the recognition process). Again, the process starts with an existing

solid model, which is processed through various recognition and extraction

algorithms. These typically compare groupings of either B-rep or CSG-tree elements,

to defined ‘generic’ features in the Feature Database, and perform the extraction to

form a Feature Model (figure 2.33).

Geometric

User

Figure 2.33 Automatic Feature Definition
Both interactive and automatic systems are clearly beneficial, to solid modelling, as

they allow the designer to create a solid model solely in terms of its shape, without

having to think about ‘which feature to use where’, as the process of feature
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recognition and extraction is generally the task of the computer. However, a
recognition algorithm can only recognise features that are similar to the feature

patterns stored in its database. Therefore, new features (e.g. those created by the

designer for an innovative product) may either not be recognised, or interpreted as a

collection of known features. Implying that true design intent is not realistically

maintained.

2.10.3 Design By Features

As the title suggests, this is a more manual process, consisting of an interface to a
library of pre-defined, generic features, including primitives such as holes, rounds,
bosses and keyways. The two authoritative forms of design by features shall be

described here, Destructive Modelling with Features and Synthesis by Features:

Destructive Modelling with Features - (also termed Destructive or Deforming Solid
Geometry) was originally proposed by Arbab (1982) and later by Cutkosky (1988)
and Turner (1988). It is essentially a method of removing instanced features from a
stock (or base) block. Such a process is akin to part machining operations, for which

it was originally devised. Figure 2.34a shows an example of how the L-bracket can

be created using this technique.

Synthesis by Features - begins the modelling process with a ‘clean sheet’, into which

a base feature is inserted. Further features are synthesised and either added or

subtracted from the base. Figure 2.34b shows how the L-bracket can be created by

synthesis.

Of these two systems, Synthesis by Features is more popular amongst commercial
systems vendors, as 1t is more intuitive to established solid modelling approaches.

Destructive Modelling with Features is inherently a preferred for CAPP and NC part

programming.
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" new block feature is
constrained to base

1111111
++++++

new hole
feature is
constrained
to base

Figure 2.34a Destructive Figure 2.34b
Modelling with features Synthesis by Features
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2.10.4 User-Defined Features

The combination of Design by Features and Parametric and Variational Modelling

techniques lend themselves to the natural progression of the construction of models

using both standard and User-Defined features. This 1s enabled through the adoption
of Parametric and/or Variational constraint satisfaction. Allowing features to be

sketched topologically, constrained and then geometrically realised by providing

parameters. This technique 1s the ‘state-of-art’ for current commercial modelling

systems (Fowler 1996).
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Figure 2.35 A User-Defined Arch feature

Figure 2.35 represents a typical example of a user-defined feature. Due to limitations

of constraint satisfaction (discussed in section 2.9), they are typically the result of a
constrained two-dimensional sketch, or profile, which is swept (e.g. extrusion,
rotation etc.) to form a solid. The parameters defining its geometry and location, with

respect to 1ts placement (base) feature, are used to alter its shape.

In summary, it can be said that Feature Based Modelling is developed with the

intention of using and modifying the model in downstream applications. Their

requirements are introduced as parameters of the feature.
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2.11 Commercial Feature Based Modelling Systems

The past decade has seen an increasing acceptance of Feature Based Design and

Parametric and Variational modelling techniques into the commercial CAD sector.

This section will outline the features of three such modelling systems, covering the

top, middle and lower-ground of computer-based mechanical design.

Pro/ENGINEER
At the top end of the market is Parametric Technology’s Pro/ENGINEER package,

which 1s considered to be the ‘founding father’ of commercial Parametric Modelling

systems. As opposed to graphical modelling systems, Pro/ENGINEER adopts a

design-by-solids (and surfaces) approach. The user, as discussed in the previous
section, initiates modelling with the creation of a base feature (usually a datum), to
which additional features can be constrained. All features created in
Pro/ENGINEER, be they standard library features (such as rounds and chamfers), or

user defined features, are parametric and are synthesised to a base feature. Figure

2.36 shows the step-by-step procedure for creating the L-bracket model in
Pro/ENGINEER.

On the modelling side, Pro/ENGINEER has two useful features that are only

partially available in other commercial CAD systems, these are:

a) Feature Suppression and
b) The Family Table.

Al Bl ——

Feature Suppression allows chosen features of a given part to be turned on and off at

will. This allows various design alternatives to be present within a single CAD

model. An example of this can be to regenerate the L-bracket with, or without, its
hole feature (figure 2.37).
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Sketch the L-Profile

Extrude to form the solid Create a hole feature

Figure 2.36 — Creating the L-bracket in Pro/ENGINEER

Hole feature Unsuppressed Hole feature Suppressed

Figure 2.37 — Feature Suppression

57



The Family Table is where the essence of parametric design comes into play. Here, a
spreadsheet can be created, within Pro/ENGINEER, containing the driving
parameters relating to the family members of a given design. Figure 2.3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>