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Abstract

Simultaneous Engineering addresses the issue of developing the lowest cost design of a part .
by concurrently taking into consideration different product life-cycle concerns during the
product development process. When only functional, structural, and machining life-cycle
concerns are considered, Simultaneous Engineering entails concurrent product and process
design. The objective of this research is to study and propose a methodology for the
simultaneous product and process design of components manufactured in small and medium
lot-sizes. For such components, Simultaneous Engineering is the process of ensuring that
these parts are manufacturable for the lowest possible cost in specially designed facilities
such as manufacturing cells.

A computer-based design environment encapsulating the expertise of process planners
has been developed to cooperatively assist designers in developing manufacturable prod-
uct designs. Model-based reasoning is the fundamental methodology employed to develop
the framework of this design environment. Explicit models to describe product designs
and manufacturing facilities have been developed to support the reasoning process. A
combination of feature-based, geometric, and process performance models is proposed to
satisfy the basic requirements. The reasoning subsystem is based on the Multiple Coopera-
tive Knowledge Sources (MCKS) paradigm, with explicit separation of domain and control
knowledge. Domain knowledge sources deal with the product and process refinement activ-
ities, and a control knowledge source deals with managing the concurrency between these
two tasks. Appropriate justifications are provided in this research for the modeling and

reasoning mechanisms chosen. The design environment has been tested and validated by

i
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implementing it for the simultaneous product and process design of Bearing Cages. Several
observations made about the general characteristics of the design environment, its impact
on the product and process designer, and the unique nature of the knowledge acquisition
task are discussed in detail and suitable recommendations are provided for future research

directions.

iv
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Chapter 1

INTRODUCTION

1.1 Background

One of the challenges in engineering is the development of useful, reliable, and economi-
cal products. In the past, engineers utilized their broad expertise gained through years of
experience in c&rying out product development. They incorporated large safety factors
into those areas of product development where they lacked detailed expertise. This central-
ized product development practice was technically sound and economically feasible. With
increases in the complexity of products and manufacturing processes brought about by tech-
nological innovation, this product development process soon evolved into being distributed
among a team of engineers, each with different responsibilities and narrow fields of exper-
tise. Within this distributed product development practice, product development advanced
serially, with many iterations occurring within and among engineers from marketing, prod-
uct design, product evaluation, process design, production, quality control, product service,
and maintenance.

Today, within such a distributed product development environment, fast changing and
highly competitive economies are forcing industries world-wide to seriously consider various

ways to reduce product development time and cost. Manufacturing costs form a major com-
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ponent of the total cost of a product. A number of different measures can be taken to reduce
this cost. For example, cost reductions can be obtained by standardization, automation,
new materials, cutting tools and manufacturing processes, improved material handling and
assembly techniques, and more effective factory layout schemes. Some of the reductions in
manufacturing cost are highly dependent on the design of a part and can be fully achieved
only when it is taken into consideration while the part is being designed. However, in the
distributed product development environment, the primary goal of designers often is the
development of part designs to meet structural and functional requirements. Manufacturing
requirements are either not considered by designers or are taken into consideration on an
ad-hoc basis. Manufacturing costs have, therefore, continued to form a large component of
the total cost of a product, in spite of cost-saving improvements in the manufacturing arena,
e.g., the development of Computer-Controlled Machines, Flexible Manufacturing Systems,
and Robotic Cell Assembly Systems.

Recognizing this apparent anomaly in the product development process, considerable
attention has been directed recently to integrating the tasks of the engineering design and
manufacturing planning departments. The concept of Simultaneous Engineering has been
proposed as an improved product development practice that can concurrently integrate a
wide spectrum of product life-cycle concerns to reduce product development time and cost
and achieve higher quality. This concept calls for parallel interaction and true cooperation
among various product development engineers. Current product development practice is a
sequential, iterative, and distributed approach. In contrast, the Simultaneous Engineering
concept requirés a parallel, interactive, and cooperative team approach. This concept has
become an important subject of study in both aca&emic and industrial circles, and almost

every major industrial organization has special task forces to deal with this critical issue

[1-6].
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1.2 Research Motivation

Even though tremendous gains can be achieved by implementing the Simultaneous Engi-
neering concept, pursuits in this direction have encountered numerous difficulties. These
difficulties need to be overcome before full benefits of the Simultaneous Engineering concept
can be realized. Firstly, the degree of concurrency that can be achieved between design and
manufacturing tasks has been a highly debatable research issue. Secondly, the task of devel-
oping design guidelines that suitably incorporate manufacturing considerations has proved
quite problematic. Identifying the manufacturing concerns of a particular domain has been
very time consuming and requires several man-hours of work from a group of people. The
diversity of the manufacturing arena and the lack of a systematic procedure or proper ba-
sis for establishing these manufacturing concerns has served only to aggravate this task.
Thirdly, suitable means have not been found to record the new design guidelines. The fre-
quent revisions that these guidelines undergo because of changes at the manvfacturing end
have made it less than satisfactory to record them in engineering standards manuals or in
design and manufacturing reference manuals. Even without incorporating these guidelines,
the manuals are large and cumbersome to use and have been constantly ignored by design-
ers as a useful design aid. Lastly, it has been difficult to develop effective and logical means
to ensure that these guidelires are properly followed and implemented in practice. In the
absence of an alternate scheme, designers are often entrusted with the additional responsi-
bility of ensuring that the guidelines are properly used. This practice has proved to be a
tremendous burden cn designers, forcing them to work very much below their capabilities.

This research is mainly motivated by the realization that there is a definite need to study
the Simultaneous Engineering concept in greater detail and to propose viable solutions for

implementing it. For example, a portion of the scenario during the implementation of the
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Simultaneous Engineering concept for the design of the Gear Group Transfer Case shown
in Fig. 1.1 might be as follows:

... Due to alignment considerations, the designer specifies a tolerance of 0.0125 mm on
the straight inner diameter (that seats the bearing) of Bearing Cage-A. A manufacturing
engineer on studying the part from a manufacturing standpoint indicates to the designer
that the designer has just increased the cost of manufacturing the part by adding an
extra grinding operation. The designer then reconsiders his functional requirements for
the design of the part and decides to loosen the tolerance, yet maintain the alignment
requirements by using shims.

.«. Assuming that a similar type of product development activity takes place while
designing Bearing Cage-B, this time an assembly engineer, on studying the part from
an assembly standpoint, indicates to the designer that assembling such a part on an
assembly line using shims would be very difficult (increases assembly cost) because
of the sise of the part. In this case, since the Bearing Cage is used to align two
bearings, alignment considerations are very critical, and the designer is left with no
other alternative but to specify a tight tolerance on the inner diameter that seats the
bearings ...

Although the above scenario is hypothetical, it shows the main emphasis of the Simulta-
neous Engineering concept (interaction between product development participants as early
as possible) and the need for a systematic approach to achieve it. The main motivation for
this research is derived from the dire need to enable such scenarios to become a reality in

the product development arena.

1.3 Research Scope and Objectives
1.3.1 Scope

The y-axis of the graph shown in Fig. 1.2 lists some of the concerns (in addition to func-
tional and structural concerns) that can be addressed within the scope of the Simultaneous
Engineering concept. The x-axis of the graph shows the different kinds of commodities
for which some or all of these concerns can be relevant. Due to the wide scope of the

Simultaneous Engineering concept, it is extremely difficult to concurrently consider and
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propose solutioﬁs for all the problems encountered during its'implemer_xtation. The radical
and unique nature of this concept demands that only a subset of the rmarch issues pdsed
by this concept be addressed at any given time. In order to atudy,‘understand, and tackle
some of the fundamenﬁal issues raised, it is important to restrict the range of “manufac-
turing concerns” and “commodities” considered. In this research, manufacturing concerns
from the machining area are considered and these issues are dealt with in the context of
developing the design of rotational components. When restricted to functional, structural,
and machining-related concerns, Simultaneous Engineering entails concurrent product and

process design. Henceforth, the term “Simultaneous Engineering” is used in this restricted
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1.3.2 Objectives

Simultaneous Engineering is a fairly recent research issue and people are still experimenting
with various ways to implement this concept. To get a better understanding of this concept
for different domains, research in this area tends to be problem-driven. This research
has taken a similar approach and the main objective is to conduct a detailed study and
propose a methodology!-! to implement the Simultaneous Engineering concept for rotational
components manufactured in small and medium lot-sizes. The following major research

issues are addressed as part of this work:

e What is the degree of concurrency that can be realistically achieved between product

and process design?

o What are machining-related concerns, and how can they be systematically identified

and classified?

e What are the changes introduced by the Simultancous Engineering concept in the

traditional approach to product and process design?

1.4 Fundamental Contributions

The fundamental contribution of this research is the development of an Artificial Intelligence
(AI) based design environment to implement the Simultanecus Engineering concept for
components manufactured in small and medium lot-sizes. In developing this approach, the
importance of the Model-Based Reasoning concept for supporting the concurrent product
and process design activity is demonstrated. Multiple product and maanacturing facility

models and the Multiple Cooperative Knowledge Sources paradigm are established as key

1-1A term used throughout this thesis to describe a procedure.
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components of the design environment. This research also exemplifies the efficacy of using
Al-based systems to complement (rather than replace) the activities of human experts in
engineering applications. It is shown that i;he Al-based design environment leads to an
efficient restructuring of the process planning task and to significant improvements in the

productivity of the process planner.
1.6 Organization of this Thesis

Chapter 2 presents a literature survey of relevant and current research in Simultaneous
Engineering, Computer-Aided Design, Computer-Aided Process Planning, and Part Repre-
sentation schemes. A review of Al tools and techniques used in this research is also presented
in this chapter. Chapter 3 describes the methodology proposed to address the Simultaneous
Engineering concept for components manufactured in small and medium lot-sizes. Chapters
4 and 5 describe in greater detail relevant aspects of a computer-based design environment
developed to support the approach proposed for Simultaneous Engineering. The design
environment has been tested and validated by implementing it for the simultaneous prod-
uct and process design of Bearing Cages. Chapter 6 presents the salient points of this
implementation. Important observations about the design environment, conclusions and

recommendations are presented in Chapter 7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2

LITERATURE SURVEY

2.1 Introduction

A review of work in the area of Simultaneous Engineering is presented in Section 2.2.
Literature in the areas of Computer-Aided Design (CAD) and Computer-Aided Process
Planning (CAPP) is reviewed in Sections 2.3 and 2.4, respectively. The main intention in
reviewing literature in these two areas is to study the extent to which work has addressed
any of the relevant aspects of the Simultaneous Engineering concept. Work in the area of
Mechanical Part Representation is summarized in Section 2.5. A brief review of Al concepts,

tools, and techniques used in this research is presented in Section 2.6.
2.2 Simultaneous Engineering

In Chapter 1 it was indicated that Simultaneous Engineering encompasses a wide variety
of concerns and has a very broad scope. This characteristic is also reflected in the varied

approaches undertaken to address different aspects of this concept.
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2.2.1 Design for Assembly

Design for Assembly (DFA) is a major sub-area in which much work has been done recently
[7-11]. Guidelines have been developed to enable designers to develop better sub-assembly
and assembly designs so that “good assembly practices are designed into a product rather
than planned into a production line.” Various schemes enabling designers to reduce the
number of parts in an assembly and making it easier to assemble the remaining 'pa.rt.s have
been proposed [7]. Modularization, function integration, function distribution, parametric
design, and dimensional standardization are representative examples of guidelines that fall
within the scope of good DFA principles. Several case studies have been reported wherein
assemblies have been extensively redesigned to the point of making assembly costs an in-
significant portion of the total cost of an assembly [11]. In certain cases, product redesign
made it less profitable to automate the assembly process.

Only recently has work begun in developing computer-based environments that would
enable designers to follow the DFA guidelines. The work reported by Lai [12] and Ulrich
[13] are steps in this direction. A Function Description Language (FDL) is presented in
(12] to enable designers to describe the functions of components and the relations between
components in an assembly. The functional description of an‘ assembly is parsed using DFA
principles thereby identifying and eliminating any redundant functions and structures in
the assembly. The end result of this process is the generation of a more efficient design of
the assembly.

Ulrich’s [13] work dealt with the automated construction of schematic and physical
descriptions of single-input, single-output (SISO) dynamic systems. Given a desired in-
put/output response of such a system, an algorithm £rst constructs a schematic diagram

using bond graphs. A physical description is then created with one-to-one correspondence
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between schematic and physical elements. Function sharing?! is then used to simplify the
physical description. This involves making structural changes that allow adjacent physical
elements to be replaced by a single element that provides the function of both elements.

Ishii et al. [14] describe the use of Design Compatibility Analysis (DCA) [15] as a means
of developing computer-based tools to support Simultaneous Engineering. DCA focuses on
quantifying the degree of compatibility between the design requirements (specifications)
and a proposed design. It is a general means of suggesting improvements in the proposed
design to increase the degree of compatibility. Ishii et al. [14] suggest that this concept
be extended to accommodate other life-cycle concerns of a product such as assemblability.
The use of knowledge-based systems is proposed to capture compatibility knowledge asso-
ciated with different product life-cycle concem. This methodology has been tested in two
domains: system design of power generation plants and design of mechanical products for
assemblability.

Rehg et al. [16] describe the development of a Computer-Aided Design (CAD) sys-
tem that can support mechanical design at the assembly level and also serve as a means
of integrating design and assembly concerns. A prototype system has been developed for
automatically synthesizing automotive window regulators. The key characteristics of this
system that distinguish it from traditional CAD systems are the use of: (1) multiple design
agents or critics that embody different kinds of expertise required in the design of a par-
ticular assembly, and (2) the use of multiple design representations tailored to the needs of
the design agents.

Finger et al. [17] and Lu et al. [18,19] provide general descriptions of computer-based
systems that can assist ir crcating mechanical designs that simultaneously meet product

life-cycle requirements. They propose the use of: (1) blackboard systems to support and
3.1 A DFA principle.
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integrate multiple perspectives, (2) feature-based design entities to represent design abstrac-
tions at different granularities, and (3) constraints to guide the design process by maintain-
ing consistency through constraint propagation. An implementation of such computer-based
systems in specific domains has not been described, but the framework?? presented is suffi-
ciently general to provide a domain-independent structure for performing cooperative prod-
uct and process design. Several aspects of the generic design environment are noteworthy
and this research builds upon the general guidelines provided.

One of the drawbacks of the DFA concept is that the established guidelines concentrate
mainly on assembly-level concerns and do not consider the manufacturability-related con-
cerns of the individual components within an assembly. Dewhurst [20] proposed an extension
to the DFA concept where the task is viewed as occurring at two levels of abstraction. An
assembly is designed using DFA principles to develop a design that has the fewest parts and
the maximum ease of assemblability. Componé;xts of the final design are then individually

designed to satisfy the manufacturability-related concerns of each component.
2.2.2 Design for Manufacturability

Design for Manufacturability (DFM) addresses the manufacturing-related concerns of in-
dividual piece parts. Dewhurst [20] describes the development of an approximate method
for estimating the cost of a machined or formed component early in the design phase. The
assumption that the part is processed under ideal processing conditions is made in arriv-
ing at a method to estimate the cost. The method described in this work is a compromise
between an oversimplified approach and the more traditional detailed cost estimating meth-
ods. Since it does not take into consideration all the factors that contribute to the total cost

of a part, its validity holds only when one can ensure that the excluded factors contribute

334 term synonymous with “architecture” and “structure® in this thesis.
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negligibly to the final cost of the component. No guidelines have been provided to establish
the validity of these assumptions in a particular domain. The l;urden of ensuring that the
assumptions are true is left to the user.

Boothroyd [21] describes the importance of the need to consider machining concerns
while developing the design of a part and illustrates several guidelines developed from a
machining standpoint. No computer-based framework enabling designers to ensure that
these guidelines are met is presented.

Dixon and others [22-26] proposed a different approach to address the Design for Manu-
facturability concept. The problem considered deals with the issue of developing the design
of components manufactured by metal forming processes (like casting, forging, injection
molding) to satisfy all manufacturability-felated concerns. Since manufacturability-related
knowledge in these areas is very heuristic and empirical in nature, a knowledge-based sys-
tems approach has been proposed as a solution. In these approaches,. the design of a
component is described using a feature-based part representation scheme. This description
of the part is used as a basis to check for manufacturability-related concerns in the design
of a part. Only the manufacturability-related concerns pertaining to individual features
of a part are considered. Concerns that involve interactions between two or more features
have not been addressed. However, the methodology proposed is promising and some of
the work reported in this research expands upon this approach to the DFM concept.

Cutkosky and Tenenbaum [27] present a slightly different methodology for achieving the
DFM concept that involves the designer working in “manufacturing” modes. The designer
specifies the design he is creating by outlining a sequence of processing steps. For example,
a machined part would be defined as a blank which is shaped with operations such as holes,
pockets or sweeps. Knowledge-based systems and solid-modéling systems are then used to

generate processing requirements and check for violation of manufacturing constraints. The
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system has been partly implemented and tested on simple component designs.
2.2.3 Taguichi Approach

A different approach to the Simultaneous Engineering concept at the component level is
described by DeVor et al. [28,29]. A framework is presented based on Taguichi’s model for
the design process. The design process is described as taking place in three stages:- System
Design, Parameter Design, and Tolerance Design. In the System Design stage, current
experience and technological capabilities are applied to arrive at the most promising design
alternative. In the Parameter Design stage, a parametric study and analysis of important
factors of the design alternative is conducted to determine their optimal values. At the
Tolerance Design stage, the loss function concept from Quality Control literature is used to
select allowable tolerances for the important design parameters.

The work by DeVor et al. [28] concentrates on the Parameter Design stage and imple-
ments the Simultaneous Engineering concept by identifying design as well as manufacturing-
related parameters that should be considered at this stage. Design of Experiments tech-
niques are used to specify the nominal values for the important design and manufacturing-
related parameters. The main selection criterion used is to “identify those nominal values
which minimize the transmission of functional variation to the output performance as a
result of the presence of noise factors operating in the environment in which the product
and/or process is functioning” [29]. The methodology has been demonstrated using the
face milling process as an example. Part stiffness was identified as the important product
parameter. Feedrate, depth of cut, number of inserts, and cutter offset were identified as
important process parameters. Mechanistic models [29] were used to perform computer-
based simulations of the manufacturing process to determine the process parameter values.

Mechanistic models also form an important part of the proposed approach to implement
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the Simultaneous Engineering concept. An alternate approach to using these models to de-

termine the effect of design specifications on process performance parameters is described

in this thesis.
2.3 Computer-Aided Design (CAD)

The design process, viewed as a dialectic between the designer and what is possible {39},
has been a subject'of intensive study recently. This section presents a review of the research
in developing computer-based environments to assist or automate the product design pro-
cess. Since this research deals mainly with mechanical components, the review of work in
Computer-Aided Design is restricted to the area of mechanical design.

The main intention of this review is to broadly characterize the research in CAD to
determine if any relevant aspects of the Simultaneous Engineering concept have been ad-
dressed. The next three sections review three different approaches proposed in the literature
for modeling the design task: design-evaluation-redesign, refinement and constraint prop-

agation, and multiple agents design. The final section summarizes the main conclusion of

this literature review.
3.3.1 Design-Evaluation-Redesign

Howe, Cohen, and others [31-34] present a model of design where the task is viewed as
consisting of several cycles of evaluation and redesign. For the system developed by Howe
|31], the input to the system is a set of problem parameters describing physical constraints
of the design, a set of performance goals, a set of design variables, and an initial design. The
initial design is first evaluated to determine if it meets all the goals of the design. If any of the
goals are not met, then a particular design variable is chosen (based on knowledge about the

design domain) and a change in the value of the variable is proposed. If the overall effect of
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the change in the design variable is assessed to be positive, then the change is implemented.
The new design is evaluated and the cycle continues until all performance goals hﬁve been
satisfied. This process can be characterized as a general hill-climbing procedure and works
when there is minimum interaction between design variables. _

Dixon et al. [33] applied this model of the design process to the design of standard
V-belt drives. Principles from utility theory are used to evaluate a design and classify it as
acceptable or unacceptable. Kulkarni et al. [34] used this model of the design process for
the design of heat fins. The redesign phase of the design process is the most critical task;
in the system developed, various sub-modules for performing the redeéign phase have been
provided. Based on the results of the evaluation phase, one of the modules of the redesign
phase will be choﬁen to improve the design. An extra stage has also been incorporated in

the design process to gheck and compensate for overdesign.
2.3.2 Refinement and Constraint Propagation Design

Tong [30] presents another model of design where design is viewed as consisting of two
interleaved activities: refinement and constraint propagation. Product design is assumed
to progress essentially top down, with the design of a complex system being broken down
into the design of smaller sub-systems. Since the task of designing the smaller sub-systems
cannot be performed independently, it is assumed that the interface between the sub-tasks
will be defined. It is often infeasible to completely and precisely define the interface between
the tasks before the sub-tasks have been partially performed. Therefore, it is assumed that
these interfaces are defined while the individual sub-tasks are performed.

Refinement is the term used to describe the top-down design activity. Refinement for
complex design tasks is a two-step recursive process. The first step is a planning step where

initial specifications serve as top level goals for plan generation. The second step is execution
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of the plan. It results in construction of product design descriptions. Refinement is applied
recursively if plan steps serve as sub-goals for more planning. Constraintsis the mechanism
used to record sub-task interconnections, and Constraint Propagation is the term used for
the activity which applies these constraints and ensures consistency between the refinement
activities for individual sub-tasks. The refinement and constraint propagation model of
design is a general and powerful model of the design activity and is applicable to both
electrical and mechanical design.

McDonald [35] and Langrana [36] used this model to address a task that first requires
the determination of the kind of system (e.g. belt system or gears) that will be used, and
then requires refinement of the chosen design to meet a user’s requirements. McDonald
[35] views such a design task as the instantiation of archetypes (or classes) and refinement
of the instance(s) created using hierarchical decomposition and recomposition techniques.
The various modules (or components) of the final design form the basis for the hierarchical
decomposition task. Recomposition is achieved through the establishment of constraints
between the instances created for the various modules. A redesign process is initiated if
failure occurs either during instantiation of modules, at the decomposition stage, or at the
recomposition stage. Design of a drive system has been chosen to demonstrate the efficacy
of the proposed framework.

Langrana [36] approaches the design process by making a.ssuniptidns about the categories
of knowledge used in design, the representation used for the designed artifact, and the pro-
cess by which knowledge is used to achieve a successful design. Three categories of knowledge
are identified: implementation, control, and causal knowledge. Frame-based representation
is ueed to model the designed artifact. Design proceeds with a least-commitment, top-down
strategy in which constraints arising from implementing one part of the design are commu-

nicated to other parts of the design. The system has been demonstrated by implementing
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it for the design of motion transmission assemblies.

Brown [37,38] used the refinement and constraint model of design for the Routine Design
task. Routine Design is classified as a task that a designer has performed many times with
different requirements such that knowledge required to perform the task is available in
a highly compiled form. Brown [37] studied the routine design of Air Cylinder systems
and proposed a methodology to automate this task. The design task is viewed as “A
hierarchy of conceptual specialists solving the problem in a distributed, top-down manner
by choosing at each stage of the design from a set of plans, thus refining the design” [37]. A
special purpose language for expressing design knowledge called Design Specialists and Plans
Language (DSPL) has been developed. DSPL defines: ‘Specialists’ as being responsible for
solving design sub-problems; ‘Tasks’ as being responsible for a particular task within a
sub-problem; and ‘Steps’ as being responsible for a single decision-making step. DSPL also
expresses design plans, redesign knowledge, and constraints between parts of the design
being developed.

Mittal and Araya’s [39,40] work in modeling the design task is similar in many re-
spects to Brown’s work [37] in the area of routine design. Design is viewed by them as
consisting of specification, generation, and evaluation stages. Their work focuses on the
organization of design knowledge into “design plans” for use in the design generation stage.
Plans specified for “goals” are responsible for a subset of the design parameters that de-
fine the dimensions of the design space. Goals have alternate methods to make decisions
about parameters: sub-plans, generators, calculations, procedures, constraint generators,
rule groups, and conjunctive methods. Goals also have constraints attached to their pa-
rameters and constraints have “advice” which is activated when constraints on parameters
are violated. Design is viewed as knowledge-directed search, the search direction being

established by the activation and execution of plans.
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2.3.3 Multiple Agents Design

Mayer et al. [41] and Rychener et al. [42] modeled the design process as the integration of
multiple, possibly overlapping, design knowledge sources. Mayer et al. [41] model knowledge
sources as forward-chaining rules selected by the user, who is also another knowledge source.
The most interesting aspect of the system is that potential conflicts between knowledge
sources are settled by the sources themselves during run time rather than by the knowledge
engineer who creates the system. The design of a speed reducer has been ghosen as a
suitable demonstration domain.

The ALADIN system developed by Rychener et al. [42] has been used to design alloys
at the micro-structural, bulk material property, and production processing levels. Alloy
design problem is treated as a planning problem because the final alloy design is a sequence
of steps to be taken to produce the alloy. The system uses multiple levels of abstraction
to create designs. Meta planning and least commitment strategies using constraints and

hypotheses expressed as ranges on values are employed to control the reasoning process.
2.3.4 Link to Simultaneous Engineering

Computer-based systems that have been developed to assist or automate mechanical de-
sign are based on knowledge obtained from “design experts.” The majority of these sys-
tems, therefore, generate designs that satisfy functicnal! and structural considerations.
Manufacturability-related concerns have either not been considered or have been ignored be-
cause the knowledge to incorporate such concerns in these systems is not readily available.
However, it is imperative that future extensions to the design environment frameworks
described in this section consider manufacturability requirements. The role of manufac-
turability evaluation within the refinement and constraint propagation model of design was

studied in detail in this research.
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2.4 Computer-Aided Process Planning (CAPP)

The focus of this research is on addressing machining-related concerns during product de-
sign. Traditionally, a majority of these concerns arise when process plans are developed for
parts. Currently, the process planning activity is carried out with a number of computer-
based decision aids that assist or automate the process planning task. This section presents
a classification of such CAPP systems with the intention of studying if these systems ad-
dress issues pertinent to the Simultaneous Engineering concept. The first three sections
describe three different kinds of CAPP systems: variant, semi-generative, and generative.

The last section summarizes the main findings of the literature review.

2.4.1 Variant Systems

Initial work in applying computers to aid the process planning task has been in the area of
Variant Process Planning Systems. In this type of CAPP system, parts are grouped into
part families, a unique code is generated for each part family, and a standard process plan
is developed for each family. Most systems use a well-developed Group Technology (GT)
based coding system to develop the unique codes for the various part families. The standard
plans are stored in a computer and conveniently keyed under the unique code generated
for each family. This type of process planning system is used by first determining the part
family of a new part and then retrieving and filling up the standard process plan to reflect
the characteristics of this part. CAPP [43], MIPLAN [44] and ACUDATA/UNIVATION
[45] are well known examples of such CAPP systems.

2.4.2 Semi-Generative Systems

The semi-generative systems are advanced variant systems and incorporate quasi-generative

features. After the part family has been identified (as in a basic variant system), these
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systems offer the user several options. One option is to make suitable changes to the
standard process plan for each part family. The second option is to begin with an incomplete
process plan and complete it for a specific part. A third option is to start from the beginning
and create a complete new plan by using various standard process descriptions stored in

the computer. Preliminary versions of GENPLAN [46], XPS-1 [47] and CORE-CAPP [48]

" are examples of such systems.

2.4.3 Generative Systems

Generative process planning systems are designed to automatically synthesize information
to develop the process plan for a part. They also combine a manufacturing logic module
with a suitable part description scheme to “generate” the process plan for a particular part.
Early versions of generative process planning systems used “decision tables” and “decision
trees” to capture manufacturing logic and “GT code” or “special purpose languages” to
describe the part. Such systems are more complex than their variant counterpart and also
more restrictive in the breadth of their application. DCLASS [49], APPAS [50] and CPPP
[51] are some of the well known systems of this kind. The advent of CAD databases and
wire-frame modeling led to the development of generative process planning systems based
on this type of a part description scheme. TIPPS [52] and RPO [53] were some of the early
generative systems to explore the link between CAD databases and generative systems.
The next major development in the area of generative process planning systems was
the use of Al techniques to model the activities pertaining to the manufacturing logic
component of these systems. Concepts from the Knowledge-Based Systems and Planning
areas in Al were found to be particularly suitable for applying the captured manufacturing
logic to a suitable description of a part, thereby generating the process plan. GARI [54],
TOM [55], XCUT [56] and SIPP [57] are some examples of systems that achieved a certain
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degree of success in using Al techniques to develop generative process planning systems.
Today generative process planning systems are predominantly based on Al techniques and
are being applied to different aspects of the process planning problem. Ham and Lu [58]

provide a more detailed discussion of current and future research directions in CAPP.
2.4.4 Link To Simultaneous Engineering

Although a great deal of work has been done in developing various CAPP systems, none
of the systems address the issue of machining-related concerns raised by the Simultaneous
Engineering concept. This is because these systems have been based on the traditional,
sequential product developmenf process where process planning begins after completion of
the product design. For example, the successful development of a process plan for a part
using a CAPP system does not necessarily imply that all machining-related concerns have
been resolved. There are situations where machining-related concerns are still present, in
spite of the existence of a process plan. In such situations, it is sometimes possible to
further reduce manufacturing costs by making suitable design changes that eliminate these
concerns without affecting structural and functional considerations. Another example is the
situation where there are several different process plans for a particular design of a part,
but some or all of the plans become invalid when the part is restricted to be manufactured
in a particular manufacturing facility. Here again the mere existence of a process plan does
not imply that there are no machining-related concerns.

In spite of these drawbacks, these systems have been instrumental in laying a strong
foundation for a Computer Integrated Manufacturing Syster (CIMS). It would, therefore,
be very prudent to extend these systems to tackle some of the issues raised by the Simul-
taneous Engineering concept. Although variant types of CAPP systems are more prevalent

today, the generative CAPP systems are more appropriate for implementing several aspects
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of the Simultaneous Engineering concept. This research presents several ways of extending

generative process planning systems to address issues related to the Simultaneous Engineer-

ing concept.
2.5 Part Representation

Computer-based representation of mechanical parts is a major focus of the research de-
scribed in this thesis. Various part description schemes have been reported in the literature.

A brief review of the more important schemes is presented in the following sections.

2.5.1 Solid Modeling

Solid modeling,3-® which grew out of early applications of computers to design and manu-
facturing-related tasks, provides several significant and distinct methods for representing
parts. Solid modeling is concerned with the representation and manipulation of subsets of
three-dimensional Euclidean space. It also enables the constrﬁction of computer systems
to support these tasks. Solid modeling systems have three components: a representation,
a means of performing operations on that representation, and a means of querying that
representation for information. A brief description of some of the more important solid
modeling schemes follows. A more detailed discussion of these representational schemes is
provided by Requicha and others [59-61].

The Boundary Representation (B-Rep) scheme models objects by representing their
boundaries. A three-dimensional boundary model has data elements that correspond to
faces, edges, and vertices. Boundary models are also called “evaluated models” because
they store information in a form which is easy to compute. However, the model descriptions

are quite verbose and extensive error checking routines are required to ensure their syntactic

23or Geometric Modeling.
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validity.

Constructive Solid Geometry (CSG) modelers are based on the premise that complex
shapes are actually combinations of primitive graphic shapes, e.g., cone, torus, sphere, cube,
wedge, and cylinder, which can be added or subtracted by means of regularized boolean
set operators. These models are complete and valid representations of solids, they have
syntactically guaranteed well-formed conditions and are compact over a wide range of solids.
Extracting information from these models, however, requires a complex form of evaluation
called boundary evaluation which converts the CSG structure to a boundary model.

The Sweeping Modeling scheme is based on the fact that some solid shapes can be
created by moving a line or plane on a defined trajectory. Designers often prefer this

. modeling scheme because these methods are easy to use.. However, an important limitation
of this scheme is that it can be used only for shapes which have rotational or translational
symmetry.

Spatial Enumeration, Cell Decomposition or Tree Decomposition are all octree rep-
resentation schemes (an octree is the three-dimensional generalization of a binary tree).
They represent geometry in an approximate form by modeling an object as a union of non-
overlapping predetermined cells. They are very useful for modeling highly irregular solids,
although their memory space requirement is rather high. These schemes have been used
primarily in the areas of Computer Vision and Medical Imaging.

A solid model representation of the part is an important component of the part repre-
sentation scheme developed in this research. CSG and B-REP are the schemes primarily

used for the design of mechanical parts. These representation schemes were also extensively

used in this research.
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2.5.2 Feature-Based Modeling

The application of Knowledge-Based Systems concept to design and manufacturing tasks
has led to the recent development of an entirely different kind of part representation scheme
[62-66)]. This is the Featur&ﬁased Part Representation Scheme. In this scheme, parts are
represented at a higher level of abstraction than the solid modeling schemes. A feature
is any geometric form or entity whose presence or dimensions is relevant to one or more
design or manufacturing tasks or whose availability to designers as a primitive facilitates
the design process [62]. In such a part representation scheme, typical part features such
as holes, bosses, cutouts, flats, slots, bores, threads, chamfers, fillets, grooves, and pockets
are explicitly defined unlike their implicit representation in most solid modeling schemes.
Feature-based part representation schemes have been proposed fairly recently and work is
still under progress to establish their efficacy in design and manufacturing domains. This re-
search made extensive use of the feature-based part representation scheme and made several
important contributions to developing the fundamental characteristics of this representation
scheme.

Although Solid Modeling and Feature-Based Representation Schemes are very different
part modeling schemes, there is a strong need to integrate these two types of part represen-
tation schemes. Woodbury [67] conducted some preliminary work in this aret;. and describes
an architecture for performing such an integration. Classes of spatial sets, features, abstrac-
tions, and constraints are four concepts that are used to define the complete architecture.
A prototype implementation of the architecture using object-oriented programming tech-
niques [68] and a boundary based solid modeller [69] is described. Part representation is
an important aspect of the computer-based design environment proposed in the research

described in this thesis. The need for integrating feature-based part representation schemes
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with geometric modeling schemes, and the relevance of the work reported by Woodbury

[67], is established and ascertained in this research.
2.6 Artificial Intelligence Tools and Techniques

Artificial Intelligence (AI) played an important role in this research in developing the
methodology for addressing the Simultaneous Engineering concept. Section 2.6 provides

a brief review of the Al-based concepts and techniques used.
2.6.1 Model-Based Reasoning Systems

Model-Based Reasoning [70-72] is the knowledge-based systems approach to problem solving
that involves building, analyzing, and reasoning from an explicit computational model of
the structure, principle, function, and behaviour of an underlying system. Separation of
the structural/functional model of a problem domain from the problem-solving knowledge
is the basis of any model-based reasoning system. .

Model-based reasoning is suitable for complex domains where more than one problem has
to be solved. Instead of developing task-specific tools in isolation from one another, a central
model in such systems provides a unifying foundation for the integration of such tools.
The model is usually specified in terms of structured objects (see section on Frame-Based
Systems below), object function and behaviour, and relations between the objects. Models
in essence are a simplified and selectively abatracted representation of a natural system that
is too complex to be represented in its entirety. Tasks such as design, planning, scheduling
and diagnosis that are typically attempted with the aid of knowledge-based systems can
greatly benefit from such an approach. For example, in [70] a scheduling and diagnostic
knowledge-based system is presented for a new manufacturing facility. This system has

been built using the model-based reasoning approach. A detgiled model of the factory is
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the underlying foundation for the scheduling and the diagnostic system. The model consists
of objects representing tﬁe various components of the factory (e.g. machines, products, and
conveyors), behaviours for the objects that are implemented as rules or procedures (e.g.
what type of operations can be performed on a machine), and relations among objects (e.g.

upstream object and downstream object).

2.6.2 Blackboard Systems

A Blackboard System [73-76] is a method for constructing Al-based environments to solve
complex problems where different kinds of knowledge and expertise is needed. The pro-
cess by which blackboard systems construct solutions is incremental and is based on the
progressive application of a variety of knowledge to solution elements at varying levels of
abstraction. A Blackboard System is a fairly informal construct and has evolved over the
years since HEARSAY-II [74], the first blackboard system, was constructed. A Blackboard

System now is universally accepted to be composed of the following three main components:

1. A globally accessible Aatabase called the Blackboard. The Blackboard is structured as
a linear hierarchy of abstraction levels and contains the results of applying problem-
solving knowledge. Items placed on the blackboard at various abstraction levels are
called “entries”, and are complex structured objects. Each “entry” is composed of a set

of attributes which are assigned values after the “entry” is placed on the blackboard.

2. A set of Knowledge Sources. Knowledge Sources represent the problem-sclving knowl-

edge contained in the system. They respond to changes in the state of the blackboard

by altering its contents.

3. A control component called the Scheduler. The scheduler controls the problem-solving

behaviour of the system by monitoring the state of the blackboard and selecting one
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or more Knowledge Sources to apply.

A detailed description of Blackboard Systems is provided in [76]. The blackboard system

has been used extensively in this research and details are provided in Chapter 5.

2.6.3 Frame-Based Systems

Frame-Based Systems [68,77,78] are designed to provide an easy means of describing struc-
tured objects or classes of objects in a particular domain. A frame-based language provides
a stereotyped description of individual object classes which are then used to create default
descriptions of a particular object. The structured objects can be described at different
levels of abstraction and can be combined at run time via an inheritance mechanism. Re-
lationships between classes are expressed as an inheritance hierarchy organized into a tree
structure with classes at the lower levels being more specific sub-classes of the classes above
it. Slots are used to describe the attributes of ﬁ particular class. For example, frame ob-
jects can be used to represent vehicles, refinements of the general class of vehicles such as
automobiles and trucks, and still further refinements of automobiles such as sedans, coupes
and station wagons. Attributes of vehicles such as color, height, length, location, and owner
can be represented as slots of the vehicle frame [78].

Although frame-based systems provide no specific facilities for declaratively describing
operations on frames, they do provide various ways of attaching procedural information to
frames. This procedural attachment capability enables the building of behavioral models of
objects and expertise in an application domain. It also provides a powerful form of object-
oriented programming in which cbjects represented as frames can respond to messages sent
to them [68]. Active Values and Methods are two ways of attaching procedural information
to frames. Active Values are procedures attached to frame slots (attributes) that are invoked

when the slot’s values are accessed or stored. They are commonly called “demons” because
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they constantly monitor changes and uses of a slot’s values. Methods are procedures,
attached to frames, that respond to messages sent to the frames. Methods are stored as the
values of slots that have been identified as message responders. Messages sent to frames
specify the target method and include any arguments needed by the method. For example,
“update.location” ca;l be an active value attached to the “location” slot of the automobile
frame [78]. Whenever the value of the “location” slot is changed, this active value will be
invoked to update the location of the automobile in a geographical map being displayed
to the user. “Diagnose” can be a method attached to the automobile frame that when
activated would diagnose electrical faults and put down the result as the value of the slot
“electrical.faults” of the automobile frame [78].

Methods are usually defined and given values at the highest possible level in the inher-
itance hierarchy. Their values can be changed at the lower levels of the hierarchy, either
by adding a new local method or by incrementally specializing the existing methods [68].
Incremental specialization can be done by adding Before and After methods (at subclasses)
that are to be performed before and after (respectively) the main method is executed. In-
cremental specialization can also be achieved by adding whoppers that allow a procedural
combination of new and inherited methods at the lower levels of an inheritance hierarchy.

A more detailed description of Frame-Based Systems is provided in [68,77].
2.6.4 Constraint-Based Systems

Constraint-Based Systems [79,80} are used to represent relationships between slots of frame
instances. For example, if the value of “slot3” of frame instance “frame2” is the sum of
values for slots “slot1” and “slot2” of frame instance “framel”, then this relationship can
be represented by an “adder” constraint between the three slots. Constraints do not state

a direction for the computation; rather, they maintain relationships by computing missing
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values for slots taking part in a constraint relationship and signal conflicts if the relationship
is overly constrained with inconsistent attribute values. A constraint-based system can be
viewed as a network of devices connected with wires. Data values may flow along the wires
(slots) and computation is performed by the devices (constraints). A device computes
using only locally available information, and places newly derived values on other, locally
attached wires. In this way computed values are propagated [79] from one wire to another.
The advantage of such a system is that a single relaﬁionship can be used in more than
one direction. The slots taking part in a relationship are not labeled inputs or outputs;

" a constraint will compute with whatever values are available, and produce as many new
values as it can (within limitations of the deduction process).

Constraints can be declarative or procedural in nature. The “adder” constraint de-
scribed above is an example of a declarative constraint. A procedural constraint is one
where a program is invoked to determine the value for a particular slot when values are
available for a subset of the remaining slots taking part in a constraint relationship. A
conflict is said to occur in a constraint-based system when one of the following conditions

exist while setting the value of a frame’s slot:
o The new value is not being set by the same entity that set thé old value or

o The slot already has a value that is inconsistent with the new entry.

A more detailed description of how Constraint-Based Systems can be implemented and

invoked in practice is given in [79].
2.7 Summary

Literature in five different areas was reviewed in detail. In the area of Simultaneous Engi-

neering it was indicated that recent work had been concentrating on developing computer-
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'based environments for implementing this concept. In the area of Computer-Aided Design,
three different models of the design process were reviewed: Design-Evaluation-Redesign,
Refinement and Constraipt Propagation Design, and Multiple Agents Design. In the area
of Computer-Aided Process Planning, three kinds of systems were reviewed: Variant, Semi-
Generative, and Generative Systems. It was pointed out that the models of the design
process and the process planning systems need to be extended to address manufacturability
related issues. In this research the refinement and constraint propagation model of design
has been considered along with the generative process planning system to address such is-
sues for components manufactured in small and medium lot-sizes. Part Representation was
pointed out to be a central concept in the three areas mentioned above. Two different kinds
of part representation schemes were reviewed: Solid Modelling and Feature-Based Schemes.
In this research both these schemes have been used and it was shown that an integration of
the two schemes is necessary to achieve the goals of the Simultaneous Engineering concept.
Finally, Artificial Intelligence played an important role in this research and the Al-based

concepts and techniques used in this research were briefly reviewed.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

COMPUTER-AIDED
SIMULTANEOUS
ENGINEERING

3.1 Introduction

A methodology is proposed to address the Simultaneous Engineering concept for compo-
nents manufactured in small and medium lot-sizes. Machining-related concerns are iden-
tified as important elements of this concept and one way to identify and systematically
classify these concerns is described. Finally, a conceptual and schematic framework of a
computer-based design environment is presented to implement the Simultaneous Engineer-

ing concept.
3.2 Proposed Approach to Simultaneous Engineering

To date, two different approaches have been proposed for the Simultaneous Engineering

concept. The first approach is to design parts to be manufacturable in existing manufac-
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turing facilities®!. The second approach is to concurrently develop the design of the part3-2
and the design of the facility and the process plan for the facility.>® These two approaches
define the two ends of a “Simultaneous Engineering spectrum” in terms of the degree of si-
multaneity that is achieved. In the second approach, all three tasks namely produgt design,
facility design and process planning are done simultaneously and “maximum simultaneity”
is achieved. In the first approach, facility design is not performed and only product de-
sign and process planning is performed concurrently. This approach achieves “minimum
simultaneity”.

Econoric considerations normally dictate the approach to be undertaken. For exam-
ple, for components manufactured in large lot-sizes, it is usually economically feasible o
take the second approach to realize the Simultaneous Engineering concept. However, for
components manufactured in small and medium lot-sizes, economic considerations often
make it infeasible to completely design a new facility for each type of component. Instead
of designing these components for existing manufacturing facilities (the first approach), a
more viable alternative proposed in this thesis is to achieve the Simultaneous Engineering
concept in two stages.

The first stage, entitled Commodity Sourcing, involves designing special manufactur-
ing cells based on existing part designs such that components manufactured in small and
medium lot-sizes can be produced in these cells at the lowest possible production cost.
Manufacturing cells are becoming increasingly cost effective for such components and are
being preferred over other means for processing these parts (such as Flexible Manufactur-
ing Systems) [82]. The secend stage involves ensuring that parts are designed or redesigned

such that they are “manufacturable” in these specially designed facilities for the lowest

3:1The Design for Manufacturability concept [11,22,81].
33Product design.
3-3Process design.
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possible product development cost. In terms of the Simultanecus Engineering spectrum
presented above, this approach would fall in between the two extreme approaches because it
achieves a “moderate amount of simultaneity.” Unlike the first approach described above,
facility design is performed in this case. However, since facility design does not occur con-
currently with the product design and process planning activities as in the.second approach
described above, maximum amount of simultaneity is not achieved. The advantages of

realizing the Simultaneous Engineering concept in two stages are as follows:

1. Improved Product Reliability. The increase in reliability is due to the devel-
opment of common engineering designs for similar parts, fewer shop floor operators

handling the piece parts, and increased familiarity of operators with the piece parts.

2. Reduced Product Design, Process Planning, and Machining Time. The
reduction in design, planning, and machining time can be attributed to utilization
of existing part designs wherever possible, development of part designs satisfying
manufacturing requirements, development of common and generic NC layouts for

machine tools, and development of fixture and cutting tool matrices that minimize

setup times.

3. Improved Quality and Cost of Rough Material. The improvement in quality
and cost of rough material is due to the consolidation and reduction of total number of

rough material suppliers, and the timely receipt of raw material leading to a reduction

in inventory levels.

4. Improved Machine, Durable, and Perishable Tooling Utilization. The im-
provement in utilization is due to the development of fixture, gauge, and cutting tool

designs that are based on the common characteristics of a group of parts. This also
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contributes towards reduced inventory, maintenance, and storage requirements for

such parts.

Although the second step of the proposed approach is similar to the first approach described
above, the main difference from a Simultaneous Engineering standpoint is: whereas the
machining-related concerns reflected in the proposed approach carry more weight because
they are the concerns that arise if the part were to be manufactured in the lowest possible
production cost facility, the same cannot be said about the concerns that arise if the part
were to be manufactured in an existing manufacturing facility. Due to this, the designer
would be less willing to resolve the concerns arising due to an existing manufacturing facility
by making changes at the product design end of the product development process.

One way of satisfactorily performing the first stage activities is to use Group Technol-
ogy concepts [83] to design the special manufacturing facilities. The traditional approach to
performing the second stage activities to “ensure manufacturability” is to allow close per-
sonal or computer-assisted interaction between product designers and process designers®+4,

However, this approach is often unsuitable for several reasons:

o Product designers can interact with only those process designers familiar with the

capabilities of the specially designed manufacturing facilities.

o Process designers familiar with the capabilities of the specially designed manufacturing

facilities are small in number and consequently in heavy demand.

e Product designers are not always capable of determining when to approach process

designers during product design to resolve machining-related concerns.

34In this case, same as process planners.
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o The most suitable process designers to interact with may not be located at the same

place as the product designers.

Since the dearth of “knowledgeable” process designers is one of the main drawbacks of
the above scheme, another approach to performing this activity is to develop an “intelli-
gent” computer-based environment [84] that cooperatively assists designers during prod-
uct design. The computer-based environment would encapsulate the knowledge of process
designers familiar with the capabilities and machining-related concerns of the specially de-
signed manufacturing facilities. The environment would serve as a computer-based associate
for product designers and it would cooperatively assist them in creating, modifying, and
refining manufacturable product designs at all stages in the product design process.3® The
design environment can be built by extending existing computer-based models of design (re-
viewed in Chapter 2) to incorporate manufacturability concerns. An important advantage
of the design environment is that the task addressed is sufficiently general to encompass
the first approach to the Simultaneous Engineering concept described above. Thus, from
an implementation standpoint, this design environment can also be used (if necessary) for
implementing this approach to the Simultaneous Engineering concept. However, since the
focus is on the Simultaneous Engineering concept for components manufactured in small
and medium lot-sizes, the main considerations for developing the design environment are
derived from its use to “ensure manufacturability” under the approach proposed in this
research.

Group Technology is a fairly well-established concept for performing Commodity Sourc-
ing [83]. The research reported in this thesis concentrates mainly on developing the frame-

work of the computer-based environment required for the second stage activities.

3-5Not just critique product designs after they have been completely developed.
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3.3 Identification and Classification of Machining-Related
Concerns

A part is deemed to be manufacturable in the specially designed facility foi' components
manufactured in small and medium lot-sizes if no machining-related concerns arise
when the part has to be processed through that facility. Machining-related concerns are
representative of the interaction effects between the ptodlict and process design tasks. The
success of any computer-based design environment developed for the second stage activ-
ities depends on its ability to identify these concerns. This section defines the concept
of machining-related concern and presents a systematic way to identify and classify these
concerns.

Machining-related concerns in this research are viewed as “problems” arising at the
manufacturing end of the product development spectrﬁm because of certain part design
characteristics. The problems may vary from “requiring special-purpose machine tools” to
“requiring extra operator attention when parts are being processed.” However, one common
characteristic of all machining-related concerns is the significant effect on production cost,
processing time or quality of parts produced if they are not suitably resolved.

One way of identifying machining-related concerns is by determining the various sources
of the “problems.” For the specially designed manufacturing cells, the various sources of
the “problems” are entities that place restrictions on the processing of parts through these

manufacturing cells. The machining-related concerns can, therefore, be identified as arising

due to
e the machines in the cell,

e the fixtures in the cell,
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e the cutting tools in the cell,
e the gauging equipment in the cell, and
e the material-handling equipment in the cell.

Based on such a classification scheme, the following demonstrative machining-related con-

cerns were identified in a particular domain:

1. Machining-related concerns that arise because of the characteristics of the
machines in the cell:

e Tolerance specifications on turns, bores, through holes and blind holes should be
within machine capabilities,

e Length and diameter of part, turns, faces, bores and holes should be within
machine capabilities,

e Through holes should be cored wherever possible,

¢ True position tolerances on through and blind holes should be within machine

capabilities,

e Number of turns and bores tc be machined in a sequence should be compatible
with the type of machines available in a cell,

o Monthly lot-sizes should be within machine/ ceﬁ capabilities, and

o Balancing requirements should be within machine/cell capabilities.

2. Machining-related concerns that arise because of the characteristics of the
fixtures in the cell:

e Projections on clamping surfaces should be appropriately spaced to allow fixtures

to be properly located;
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e Flats or cut-outs on turns preventing fixtures to be suitably mounted should be

avoided;

e Clamping surfaces forming thin walls should be avoided;

e Bore sizes should enable complete contact along the surface of a speed-grip bush-
ing;

o Holes should be positioned at an angle that allows the part to be fixtured for

easy access.

3. Machining-related concerns that arise because of the cutting tools in the

cell:

e Only straight-sided grooves can be made in the cell. Taper-sided grooves are
difficult to machine, and should not be mad;: in the cell.

e Fillet radius specifications should be within the capabilities of the cutting tools

provided in the cell.

e Bore and internal faces diameters below a certain value are difficult to manufac-

ture in the cell.

e The lengths of turns, bores and holes should be within the tool overhang limits
of the cutting tools in the cell.

o If interrupted cuts have to be made, then there is a lower limit on the size

tolerance that can be achieved.

o Very small chamfers and corner breaks limit the largest feedrate that can be used
to machine the part.

o Small fillet radius specifications limit the range of “feedrates” and “cutting

speeds” that can be used for certain operations.
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¢ A sequence of small fillet radii to be manufactured in one setting will drastically

reduce cutting tool life and increase cutting tool cost.

o Certain size tolerance specifications severely restrict the range of “feedrates” and

“cutting speeds” that can be used.

e Certain surface texture specifications severely restrict the range of “feedrates”

that can be used.

e Certain surface texture specifications require an extra finish pass to achieve the

required surface finish.

o The material chosen for the part should be compatible with cell capabilities.

4. Machining-related concerns that arise because of the gauging equipment
in the cell:

e Bore, turn, and hole diameter specifications should eliminate the need to make

new gauges and should correspond to standard diameters that can be measured

in the cell.

5. Machining-related concerns that arise because of the material handling
equipment in the cell:

: o'The weight of the rough stock should be within the capabilities of the material-
handling equipment available in the cell.

For most of the concerns listed above increase in production cost or processing time seemns
to be the important factor, and the issue of decrease in the quality of parts produced is
only addressed indirectly through these two factors. For example, machine capabilities

to consistently maintain certain turn or bore tolerances is one measure of the quality of
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parts that can be produced in a particular facility. However, this concern is only reflected
indirectly through a perceived increase in production cost due to the addition of an extra
grinding operation. This currently is a limitation of the proposed approach and indicates
that a more detailed knowledge acquisition task is necessary in order to determine the
machining-related concerns that are indicative of a direct effect on quality.

When the machining-related concerns are viewed in isolation, they vary in complexity
(in terms of ease of identification) from the simple to the most complex concerns. When
considered within the context of the Simultaneous Engineering concept, even the most
simplest machining-related concern becomes quite difficult to detect. For example, concerns
dealing with tolerances below the capabilities of a manufacturing facility can be classified
as a relatively simple machining-related concern. Yet, during the product design process,
designers (overwhelmed by the wealth of information that they deal with) are not able to
specify appropriate dimensional tolerances for part features. Thus, all the concerns listed
above warrant development of the design environment that can enable product designers to
systematically address these concerns.

Although the methodology described above enables the enumeration of various machi-
ning-related concerns, it does not show how one should determine whether these concerns
have arisen for a particular product design. There are different ways of addressing these
concerns and suitably determining whether these concerns have arisen is the main respon-
sibility of the computer-based design environment. One aspect of the basic requirement for
the design environment is to appropriately model these concerns and provide feedback to

designers when the concerns arise.
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3.4 Conceptual Framework of the Design Environment

To establish the framework of the computer-based design environment, it is important to
first identify when and how this design environment will be used. Figure 3.1 is a schematic
diagram of the traditional sequential product development process. Five important stages
can be identified in the product development process, namely: conceptual design, layout
design, detailed design, pre-production and production. It has been fairly well established
that the chances of suitably resolving machining-related concerns are greater when they are
brought up as early as possible in the product development process (e.g. at the conceptual
design stage). However, because of the high level of abstraction of the part design in the
early stages of the design process, the task of determining whether certain machining-related
concerns have arisen becomes more difficult as one moves into the early stages of the product
design process. This is especially true for those machining-related concerns for which at least
some knowledge of how a part will be processed through a facility has to be known before
it can determined that these concerns need to be resolved. Due to this, the approach taken
in this research is to start by addressing the issue of developing manufacturable product
designs at the lower stages of the design process and progressively move into the higher
stages as one obtains a better understanding of the task. Extensive component design (the
focus of this research) normally takes place at the detailed design stage and this is one of the
stages where the product designer needs assistance in developing manufacturable product
designs. The scope of the design environment developed in this research has been restricted
to providing assistance to the product designer at the detailed design stage. Although the
issue of providing feedback to designers about machining-related concerns at the conceptual
or layout design stage is equally important, this is not addressed at present. In terms of

the stage-wise interactions, the main intention of the design environment developed in
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this research is to minimize the number of iterations that usually takes place between the
detailed design, pre-production, and production stages under the traditional, sequential
product development process.

For developing the framework of this design environment, it is assumed that the activ-
ity of designing a part proceeds through a sequence of successive refinement steps, starting
from an abstract representation and ending in a concrete physical realization of the part
(the refinement and constraint propagation model of design [30]). Each stage of the refine-
ment process is modeled by the conceptual framework as consisting of three different feature
spaces, namely functional, structural, and manufacturing spaces as shown in Fig. 3.2. Con-
ceptually, a point in the functional space represents the result of decisions made about the
functional aspects of the design of a part. The structural space expresses the results of
a designer’s efforts to obtain a physical realization of design intentions expressed in the
functional space. The attributes of the manufacturing space represent the structural and
functional aspects of manufacturing facilities. Manufacturing engineers use the representa-
tion of a facility in the manufacturing space to derive manufacturability-related concerns

and express the effect of these concerns in the functional and structural spaces.

With the three spaces explicitly defined, the task encompassed by the Simultaneous

Engineering concept at any stage in the product refinement process is iterative and, under

ideal conditions, can be viewed as proceeding as follows:

1. Reason about functionality
Given a particular design goal, designers reason about the functional requirements
that need to be satisfied and establish values for the various attributes that define
the functional space. These attributes collectively define the desired end effect of this

activity. In general, the end result of the activity can either be a point or a region in
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the functional space as shown in Fig. 3.2.

2. Sélect a structural representation
If a region has been obtained in the functional space, designers select a particular point
(say, point A in Fig. 3.2) within this region based on a design criteria established by the
designer. The point is then mapped by the designer into l.;he structural space to obtain
a physically realizable design satisfying both functional and structural requirements.
~ The end result of the second mapping activity can again be a point or region in the

structural space.

3. Express design intent
If a region has been obtained in the structural space, a particular point (say, point B
in Fig. 3.2) within the region is selected based on a design criteria established by the
designer. The two points A and B in the functional and structural spaces together
define the end result of the design task satisfying both functional and structural

requirements.

4. Ensure manufacturability
Under the Simultaneous Engineering concept, the designer’s intent expressed in the
functional and structural spaces (the pair of points) must also satisfy manufacturabil-
ity requirements. Conceptually, all manufacturability-related concerns derived from
the manufacturing space can be viewed as implicitly defining a constraint region in
the functional and/or structural space (Fig. 3.2). For machining-related concerns, this

region would be primarily described in the structural space.

If the design in structural space (point B) lies outside the constraint region, then

some machining-related concerns have arisen and suitable changes (if possible) must
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be made in the structural and/or functional space to satisfactorily resolve these con-
cerns. It is also possible that the end result of product design decisions lie within the
constraint region (for the current abstraction level), but portions of the design refine-
ment at lower levels of abstraction lie outside the constraint region corresponding to
those levels (see Fig. 3.3). To prevent machining-related concerns from arising as the

. product design is refined, problemati_c design refinements (wherever possible) should

be precluded at the current abstraction level. -
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5. Provide feedback to designer
The designer gets feedback about the concerns that have arisen, along with possible
changes in the structural/functional space to resolve these concerns. The changes
requestea are evaluated by the designer to study their implications in the structural

and functional spaces. This completes the first cycle of the iterative process and the

process continues until either

(a) a satisfactory point is found that lies within the constraint region described in

the functional and/or structural space or

{b) no further changes can be accommodated by the designer in the functional/struc-
tural space (in which case machining-related concerns continue to exist, and the

product development cost increases).

Within the context of this conceptual framework, the focus of the computer-based design
environment is to determine if the physical realization of a designer’s intent at a particular
refinement stage is within the constraint region defined for that stage. It is assumed that
the design activity has proceeded up to a certain refinement stage (not necessarily finished)
and the result in the functional and structural space has been tentatively identified. The
input to the design environment is a description of the end result of the design activity
in the structural space and a description of a manufacturing facility in the manufacturing
space. The design environment primarily acts as a computer-based associate to the designer,
indicating the concerns that have arisen from a machining standpoint (for a particular
facility) and suggesting possible changes in the structural space that can resolve these
concerns. The process of developing the design or evaluating the ramifications of suggested

product design changes in the functional and/or structural space is not addressed and is

the responsibility of the designer.
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3.5 Schematic Framework of the Design Environment

The constraint region in the structural space is derived from machining-related concerns
and is only defined implicitly. The fundamental requirement of the design environment
is the explicit determination of whether a point in the structural space lies within such a

constraint region at any refinement level. This process involves the development of:

o explicit product and manufacturing facility models to capture the structural and func-

tional specifications of the product design and a particular manufacturing facility and

e 3 reasoning system to determine if the proposed product design at any stage in the
design process raises any machining-related concerns due to the structure and function

of the given manufacturing facility.

A Model-Based Reasoning system [70,71] meets this fundamental requirement and is
used to develop the framework of the proposed computer-based design environment. Fig-
ure 3.4 is a schematic diagram of the design environment. The product model captures the
end result of a designer’s intent by identifying the values chosen for the structural space
design variables (shape, geometry, material, etc.) at any stage of the design cycle. The
manufacturing facility model captures the structural and functional aspects of a particular
facility as represented in the manufacturing space and contains extensive knowledge about
the machines, cutting tools, fixtures, and other equipment present in the facility. The prod-
uct and manufacturing facility models are the main inputs to the Manufacturability Advisor
system (the reasoning system) which processes the part for the manufacturing facility and

provides feedback to designers about any machining-related concerns that arise.
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3.6 Summary

A two-stage approach to achieving the Simultaneous Engineering concept for components
manufactured in small and medium lot-sizes has been presented. The need for a computer-
based design environment to perform the second stage activities of “ensuring manufactura-
bility” was established. A systematic approach to identifying and classifying machining-
related concerns was presented, and it was shown that all these concerns are equally complex
from a Simultaneous Engineering standpoint. A “conceptual framework” was first described
to establish the basic requirements of the design environment. It was then shown that
model-based reasoning systems can satisfy these requirements, and a schematic framework

of the design environment based on this approach was presented.
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Chapter 4

PRODUCT AND
MANUFACTURING FACILITY
MODELS

4.1 Introduction

The models underlying the model-based approach to developing the computer-based design
environment are described in detail in this chapter. The chapter begins with a presenta-
tion of the basic requirements of the product and manufacturing facility models and briefly
describes the modeling methodology undertaken. Various facets of the product and manu-

facturing facility models that have been developed are then described in detail.
4.2 Modeling Methodology

The product and manufacturing facility models should satisfy the following two basic re-

quirements respectively:

e explicitly capture designer’s annotations of a part drawing (the structural space) and
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e explicitly capture structural and functional specifications of machines, fixtures, cutting
tools, gauges and material-handling equipment available in a manufacturing facility

(the manufacturing space).

For example, the product model should enable the designer to specify product design
characteristics generated by him at any stage in the design process. These characteristics
have been traditionally represented in the form of a part drawing blueprint. Figure 4.1 is

a representative example of a typical blueprint. The type of product design characteristics

developed are:
e commodity and material specifications,
e rough and finished part geometry,
e dimensions, tolerances, and geometric tolerances,
o datum surfaces and datum targets,
e surface finish and machining requirements,
e special processing specifications, and
o casting dimension and tolerance specifications for rough stock.

A combination of feature-based, geometric, and process performance models meet the

basic requirements outlined above. A feature-based model is important for two reasons:

1. Product and process designers constantly reason in terms of features, and this mod-
eling approach greatly facilitates product and manufacturing facility description. For
example, product designers reason about placing “geometric tolerances” on a “face” to

ensure proper mating conditions or reason about seating O-ring seals using “grooves.”
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Figure 4.1: Product Design Bluéprint
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Process designers try to determine “boring tools” for machining “internal diameters”

and look for “outer diameters” that can be used to hold a part in a “fixture.”

2. Most of the machining-related concerns pertain to individual product and facility
features or to the relationship between these features. Therefore, the explicit repre-

sentation of features enables these concerns to be determined easily.

Geometric models are necessary in order to determine the macroscopic effects of the
structural and functional characteristics of the components of a particular manufacturing
facility. They are useful for conducting (if necessary) macroscopic simulations of certain
cutting tool motions or to check for interference when a part is held in a particular fixture
[85]. These activities cannot be conducted using the feature-based model because it is an
“incomplete” model. The “incompleteness” arises because not all kinds of geometry-related
questions can be answered by using such models.

Process performance models are useful because they enable one to predict the outcome
of a particular operation before the actual cut is made. They complement the geometric
madels by helping to determine the microscopic effects (surface error, surface texture) of

the structural/functional specifications of a manufacturing facility.
4.3 Feature-Based Model

Features are parametric descriptions of entities that closely match the way product and pro-
cess designers view portions of products and manufacturing facilities during the reasoning
process. They are higher order abstract forms*! that are used to reason about the geometry,
topology, and other characteristics of designed artifacts and originate from the heuristics

used while performing these activities [62]. Features are process-activity entities and in the

41 As compared to lines and edges.
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Figure 4.2: Parametric Descriptidn of Ralief-Groove‘

domain under consideration: the process is mMg and the activity is primarily product
and process deslgn Some of the part characteristics outlined in the previous section are

: exarhples of product t_'eaturés. Structural and functional characteristics of fixtures and ma-
chines relevant to the product and process design ax.:tivity are examples of manufacturing
facility features. Figure 42isa paramétric—description of one type of product form feature,
namely relief-groove.

Frame- and Constraint-Based Systems have been used to develop the feature-based
model. Due to the one-to-one corespondence between the concept of objects or classes in
frame-based systems and the concept of features described above, frame structures have
been found to be suitable in developing the feature-based model. Features correspond
to frames and feature attributes are represented as the slots of the frame.*? Product
designs and the manufacturing facility are represented as a union of feature instances, and

the product development process is modelled ‘as the creation, deletion, modiﬁcation; or

4370 enable easy identification, *frame® and *“frame attributes® in the text appear. in italics.
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refinement of product feature instances.

Constraints are used to represent relationships between attributes (siots) of feature in-
stances. In the development of the feature-based model, constraint-based systems have been
used primarily to maintain consistency while generating feature instances and to propagate
feature attribute values when “adjacency relationships” [86] are established between feature
instances.

The remainder of this section describes the following aspects of the feature-based model
in greater detail: important product and manufacturing facility feature classes, categories of
various feature attributes, and several types of operations that can be performed on features.
Appendix A provides a parametric description of representative examples of feature classes

described in the next two sections.
4.3.1 Product Feature Inheritance Hierarchy

The inheritance hierarchy underlying the frame-based system used to model product fea-
tures is shown in Fig. 4.3. The root class is product.features and the various product features

can be categorized as: form features, precision features, or material features.

Form Features

Form features are used to represent the rough and finished part geometry in the product
model. A union of primitive and compound feature instances (see Fig. 4.3) represent the
rough and finished part geometry. Primitive.features represent the smallest individual entity
that can be used to represent the form of a product. Compound.features represent a union
of two or more primitive features.

Since the scope of this research encompassed only rotational components, this section

primarily describes rotational primitive and compound features. Primitive features are
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Figure 4.3: Product Features Inheritance Hierarchy

broadly divided into two sub-classes: Concentric and Non-Concentric Features (see Fig. 4.3).
Concentric, Features are rotational features whose axis of rotation coincides with the primary
axis of rotation of the part. Non-Concentric.Features are rotational features whose primary
axes of rotation are different from, and non-coincidental with, the primtﬁy axis of rotation
of the part. ‘ .

Concentric features represent the class of features used to develop the basic shape of
the part. One can distinguish between external and internal concentric features of the
part. The portion of the inheritance hierarchy of the frame-based system rooted under
Concentric.Features is shown in Fig. 4.4. If a coordinate reférence frame is formed such
that the y-axis coincides with the primary axis of rotation of a part, then certain concentric
feature categories can be further classified into sub-classes depending on the direction of

their surface normal.*3® This categorization is made primarily to facilitate the establishment

430r, the y-component of the surface normal.
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of adjacency relationships between various form features of a part.

Non-concentric rotational features can be broadly classified into depressions and pro-
trusions. One can distinguish between internal and external depressions and through and
not-through depressions. For example, a circular hole is an internal-through depression, but
an external keyway is an external-not-through depression. Similarly, one can distinguish
between internal and external protrusions and symmetric and not-symmetric protrusions.
Figure 4.5 presents the portion of the inheritance hierarchy of the frame-based system
rooted under Non-Concentric.Features. Figure 4.6 shows a particular part design with only
its primitive form features identified. Each feature instance identified in Fig. 4.6 is cre-
ated by making a unique instance of the corresponding form feature from the form feature
inheritance hierarchy.

Compound features are made up of either a combination of two or more concentric
primitive features or a combination of concentric primitive features with protrusion and/or
depreszion features. Non-concentric features use concentric features as reference features
and are normally specified as part of a compound feature. For example, the two reference
features for the through hole shown in Fig. 4.6 are the two faces at either end of the
hole. Presently, only two types of compound features are distinguished: Ezternal.Com-
pound.Features and Internal. Compound.Features (see Fig. 4.3). Future extensions to the
form feature hierarchy could refine these Compound.Features to distinguish between the
type of primitive features that make up a compound feature. The main advantage of
this specialization is that one can define attributes of interest for each specialization of
the compound feature. For example, if one particular specialization of Compound. Features
were to be made up of through holes, faces and outer diameters then a “thin wall” formed

between the hole and the outer diameter could be an attribute of the Compound. Feature.
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Such a specialization of Compound. Features with an explicit representation of “thin walls”

is especially useful when thin walls are of constant interest to the reasoning subsystem.

Material and Precision Features

The material composition, grade, and properties of a part are specified by the Material
Features hierarchy. The portion of the inheritance hierarchy rooted under Material. Features
is shown in Fig. 4.3. The material characteristics of a part are specified by indicating the
appropriate material from this class of features.

Precision features are the class of features used to indicate how much a part can vary
from its true form and still be acceptable. The portion of the inheritance hierarchy rooted
under Precision.Features is shown in Fig. 4.7.

Datums are special form features of a part used as reference or starting points for the
purpose of controlling other features on the same part. When form features are used as a
reference or starting point for measurments, they are termed Datum.Surfaces. The form
feature of the finished part most important to the function of the part is the Primary
Datum Surface. The primary datum surface is labeled datum ‘A’ (see Fig. 4.1). Often
more than one datum surface is needed to make measurements. Secondary and tertiary
datum surfaces are formed by using other part form features and are labelled ‘B’ and ‘C’,
respectively. Datum.Targets are established to indicate how to fixture the part on cast or
forged surfaces. The main purpose of datum targets is to ensure that the primary datum
surfaces for all parts are generated (by machining) in a consistent manner. Datum targets
are usually labelled ‘X’, ‘Y’ and ‘2’ (see Fig. 4.1).

Geometric. Tolerances are the primary means for designers to unambiguously commu-

nicate allowable deviations on the form or geometry of a part. Product designers indi-
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cate the geometric toleranﬁe on a part design blueprint by using “feature control symbols”
(rectangular boxes in Fig. 4.1). Geometric tolerances can be broadly classified into two
types: Location. Tolerances and Form. Tolerances. Location. Tolerances are used to mdlcat.e
allowable tolerances on the location of a particular form feature of a part. For example,
Position. Tolerance instances indicate allowable toleraﬁc on the location of the ‘through
holes in Fig. 4.6.

Form. Tolerances are used to indicate allowable tolerances on the form of various prim-
itive features of a part. Single.Form. Tolerances represent the cla._ss of tolerances for which
no datum surface is needed for their measuremenf. These tolerances are ﬁormally used to
refine the tolerances on tﬁe size attributes of any form feature and must ‘be smaller in value
than the size tolerance on these attributes.

Related. Form. Tolerances represént the class of tolerances for which a daturﬁ surface must
be specified in order to measure the tolerances. These tolerances are sometimes measured

against more than one datum surface. In such cases, datum surface precedence is indicated
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by the order in which the datum surfaces are mentioned. The ordering of datum surfaces
is important to ensure that the tolerance is legal and not redundant or overspecified when
considered along with the other specified tolerances.

Surface. Texture is used to indicate the rodghness (smoothness) of form feature surfaces
produced by machining processes (indicated by triangular-shaped symbols in Fig. 4.1).
Letters or numbers are used to indicate allowable surface textures. Letters ‘F’, ‘H’ or
‘K’ indicate different grades of surface textures on a Surface Texture Comparator. When
a surface texture letter is specified, the machined surface produced must be equal to or
smoother than the specified surface on the Surface Texture Comparator. Numbers indicated
for surface texture specif.y the maximum “roughness average” (in micrometers) acceptable.

The Casting. Dim.and. Tol feature class is used to indicate default characteristics of cast
and forged surfaces. For example, this feature class specifies the additional material pro-
vided on cast surfaces for machining (machining.allowance) and the default profile tolerances

for cast surfaces (datum.surfaces.profile) on a finished part.
4.3.2 Manufacturing Facility Feature Inheritance Hierarchy

The inheritance hierarchy underlying the frame-based system used to model manufacturing
facility features is shown in Fig. 4.8. The root class is facility.features and the varioﬁs
facility features can be categorized as: cell.features, cutting.tool.features, fizture.features,
gauge.features, machine.features and material.handling.features.

Cell. Features are used to characterize the various manufacturing cell facilities developed
for commodities groups such as bearing cages and pulleys. All the cells designed for a
particular commodity class are instances of the corresponding facility class. Feature pa-
rameters of the various cells describe the components, layout, and other general cell level

characteristics of interest to the product and process design activity.
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Cutting. Tool. Features are used to describe the structural and functional characteristics
of various cutting tools, cutting tool components, and cutting tool matrices available in a
facility. Cutting tool matrices are made up of a number of stations, and some or all of
these stations may contain instances of cutting tool assemblies. Cutting tool assemblies are
made up of a suitable combination of cutting tool components: heads, collets, cutting tools,
v-flange holders, etc. Cutting tools in turn are a suitable combination of inserts, insert
holders, boring bars, drills, etc. Feature parameters such as insert radius, tool overhang,
minimum bore diameter, and drill eztender length capture various structural characteristics
of cutting tools. Currently, functional characteristics of cutting tools are not explicitly
mentioned but are implicit in the naming convention used for various cutting tool features.
For example, fecing.tool.assemblies are cutting tools to be used in performing the facing
operation, whereas o.d.profiling.tool.assemblies can be used to perforrh both facing and
turning operations.

Fizture.Features are used to describe the structural and functional characteristics of vari-
ous fixtures and fixture components used in the manufacturing cells. Fixtures can be split up
into I.D.Fiztures and O.D.Fiztures. Chucks are examples of O.D.Fiztures and Speed.Grips
are examples of I.D.Fiztures. Figure 4.8 shows the various components of Buck.Chucks and
Speed.Grips. The three main components of Buck Chucks are the master, intermediate, and
top jaws. For a given facility, the master and intermediate jaws are permanently fixed to the
chuck while the top jaws are quick-change jaws to accomodate different sizes of components.
The main components of a Speed-Grip are adapters, nose-plates, draw-screws, work-rings,
and bushings. Again, for a given facility, the adapters and nose plates are permanently fixed
to the machine. The draw screws, work rings, and bushings are the components suitably

changed to accommodate different types of components.
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Machine.Features, Gauge.Features and Material. Handling. Features are used to charac-
terize the various machines, gauges, and material handling equipment available in a facility.
The attributes of Machine.Features describe the various fixtures and cutting tools available
in a particular machine and capture other machine-level characteristics such as stroke.length
and tool.post.home.position.

Since facilities are not explicitly designed while ensuring manufacturability, the feature-
based model for a manufacturing facility is used primarily as a database to retrieve im-
portant structural and functional characteristics. Frame-based systems have been used to
develop these models, mainly because their expressive representation facilities** enables
one to capture much of the semantic meaning lost in databases. However, as described in
[87], one can still obtain the “performance efficiency” of databases by providing a suitable

link between the facilty model and a database.
4.3.3 Characterization of Feature Attributes

The various parametric attributes of all product and manufacturing facility features can
be classified as belonging to one of the following categories: feature parameters, feature
relation parameters, feature operation parameters, and geometric modeling parameters.
The slot facet Slot.Characteristic identifies the category of a parameter in the parametric
descriptions presented in Appendix A.

Feature parameters are used to characterize a particular feature class and play an im-
portant role in the reasoning process. Feature relation parameters are of importance in
establishing the adjacency relationships between the feature instances of a particular model.

Feature operation and geometric modeling parameters are described in Sections 4.3.4 and

4.4 respectively.

¢‘Interacting classes, composed of multi-valued slots and facets, and organized into hierarchies.
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Length, Diameter, Inner.Diameter, X-coordinate and Y-coordinate are some of the fea-
ture parameters of the Outer.Diameter and Circular. Hole features described in Appendix
A. Dimensional feature parameters constitute an important subset of the class of feature
parameter attributes. These feature parameters represent the dimensions and the corre-
sponding size tolerances of the part and components of a manufacturing facility. Dimensions
are established by using the standard zero-plane dimensioning scheme. Dimensional feature
attributes are also used to set up constraint relationships between the feature parameters
of one or more feature instances.

A special kind of Object Oriented Value (OOV) [80], namely a Dimensional OOV is used
to represent the value of the dimensional feature attributes. OOV provides a generic way of
representing value classes such as dimensions, numbers, symbols, and intervals within the
constraint-based system. OOV have “methods” that indicate how various mathematical
operations can be performed on various value classes. Each OOV has several operations
for the same type of message since the operation performed depends on the value class
of the argument(s) passed to it. With the use of OOV, constraints send messages to the
values to perform operations instead of applying operations to the values. OOV enables the
constraint-based system underlying the feature-based model to be generic; implementation
dependent behaviour is attached to the values that are propagated and is not imbedded in
the system. Appendix B provides the definition of the dimensional object oriented value
and indicates some of the operations that can be performed on it.

Feature relation parameters are used to indicate the adjacency relationships that would
exist between instances of two kinds of feature classes. These parameters are used by the
constraint-based system to represent constraint relationships between features when their
adjacency becomes known in a particular product model. For example, once it is known

that an instance of an Ezternal.Face feature is adjacent to an instance of an Outer. Diameter
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feature, then equality relationships enable the sharing of relevant feature attribute values
(distance.from.the.zero-plane and inner.diameter for the Ezternal. Face feature, and distan-

ce.from.the.zero-plane and diameter for the Outer.Diameter feature).
4.3.4 Operations on Features

Feature manipulation is performed by specifying various types of operations for features.
Methods and Active Values are the primary means of specifying operations on features in
the Feature-Based Model. Methods are usually defined and assigned “values” at the highest
possible level in the inheritance hierarchy. The methods are changed at the lower levels of
the hierarchy either by adding a new local method or by incrementally specializing the
methods.

The methods specifying the kinds of operations that can be performed on features can
be classified as belonging to one of the following categories: creation methods, modification
methods, replacement methods, deletion methods, access methods, constraint methods,
user-interface methods, and geometric-modeling methods.

Creation, modification, replacement, and deletion methods, as their names suggest,
are the primary means of manipulating features within the feature-based model. The
parametric description of features in Appendix A provides examples of such methods for
various features. For example, for the feature Outer.Diameters, the creation methods
are: Create.New.Instance, Generate.Instance. Name, and Fill. Parameters. Value. The Cre-
ate. New.Instance method is called when a new instance of this feature must be created. It
illustrates the use of the incremental specialization facility. At the Product.Features level,
this method involves generation of the name of the new instance and creation of the in-
stance. At the Primitive.Features level, an “after method” is added mainly to establish

various intra-feature constraint relationships. At the Concentric.Features level, another
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“after method” is added primarily to establish adjacency relationships between the new
and previous feature instances? obtain values (if available) for various feature parameters,
and validate the feature.

* Access methods are used to obtain various kinds of information about feature instances
and relationship between feature instances. For example, consider one particular relation-
ship between the Through Hole feature and the largest Straight O.D. feature in Fig. 4.6,
namely formation of a thin wall between them. An access method for Straight O.D. fea-
tures can be defined to determine and return those Through Hole fe;mu'es that form a
thin wall*® with the Straight O.D. feature in a feature-based model of a part. Thus, if a
machining-related concern is “location of holes may lead to the formation of thin walls that
are difficult to machine,” then this method would be activated before providing feedback
to the designer about this concern. Constraint methods are used to establish intra- and
inter-feature relationships when feature instances are created. Intra-feature relationships
are used to ensure correctness of feature instances created. Some of these methods are
indirectly invoked through the use of Active Values attached to feature attributes. User-
interface methods are used to update the user-interface to indicate to the product designer
the current state of the feature instance being created. Geometric-modeling methods are

used to generate geometric models and are described in Section 4.4.
4.4 Geometric Model

The main intent of the research described in this section is to demonstrate how the pre-
requisite for using a computer-based system that uses geometric models for interference
detection and operation simulation can be satisfied within the design environment. The

_development of the computer-based system for interference detection and operation simula-
45Suitably defined based on the thickness of the wall
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tion has not been performed as part of this research, and is described in [85]. The use of this
system requires knowledge about how a part will be fixtured and the operations that will
be performed on a part. The reasoning subsystem of the design environment described in
Chapter 3 possesses this kind of knowledge. The prerequisite for using the above-mentioned
“inteference detection” system within the design environment is to establish a link between
the feature-based model and the geometric model of the part and the facility. Although the
“interference detection” system has not been used in this research, this section describes one
way of generating the geometric model from thq feature-based model to satisfy the prereq-
uisite for using such a system. The geometric model developed in this research is based on
the Constructive Solid Geometry (CSG) and Boundary Representation (B-REP) schemes
[59). The frame-based solid modeling system VANTAGE [88] has been used to develop the
geometric model. Frames are consistently used throughout the VANTAGE system to rep-
resent various CSG and B-REP aspects of objects and their inter-relationships. A detailed
description of the standard frame structures used to represent the CSG and B-li.EP models
in VANTAGE is given in [88].

Since facility design would have been completed in the first stage of the proposed ap-
proach to the Simultaneous Engineering concept, geometric models of the components of
the facility woukl exist at the time of part design. The geometric model of the part is incre-
mentally built while the feature-based model is being created. As indicated earlier, feature
instantiation occurs in the following fashion: parameter instantiation takes place, intra- and
inter-feature relationships are established, and feature instances are verified and validated.
In addition, once the feature instances have been completely created, the portion of the
CSG tree (of the part) corresponding to that featurg instance is generated. For compound
form feature instances, the portion of the CSG tree corresponding to the compound feature

is generated from the CSG nodes of the individual primitive features (that make up the
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compound feature) through the use of suitable CSG operations. The resultant CSG node
in all cases is stored as the value of the csg.node attribute of the feature instances.

The CSG nodes of the individual features of a part or components of a facility collec-
tively define the corresponding complete CSG model. Figure 4.9 is the CSG representation
generated by the VANTAGE system from the feature-based representation of the part de-
sign shown in F_ig. 4.10. Straight.outer.diameter-2-primitive is an example of the CSG node
corresponding to a Straight. Outer. Diameter primitive feature, Ezternal. Compound. Features-
151408 is an example of the CSG node corresponding to a Compound. Feature, and Finish-
ed.Part-151450 is the CSG node corresponding to the entire part design. Applying the
boundary evaluation [88] procedure to the CSG model provides the B-REP model of the
part. Boundary evaluation involves the generation of the boundary representation for all
leaf-nodes and intermediate nodes of the CSG model. The boundary representation of one
of the nodes of the CSG model is stored as the value of the “boundary-rep” attribute of the
VANTAGE frame structure corresponding to that node [88].

Several form feature attributes are characterized as “geometric-model parameters” or
“geometric-model methods” (see parametric feature descriptions in Appendix A): these at-
tributes are used to generate the geometric model of the part. The CSG primitive solids
corresponding to feature instances get their parameter values from the feature’s parameters.
For example, for Strc;ight. Outer. Diameters, the primitive solid is a cylinder. Values for the
cylinder’s radius and height are based on the values for the feature parameters diameter
and length, respectively. In addition, there are six other parameters, namely rigid.motion.z,
rigid.motion.y, rigid.motion.z, rigid.motion.roll, rigid.motion.pitch, and rigid.motion.yaw
that define a transformation (motion matrix) to be applied to the primitive solid corre-

sponding to a particular feature. The values for these parameters are also dependent on
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the values of the feature’s parameters and are derived by establishing suitable constraint
relationships between the “geometric-model parameters” and “feature parameters.” These
relationships are established when the intra-feature adjacency relationships are created for
a new feature instance. The rigid motion and the primitive solid corresponding to a feature
generate the CSG node for that feature. Generate.csg.node is the method defined for all
features that generates the CSG node.

4.5 Process Performance Model

While describing the procedure to list and classify machining-related concerns in section 3.3
it was indicated that this procedure does not indicate how to identify whether these concerns
have arisen for a particular product design. It was mentioned that the task of determining
whether these concerns have arisen is the main responsibility of the design environment.
The main intent of the research described in this section is to show that in certain cases it
is more appropriate to use the process performance model to provide feedback to designers
about machining-related concerns. This is especially true when no other kind of knowledge
is available or the knowledge available is sparse and highly qualitative in nature. The process
performance model enables one to provide the designer a more quantitative description for
some of the machining-related concerns.

A process performance model consists of computer-based empirical and mechanistic
models that predict the outcome of a particular manufacturing operation [90,91]. Mech-
anistic models simulate a particular cutting condition on a computer and predict cutting
forces, displacement, and vibrations as a function of cutting conditions, cut geometry, and
cutting mechanism. The main purpose of the empirical and mechanistic models is to en-

able one to predict the outcome of a particular operation before the actual cut is made.
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The outcome of an operation is usually characterized in terms of performance parameters
such as surface error, surface roughness,*® and tool-life. In practice, however, these models
Are rather difficult to use. One of the primary reasons for this difficulty is the evaluative
nature of these models. These models are capable of simulating a particular operation
under a specific set of input conditions but are incapable of indicating the changes in the
input conditions that will improve the operation. These models can be made more gener-
ative in nature by using them in combination with optimization systems. In addition to
being able to use the generative systems to determine the cutting conditions for a partic-
ular operation, an important advantage of such systems from a Simultaneous Engineering
standpoint is that these systems are also useful for providing feedback to designers about
certain types of machining-related concerns. For example, the .following machining-related
concerns from the list of concerns presented in Chapter 3 can be dealt with more suitably

by using appropriately developed generative process performance models:

e If interrupted cuts have to be made, then there is a lower limit on the size tolerance

that can be achieved.

e Certain size tolerance specifications severely restrict the range of “feedrates” and

“cutting speeds” that can be used.

o Certain surface texture specifications severely restrict the range of “feedrates” that

c§n be used.

e Certain surface texture specifications require an extra finish pass to achieve the re-

quired surface finish.

In this research generative process performance models have been developed in a partic-

4SSurface Texture.
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ular domain and the approach undetaken is described in detail in the remainder of this
section[92]. Chapter 6 describes an implementation of this approach that shows how the
product designer can be provided feedback about the second type of machining-related
concern listed above.

The main purpose of the proposed approach is to establish the values of the cutting pa-
rameters for each pass of a particular operation and determine the effect on manufacturing
related performance parameters of product design specifications.4? The static mechanistic
models used in this research have been developed separately and are described in [93]. Two
kinds of inputs are required to use the proposed approach: primary and secondary inputs.
The primary inputs are the initial and final workpiece geometry and material, the cutting
tool geometry and material, and the aspiration levels for various performance parameters.
The secondary inputs are required to use the mechanistic models. Specific cutting pressure
{Kr), friction pressure (Kg), influence coefficients, and dominant frequencies and corre-
sponding stiffnesses are representative examples [28,93].

The initial and final workpiece geometry can be obtained from the form “feature pa-
rameters” of the feature-based model of a part. The cutting tool geometry and material
can be obtained from the “feature parameters” of cutting tool instances that are part of the
feature-based model of a facility. Aspiration levels for some of the performance parameters
are specified by ‘the precision feature attributes of a part while aspiration levgls for other
parameters are obtained while developing the process design. The secondary inputs depend
on the workpiece geometry and material and cutting tool geometry and material [29,93].
The values for the secondary inputs can be determined after the values for primary inputs

are available.

The empirical and mechanistic models developed for predicting surface roughness, sur-

47 Thereby providing feedback to designers about any machining-related concerns that arise.
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face error, tool-life, and material removal rate are used to make suitable trade-offs between
the aspiration levels set for these parameters. Multiple Criteria Decision-Making (MCDM)
techniques [94] provide a number of suitable ways to make such trade-offs and can be used to
model the activities involved. The Sequential Multiple Objective Problem Solving techrique
(SEMOPS) [94] has been used in this research.

Let x, f(x) and AL be defined as following:

e x = (z31,22,z3) such that its components represent the three cutting parameters:

cutting speed, feedrate and depth of cut

o f(x) = (f1(x), f2(x),..., fr(x)) such that its components represent the T multiple

objective functions (performance parameters)

o AL = (AL, AL,,... ,ALT) such that its components represent the aspiration levels

corresponding to the T multiple objective functions

For example, if the multiple objectives are surface roughness, surface error, and material
removal rate, then the aspiration levels would be the largest values that can be tolerated
for surface roughness and surface error and the smallest value that can be tolerated for
material removal rate.

Let d(x) = (d1(x), d2(x), . . ., dr(x)) be a dimensionless indicator function corresponding
to f(x). The relationship between d;(x) and f;(x) is determined based on the relationship
(ie. < or >) between fi(x) and AL;. Values of d;(x) between 0 and 1 always indicate that
the aspiration level for that particular objective function has been met. For example, if f;

' represents the objective surface error and AL, is the corresponding aspiration level for this

objective, then the relationship between them is f < ALy and the value of d; corresponding
to f1 can be established as dy = f1/AL;.
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The SEMOPS procedure is iterative and each iteration involves solving a principal

problem and, at most, T auxiliary problems. For the first iteration, the principal problem
and the T auxiliary problems will be as follows:

PRINCIPAL PROBLEM:
Minimize S) =YL, d:
Subject To: xeX
AUXILIARY PROBLEMS:
Minimise Sy=Y1,d: t#!
Subject To: |
xeX
filx) > AL (or, fi(x) < AL)
Forl = 12.3,...,T and where X defines the feasible region for x.

Each principal and auxiliary problem for a particular pass is a non-linear optimization
problem. At the end of each iteration, the resulting vector x and objectives f(x) from
the principal problem and the set of auxiliary problems are analyzed. If the results of
the analysis are satisfactory (i.e. all aspiration levels have been met), then the iterative
process is terminated. If not, the iterstions are continued after making suitable changes
such as altering the aspiration levels for some objectives, removing certain objectives from
further consideration and including them as constraints, or changing the limits on some
of the constraints to the problem. The exact nature of the change depends on the results
obtained for a particular iteration. The main advantage of using the SEMOPS procedure

is that it can be used to solve nonlinear problems and it allows the use of “background

information” (about the product and process design task) to suitably adjust or change the
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desired aspiration levels for all the objectives at the end of each iteration. Chapter 6 presents

a detailed example showing the use of this approach to provide feedback to designers about

a certain type of machining-related concern.
4.6 Summary

The Product and Manufacturing Facility Models of the design environment have been de-
scribed in detail. It was shown that their basic requirements can be satisfied by a com-
bination of Feature-based, Geometric, and Process Performance models. Features play
an important role in developing the underlying problem-domain models, and it was shown
that Frame- and Constraint-Based Systems can be used to develop the feature-based model.
Various product and facility feature classes, feature parameter categories, and feature op-
erations were described in detail. The geometric model was based on Constructive Solid
Geometry and Boundary Representation schemes, and one way to generate this model from
the feature-based modei was described. The process performance model consisted of em-
pirical and mechanistic models for predicting the outcome of an operation ahead of the
cut. It was indi.cated that a “generative” rather than “evaluative” process performance
model would be useful for providing feedback to designers about machining-related con-

cerns. One way of combining this model with optimization systems to make it “generative”

was presented.
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Chapter 5

MANUFACTURABILITY
ADVISOR

5.1 Introduction

The Manufacturability Advisor system is the reasoning subsystem of the computer-based
design environment. The main task of the Manufacturability Advisor system is to enable
concurrent reasoning about the product and process design tasks and provide feedback to
designers about any machining-related concerns. Due to the two stage approach to the
Simultaneous Engineering concept, only the process planning aspect of the process design
task has to be considered for developing the Manufacturability Advisor system.

The basic requirements that need to be satisfied by the Manufacturability Advisor sys-
tem is first presented. Then a brief description of the proposed structure for this system is

made, and various facets of the Manufacturability Advisor system are described in detail.

5.2 Multiple Cooperative Knowledge Sources

The basic requirements to be satisfied by the Manufacturability Advisor system depend

mainly on the method by which concurrency is achieved between the product design and
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process planning tasks. Product design and process planning normally involve two kinds
of activities.>! The first type of activity can be classified as a planning activity. The
primary result of this activity is a plan indicating how the actual product design or process
plan description should be generated. The second type‘of activity can be classiﬁéd as a
plan ezecution activity. This activity is responsible for constructing the product design and
process plan descriptions, and its execution depends upon the plan developed by the first
type of activity.

To illustrate the distinction between the two kinds of activities described above, con-
sider the process planning task shown schematically in Fig. 5.1. This schematic diagram
was established after extensively studying the process planning task carried out by several

process planners [92,95].

One type of process planning activity pertains to the determination of:

the raw material shape and size,

the machines to process the part,

the surfaces and fixtures to hold the part on the machines,

the operations performed on the part,

the cutting toals to perform the operations,

the number of passes and cutting parameters for each operation performed on the

part, and

o the sequence in which the operations are performed on the part.

S:!The description in this section assumes that a task is made up of several activities.
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Figure 5.1: Schematic Diagram of Process Planning Task
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These activities result in the development of the process plan and are representative exam-
ples of plan ezecution activities.

Another type of activity deals with the iterative nature of the process planning task. This
is shown in Fig. 5.1 by the bi-directional arrows between the various plan ezecution activities
identified above. Decisions involving the determination of plan ezecution activities that
will be performed and the time and sequence in which the plan ezecution activities will be
executed varies with the complexity of the part and the characteristics of the manufacturing
facility. Process planners use “strategic knowledge” gained through years of experience to
make such decisions. The end result of such an activity is a plan indicating how the process
plan should be generated. These activities are representative examples of planning activities.

The complex nature of the product design and process planning domains dictates the
formation of two distinct categories of activities in these domains. The planning activities
enable the plan ezecution activities to proceed in an orderly and guided fashion, thereby pre-
venting a random search of possible product designs and/or process plans. 'fhe distinction
between the two categories of activities described above is also critical for the fulfillment
of the Simultaneous Engineering concept. Concurrency can be achieved under the Simulta-
neous Engineering concept only by “planning” for concurrency between the product design
and process plan execution activities. In order to realize this concept and decrease the num-
ber of iteraticnz between product design and process planning, it is important to explicitly
reason about the interaction between the plan ezecution activities in these two domains
and plan on how and when these activities will take place. Planning for concurrency should
be dynamic rather than static and should depend on the partial results generated by the
product design and process plan execution activities.

If the product design and process plan execution activities are viewed as domain-level

activities, then reasoning and planning for the interactions between these domain-level
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activities can be viewed as a control-level activity. The main requirement for developing the
Manufacturability Advisor system is the separation of control- and domain-level knowledge
and explicit representation of control knowledge.

The Multiple Cooperative Knowledge Sources (MCKS) paradigm has been used to meet
the above mentioned requirements of the Manufacturability Advisor system. The MCKS
paradigm has been derived from the blackboard architecture [74-76] for solving complex
problems. Under this paradigm, the task of simultaneous product and process design is
modeled as a cooperative effort between a hybrid collection of knowledge sonurces. The

proposed MCKS system consists of three main components:

1. A globally accessible database called the Blackboard,
2. A set of Domain Knowledge Sources,

3. A central control component called the Manager.

Figure 5.2 is a schematic diagram of the design environment showing the proposed
MCKS structure for the Manufacturability Advisor system. The user®? is the domain
knowledge source responsible for the product refinement activity. At various stages in
the product design process, the user interacts with several computer-based process refine-
ment domain knowledge sources. Each important task of the process refinement activity
is associated with a computer-based knowledge source, e.g., facility selection, fixture se-
lection, machine selection, operation selet;tion, operation sequence selection, cutting tool
selection, and cutting parameters selection. The manager is responsible for controlling the

concurrency between the product and process refinement knowledge sources. The manager

53 A product designer.
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explicitly reasons about the kind of concurrency that can take place between the product

design and process plan execution activities.
5.3 Blackboard

The blackboard is used to represent the intermediate and final results of concurrent de-
velopment of the product design and the process plah. The blackboard is organized into
linear abstraction levels, and items placed on the blackboard at each level are called en-
tries. Entries represent elements of the solution being developed for the product design
and process planning tasks and are usually complex structured objects. An entry may be
linked to other entries on the same, higher, or lower abstraction levels. Such linked entries
represent potential solutions to portions of the problem being solved. The blackboard is the
only means of communication between the product design and process planning knowledge
sources. These knowledge sources comimunicate by adding entries to the blackboard or by
modifying entries already on the blackboard.

Frame-based systems have been used to implement the blackboard. The inheritance hi-
erarchy underlying the frame-based system used in developing the blackboard and the black-
board entries is shown in Fig. 5.3. There are basically two different kinds of blackboards:
the Control.Blackboard and the Domasin.Blackboard. The Control.Blackboard is used by the
manager to explicitly develop the control plan for concurrency. The Domain.Blackboard
is used to represent the product design and the manufacturing facility. This blackboard is
also used by the computer-based knowledge sources to develop (if necessary) partial process
plans for a particular part and facility and to identify any machining-related concerns.
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Figure 5.3: Blackboard aud Blackboard Entries Inheritance Hierarchy

5..3.1 Control Blackboard

As shown in Fig. 5.4, the Cc;nirol.Blackboard consists of ﬁv;e abstraction levels representing
different categories of control decisions. Entries at the Problem, Strategy, Focus, and Policy
levels describe desirable actions, and entries at the Agenda level represent feasible actions.
Together, these entries specify the control heuristics that are operative during a particular
problem-solving interval. In general, the heuristics describing desirable actions are used in
evalﬁating pending Triggered Knowledge Source Ingtances“s' (TKSI) at the Agenda level
to schedule the next TKSI for execution. Control.Blackboard.Entries (see Fig. 5.3) is the
general class of structured objects that represents the various entries made on the control
blackboard. The following sections describe in detail relevant attributes for each type of

control decision entry.

5:33ee Section 5.4.
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Figure 5.4: Blackboard Abstraction Levels

Problem

A single decision entry Q.t this level represenfs the problem that guides an entire problem-
solving process. Creating a Problem decision entry on the blackboard initiates problem-
solving by triggering and passing control to the manager. The description attribute of a
Problem (see Fig. 5.5) identifies the type of proBlem to be solved, for example “modify part.”
A Probiem’s termination.criteria characterizes an acceptable solution, for example “part
has been successfully modified.” Changing the Problem’s Qtatua to ‘inoperative’ terminates

prablem-solving. A Problem is imglemented.by adopting one or more Strategies.
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Entry:

Superclasses:

Member of:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
.Values:

Member slot:

Valueclass:
Values:

PROBLEM

CONTROL . BLACKBOARD .ENTRIES
CLASSES

ACCOMPLISHED .BY
CONTROL .BLACKBOARD .ENTRIES
Unknown

CREATE.NEW. INSTANCE
METHOD
CREATE.NEW. INSTANCE

DESCRIPTION
(UNION WORD LIST)
Unknown

IMPLEMENTED .BY
(LIST.OF CONTROL.BLACKBOARD.ENTRIES)
Unknown

IMPLEMENTS
CONTROL . BLACKBOARD .ENTRIES
Unknown

STATUS

(ONE.OF OPERATIVE INOPERATIVE)
Unknown

TERMINATION.CRITERIA
(LIST.OF LIST)
Unknown

Figure 5.5: Parametric Description of Problem Level Entry
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Strategy

Strategy decision entries establish general sequential plans to solve portions of a Problem.
Strategy entries are normally created fairly early so that they can guide the remainder of
the problem-solving process. However, there is no restriction on creation of entries later
in the problem-solving process in order to refine or alter strategy decisions made earlier.
A Strategy entry’s description attribute (see Fig. 5.6) identifies the type of strategy, for
example “new part creation strategy.” A Strategy’s termination. criteria characterizes the
desired end result of applying the strategy, for example “new part has been successfully
created.” A Strategy is implemented.by other Strategies or Focuses and, in turn, implements
Problems or other Strategies. A Strategy entry affects scheduling decisions only indirectly
through the Focus entries that implement it. Other relevant attributes of Strategy objects

are described in Section 5.4.

Focus

Focus decision entries establish short range problem-solving objectives that are explicitly
temporary and operate during restricted problem-solving intervals. Often, a sequence of
Focus entries implements a previously created Strategy entry. Focus decision entries can
also be created independent of one another and of prior Strategy entries. The description
attribute of a Focus entry (see Fig. 5.7) identifies the type of focus: for example “create
external features.” A Focus entry’s termination.criteria specify the conditions that makes
the Focus no longer useful. At any time it is possible for several complementary or competing
focus entries to be operative simultaneously. A Focus entry is implemented.by one or more
Policies and, in turn, tmplements a particular Strategy or Problem. Focus entries affect

scheduling decisions through the Policies that implement it.
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Figure 5.6: Parametric Description of Strategy Level Entry
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Entry: FOCUS

Superclasses:

Member of:

Member slot:
Valueclass:
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Member slot:
Valueclass:
Values:

Member slot:
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DESCRIPTION
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IMPLEMENTED.BY
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Unknown

IMPLEMENTS
CONTROL.. BLACKBOARD .ENTRIES
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RATING.CRITERIA
Unknown

RATING.FUNCTION
METHOD
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STATUS
(ONE.OF OPERATIVE INOPERATIVE)
Unknown

TERMINATION.CRITERIA
(LIST.OF LIST)
Unknown

Figure 5.7: Parametric Description of Focus Level Entry
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Policy

Policy decision entries contain local and global scheduling criteria that will be used to
favour TKSI’s on the Agenda with particular attributes and values. Depending on how
they are created, some Policy decisions can remain operative from the time they are created
until the end of the problem-solving process. Ordinarily, multiple Policy decisions operate
simultaneously. A Policy entry’s rating.criteria attribute (see Fig. 5.8) indicate a predicate
or function on one or more TKSI attribute-value pairs. For example, the criterion ‘Action
Blackboard = Control Blackboard’ prescribes execution of TKSI’s whose actions occur on
the control blackboard. The weight of a Policy is the expected value®* of its prescribed
actions and is a value between O and 1. For example, values of 0.8, 0.5, and 0.2 for the weight
of a particular policy indicate a high, medium, and low priority for the actions prescribed
by the Policy. The rating.function of a Policy is a method to determine the ;actual rating
of a particular TKSI against the policy. The following two conditions need to be satisfied
before a'Policy on the blackboard can affect scheduling decisions:

1. There are TKSI’s on the Agenda with the attributes and values prescribed by its

rating.criteria and
2. The current integration and scheduling rules® incorporate the Policy.

A Policy implements a Problem or one or more Focuses and Strategies. Policy decision
entries do not explicitly state any termination criteria and remain operative as long as the

entries that they implement at the higher abstraction levels remain operative.

S-¢Importance or value.
5-5See Section 5.4.
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Entry: POLICY
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Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

CONTROL . BLACKBOARD .ENTRIES
CLASSES

DESCRIPTION
(UNION WORD LIST)
Unknown

IMPLEMENTS
CONTROL . BLACKBOARD .ENTRIES
Unknown

RATING.CRITERIA
(LIST.OF (UNION WORD LIST))
Unknown

RATING.FUNCTION
METHOD
FOCUS-POLICY.RATING.FUNCTION

8TATUS

(ONE.OF OPERATIVE INOPERATIVE)
Unknown

WEIGHT
NUMBER
Unknown

Figure 5.8: Parametric Description of Policy Level Entry
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Agenda

The Agenda identifies all pending TKSI’s on each problem-solving cycle. The highest rated
TKSI based on the currently active Focuses and Policies is the one chosen for execution

during the next problem-solving cycle.
5.3.2 Domain Blackboard

The domain blackboard represents the product model, manufacturing facility model, and
the process plan for a particular part design and facility. The linear abstraction hierarchy of
the domain blackboad consists of six levels, namely Part, Facility, Machine, Fixture, Macro-
Operation, and Micro-Operation (see Fig. 5.4). The general class of structured objects that
all entries on the domain blackboard belong to is named Domain.Blackboard. Entries (see
Fig. 5.3). Entries at the Part and Facility level (see Fig. 5.9 and Fig. 5.10) represent the
product and manufacturing facility models, respectively. Entries on the remaining levels
represent a different abstract view of the process plan such as decisions about what machines
to use, where to fixture the part, what operations to perform, and what cutting tools to use.
Appendix C lists all the attributes of domain blackboard entries. The following sections

describe in detail only relevant attributes of such entries.

Machine

Decision entries at this level represent a machine-level abstraction of the process plan. A
subset of entries at this level defines the machines to be used in manufacturing a part and
the sequence in which the part will be processed on these machines. At any time in the
domain problem-solving process, several complementary or competing Machine entries may

exist simultaneously. The description attribute (see Fig. 5.11) of a Machine indicates the
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Entry: PART

Superclasses:

Member of:

Member slot:
Values:

Member slot:

. Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

DOMAIN.BLACKBOARD.ENTRIES
CLASSES

COMMODITY.TYPE
Unknown

CURRENT .FEATURE . SEQUENCE
(ONE.OF EXTERNAL.FEATURES INTERNAL.FEATURES)
Unknown

FACILITY
FACILITY
Unknown

FINISHED .PART
FINISHED.PART
Unknown

LARGEST.DIAMETER
Unknown

LOT.SIZE
Unknown

MATERIAL
MATERIAL.FEATURES
Unknown

OVERALL.LENGTH
Unknown

PART . NUMBER
Unknown

Figure 5.9: Parametric Description of Part Level Entry
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Entry: FACILITY

Superclasses:
Member of:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

DOMAIN.BLACKBOARD .ENTRIES
CLASSES

DESCRIPTION
CELL.FEATURES
Unknown

FACILITY.CLASS
CELL.FEATURES
Unknown

MACHINE
MACHINE
Unknown

PART
PART
Unknown

Figure 5.10: Parametric Description of Facility Level Entry
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Entry: MACHINE

Superclasses: DOMAIN.BLACKBOARD.ENTRIES
Member of: CLASSES

Member slot: DESCRIPTION
Valueclass: MACHINE .FEATURES
Values: Unknown

Member slot: FACILITY
Valueclass: FACILITY

Values: Unknown

Member slot: FIXTURE -
Valueclass: FIXTURE

Values: Unknown

Member slot: NEXT .MACHINE
Valueclass: MACHINE

Values: Unknown

Member slot: PREVIOUS.HACHINE
Valueclass: MACHINE :

Values: Unknown

Figure 5.11: Parametric Description of Machine Level Entry

type of machine that will be used to process the part, for example a “2-SC Lathe.” A
Machine’s previous.machine and nezt.machine indicate the Machines preceding and follow-
ing the current Machine in the abstract representation of the process plan at this level. A

Machine entry’s fizture indicates the type of fixtures that will be used to hold the part on
this machine.
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Fixture

Entries at this level primarily indicate the fixtures that will be used to hold the part during
the machining process. The description attribute of a Fixture entry indicates the type
of fixture tliat will be used to hold the part, for example “speed-grip.1.” The machine
attribute (see Fig. 5.12) indicates the machine on which the fixture is mounted, and the
macro-operation attribute indicates the macro-operations that will be performed while the
part is held in this fixture. The primary.fizturing.surfoce and secondary.fizturing.surface
of a Fixture entry indicates the primitive features that will be used to hold the part. A
Fixture’s prem;ous.ﬁzture and nezt.fizture attributes are self explanatory. The sequential
ordering of the Fixture level entries need not necessarily be identical®® to the ordering of

the Machine level entries in the final process plan.

Macro-Operation

Decision entries at this level represent a macro-operation (e.g., turn, drill) level abstraction
of the process plan. A subset of entries at this level defines the macro-operations, part
features, and machines on which these operations will be performed. Once again it is
possible for several complementary or competing macro-operation level decisions to exist
simultaneously at any time during the problem-solving process. The description of a Macro-
Operation entry indicates the type of operation to be performed: for example “turn.” A
Macro-Operation entry’s feature attribute (see Fig. 5.13) indicates the product feature that
will be generated as a result of this operation, for example a chamfer. A Macro-Operation’s
previous.macro-operation and nezt.macro-operation indicate the operations preceding and

following the current Macro-Operation. A Macro-Operation entry’s fizture is the Fixture

®On a particular machine, a part may be manufactured by being held in different orientations and/or
fixtures.
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Entry: FIXTURE

Superclasses:
Member of:

Member slot:
Values:

Member slot:
Valueclass:
Values:

Memter slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

Member slot:
Values:

Member slot:
Values:

DOMAIN.BLACKBOARD .ENTRIES
CLASSES

DESCRIPTION
Unknown

MACHINE
MACHINE
Unknown

MACRO-OPERATION
MACRO-OPERATION
Unknown

NEXT.FIXTURE
Unknown

PREVIOUS.FIXTURE
Unknown

PRIMARY.FIXTURING.SURFACE
Unknown

SECONDARY.FIXTURING.SURFACE
Unknown

Figure 5.12: Parametric Description of Fixture Level Entry
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that will be used to hold the part while performing this operation, and its micro-operation

are the micro-operation steps in which the operation will be performed.

Micro-Operation

A subset of entries at this level define the micro-operations to be performed (e.g., rough
turn, start drill), the cutting tools to be used, and the cutting parameters for each micro-
operation. The description of a Micro-Operation entry indicates the type of operation to be
performed, for example, “rough turn.” Previous.micro-operation and Nezt.micro-operation
attributes (see Fig. 5.14) are self explanatory. The ordering of Micro-Operation entries
need not necessarily be the same as the ordering of the Macro-Operation entries in the
final process plan. A Micro-Operation entry’s cutting.tool is the cutting tool assembly
that will be used to perform this operation. A Micro-Operation’s cutting.speed, feed, and
depth.of.cut indicates the cutting parameters that will be used for this operation. The

mecro-operation attribute indicates the macro-operation that is accomplished by a partic-

ular Micro-Operation.

5.4 Knowledge Sources

Knowledge sources mainly describe problem-solving or action knowledge and are represented
as a collection of Knowledge Source Instances (KSI). The problem-solving knowledge in
KSP’s is represented as condition-action pairs:57 a description of when they are applicable
(conditions) and the relevant actions to be performed. The condition part monitors the

blackboard for additions or modifications while the action part makes further additions or

modifications to the blackboard.

5-7Synonymous with rules.
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Entry: MACRO-OPERATION

Superclasses:

Member of:

Member slot:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

DOMAIN.BLACKBOARD .ENTRIES
CLASSES

DESCRIPTION
Unknown

FEATURE
PRIMITIVE.FEATURES
Unknown

FIXTURE
MACHINE
Unknown

MICRO-UOPERATION
MICRO-OPERATION
Unknown

NEXT.MACRO-OPERATION
Unknown

PREVIOUS .MACRD-0OPERATION
Unknown

Figure 5.13: Parametric Description of Macro-Operation Level Entry
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Entry: MICRO-OPERATION

Superclasses:

Member of:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

DOMAIN.BLACKBOARD .ENTRIES
CLASSES

CUTTING.SPEED
NUMBER
Unknown

CUTTING. TOOL .ASSEMBLY
CUTTING.TOOL.ASSEMBLIES
Unknown

DEPTH.OF .CUT
NUMBER
Unknown

DESCRIPTION
Unknown

FEED-RATE
NUMBER
Unknown

MACRO-OPERATION
MACRO-OPERATION
Unknown

NEXT.MICRO-OPERATION
Unknown

PREVIOUS.MICRO-OPERATION
Unknown

Figure 5.14: Parametric Description of Micro-Operation Level Entry
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Frame-based systems have been used to develop the knowledge sources, and the in-
heritance hierarchy underlying them is shown in Fig. 5.15. Knowledge sources can be
broadly classified into two types: Maneger and Domain.Knowledge.Sources. A listing of
the attributes of Knowledge.Sources is provided in Appendix C. The attributes premise and
concluston are used to indicate the conditions and actions of a particular knowledge source
instance. The attributes from.blackboard, to.blackboard, from.level, and to.level indicate the
blackboards and levels addressed by the condition and action portions of the knowledge
source. The rating.conditions of a knowledge source are variable-value pairs, such as “Ac-
tion.Level = Machine.” They are used while making scheduling decisions on the blackboard
(as described below). The remaining attributes of Knowledge.Sources shown in Appendix
C are described in detail in [97].

There are three different kinds of knowledge source instances. In describing them, it
is useful to define the term context or world. A context or world is the term used to
describe an assumption set and is a label for a set of facts. In describing the blackboard
structure, it was mentioned that several complementary or competing decisions entries can
simultaneously exist on the blackboard at any time during the problem-solving process.
Contezts are used to distinguish and identify such complementary or competing decisions.
Saeme World knowledge source instances are those instances whose condition and action
parts are applicable in a single context. All the conditions of such an instance have to be
true in a single context and the actions add, change, or delete facts in the same context.
New World knowledge source instances are those instances that are applicable when their
conditions are true in one or more contexts. A new context, obtained by merging all the
contexts in which the conditions of the instance are true, is the result of applying the
knowledge possessed by this instance. Actions that are specified by the instance are made

in the new context (and do not affect the contexts used for merging). Deduction knowledge
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CUTTING.PARAMETERS.K.S
CUTTING.TOOL.K.S
FIXTURING.K.S
MACHINE.K.S
MACHINING.CONCERNS.K.S
OPERATION.K.S
OPERATION.SEQUENGCING.K.S
SODURCING.K.S

DOMAIN.KHOWLEDGE.SOURCES
MANAGER

KHOWLEDGE.SOURCES

Figure 5.15: Knowledge Sources Inheritance Hierarchy

source instances are used to represent generalized dependencies between facts in one or more
worlds. The application of these instances results in the creation of TMS [96] justifications.
Deduction KSPs do not create new worlds, as compared to New World KSD’s; they are
applicable only in existing worlds.

When a knowledge source instance has its conditicns satisfied, it generates a Triggered
Knowledge Sources Instance (TKSI). A TKSI is a knowledge source instance with its vari-
ables instantiated. At any instance, a particular knowledge source instance can generate
more than one TKSI depending on the state of the blackboard.

Problem-solving under the MCKS paradigm is agenda-based and consists of an execu-
tion cycle made up of three main parts: Interpretation, Agenda Maintenance, and Schedul-
ing. Interpretation involves taking the TKSI chosen for execution, ensuring that its condi-
tions are still true, and performing its actions. Agenda Maintenance involves determining
new TKSI’s that are generated and updating the agenda of triggered-TKSI’s. Scheduling
involves choosing the next TKSI for execution from the agenda using explicitly defined

scheduling rules. The scheduling rule is normally specified as the value of the attribute
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scheduling.function for the policy object policy-1 on the blackboard. This scheduling func-
tion takes into account the explicit scheduling decisions made on the control blackboard
while determining the next TKSI for interpretation.

The rest of this chapter briefly describes the nature of the task carried out by the various
computer-based knowledge sources. The knowledge source instances used as examples are
only representative of the KSI's that define any particular knowledge source. In describing

the KSI's only the “rule” portion of the KSI is provided.

5.4.1 Manager

The manager is in charge of controlling the problem-solving behavior of the system. The
manager establishes the basic problem-solving strategy that will be adopted by the domain
knowledge sources in developing the required solution. The control knowledge possessed by
the manager causes certain actions to be preferred when scheduling decisions are made. As
mentioned before, under the Simultaneous Engineering concept, the manager is primarily
responsible for explicitly developing the plan to ensure concurrency between the product -
design and process planning tasks. The manager performs this task by developing this plan
on the control blackboard. The knowledge possessed by the manager can be further classified
into three categories: Domain-Specific Control Knowledge, Generic Control Knowledge, and
Domain-Independent Control Knowledge.

One way to set up control knowledge is to explicitly define the knowledge required to
generate the entries at various abstraction levels on the Control. Blackboard. This category
of knowledge is defined as Domain-Specific Control Knowledge. For example, the condition
part of Manager-1 ascertains whether a strategy level entry is to “create a new part,”
and the facility to manufacture the part has been determined. The action part indicates

that a new Focus entry should be made on the control blackboard to provide feedback
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about machining-related concerns. Manager-2 indicates that if a strategy level entry is to

determine how to fixture a part using a speed-grip and the primary and secondary fixturing
surfaces have been determined, then a new focus entry should be created to determine how

these surfaces will be machined.

Rule: MANAGER-1

(IF (THE STRATEGY OF CONTROL.BLACKBOARD IS ?STRATEGY)
(THE STATUS OF ?STRATEGY IS OPERATIVE)
(LISP (EQUAL °’CREATE.NEW.PART.STRATEGY (UNIT.NAME ?STRATEGY)))
(THE PART OF DOMAIN.BLACKBOARD IS 7PART)
(THE FACILITY OF ?PART IS 7BLACKBOARD.FACILITY)

(THE DESCRIPTION OF ?7BLACKBOARD.FACILITY IS ?FACILITY)
THEN

DO

(THE STATUS OF FEEDBACK.MACHINING.CONCERNS.FOCUS IS OPERATIVE)
(THE FOCUS OF CONTROL.BLACKBOARD IS

FEEDBACK .MACHINING . CONCERNS.FOCUS))

Rule: MANAGER-2

(IF (THE STRATEGY OF CONTROL.BLACKBOARD IS ?STRATEGY)
(THE STATUS OF ?STRATEGY IS OPERATIVE)

(LISP (EQUAL ’DETERMINE.PART.FIXTURE.DETAILS (UNIT.NAME ?STRATEGY)))
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(THE FIXTURE OF DOMAIN.BLACKBOARD IS ?FIXTURE.ENTRY)

(THE DESCRIPTION OF ?FIXTURE.ENTRY IS ?FIXTURE)

(?FIXTURE IS IN SPEED.GRIPS)

(THE PRIMARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY IS ?A.FEATURE)

(THE SECONDARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY IS ?ANOTHER.FEATURE)
THEN

DO

(THE STATUS OF SPEED.GRIP.SURFACE.OPERATIONS.FOCUS IS OPERATIVE)
(THE FOCUS OF CONTROL.BLACKBOARD IS
SPEED.GRIP.SURFACE.OPERATIONS .FOCUS))

Instead of explicitly specifying control knowledge as described above, another way to
specify it is in terms of a skeletal plan. Such a plan provides ‘skeletal’ descriptions of the
strategy, focus, and policy entries that are actually instantiated by a particular control
plan. Instances of Plan objects, another type of Control.Blackboard.Entries as shown in
Fig. 5.3, are used to represent various skeletal plans. The precondition attribute specified
for the various plans indicate when and where a particular skeletal plan is appropriate
and can be activated. These preconditions are used to create control knowledge source
instances before starting the product development process. The attributes accomplished. by,
active.prescription, current.prescription, and remaining.strategy.generator of control black-
board entries are used to determine when these entries should be activated, updated, or
deactivated.

Knowledge required to instantiate and update relevant skeletal plans and control black-
board entries is an example of Generic Control Knowledge. Manager-3, for example, mod-

ifies a newly-posted Strategy entry such that its first substrategies or focuses are made
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operative. Manager-{ updates an active strategy entry such that the next step of the

strategy plan is activated.

Rule: MANAGER-3

(IF (?STRATEGY IS IN STRATEGY)
(THE STRATEGY OF CONTROL.BLACKBOARD IS ?STRATEGY)
(THE STATUS OF ?STRATEGY IS OPERATIVE)

(LISP (UNITMSG ?STRATEGY ’GET.CURRENT.PRESCRIPTION ?$WORLD$))
(EQUAL 7CURRENT.PRESCRIPTION

(LISP (UNITMSG ?STRATEGY ’GET.CURRENT.PRESCRIPTION ?$WORLD$)))
THEN

DO
(CHANGE.TO

(THE CURRENT.PRESCRIPTION OF ?STRATEGY IS ?7CURRENT.PRESCRIPTION))
(CHANGE.TO

(THE ACTIVE.PRESCRIPTION OF ?STRATEGY IS ?CURRENT.PRESCRIPTION))
(LISP (UNITMSG ?STRATEGY

"UPDATE . REMAINING . STRATEGY . GENERATOR 7$WORLDS)))

Rule: MANAGER-4

(IF (?STRATEGY IS IN STRATEGY)

(THE STATUS OF ?STRATEGY IS OPERATIVE) °
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(THE ACTIVE.PRESCRIPTION OF ?STRATEGY IS ?PRESCRIPTION)

(LISP (STRING-EQUAL ?7PRESCRIPTION "NONE"))

(THE REMAINING.STRATEGY.GENERATOR OF ?STRATEGY IS
?REMAINING.STRATEGY.GENERATOR)

(LISP (UNITMSG ?STRATEGY ’GET.CURRENT.PRESCRIPTION ?$WORLD$))

(EQUAL ?CURRENT.PRESCRIPTION

(LISP (UNITMSG ?STRATEGY ’GET.CURRENT.PRESCRIPTION ?$WORLDS$)))

THEN

DO

(CHANGE.TO (THE CURRENT.PRESCRIPTION OF ?STRATEGY IS

?CURRENT . PRESCRIPTION) )
(CHANGE.TO (THE ACTIVE.PRESCRIPTION OF ?STRATEGY IS
?CURRENT . PRESCRIPTION))
(LISP (UNITMSG ?STRATEGY 'UPDATE.REMAINING.STRATEGY.GENERATOR
?$WORLD$)))

Finally, Domain-Independent Control Knowledge is generated while solving a particular
problem, especially in those cases where control knowledge is specified in a skeletal form.
Some of the control knowledge source instances belonging to this category are created by
the triggering of generic control knowledge. Termination knowledge that is required to make
strategies and focuses of the skeletal plan inoperative at the appropriate time is an example
of this kind of knowledge. Manager-5 is the knowledge source instance that is triggered to

create such termination knowledge source instances.

Rule: MANAGER-6
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(IF (7BLACKBOARD.OBJECT IS IN CONTROL.BLACKBOARD.ENTRIES)
(OR (THE STRATEGY OF CONTROL.BLACKBOARD IS ?BLACKBOARD.OBJECT)
(THE FOCUS OF CONTROL.BLACKBOARD IS ?BLACKBOARD.OBJECT))

(THE STATUS OF ?BLACKBOARD.OBJECT IS OPERATIVE)

THEN

DO

(LISP

(UNITMSG ’(MANAGER-6 KNOWLEDGE-SOURCES)

'CREATE . TERMINATION . KNOWLEDGE . SOURCES
?BLACKBOARD . OBJECT
?$WORLDS)))

5.4.2 Domain Knowledge Sources

Domain knowledge sources are responsible for constructing the actual product design and
process plan and for providing feedback to designers about machining-related concerns.
Domain knowledge sources perform their activity by creating and modifying decisions on
the domain blackboard. As mentioned earlier, the user is the knowledge source responsible
for product design activities. Several computer-based knowledge sources are responsible

for the process planning activities and for determining if machining-related concerns have

arisen.

Sourcing Knowledge Source

The Sourcing®® knowledge source is responsible for decisions related to determining the kind

of facilities that can be used to manufacture a particular part. Sourcing.K.S-1 indicates

58In industrial parlance, a term used to indicate where a product is manufactured.
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that a particular class of facilities (e.g. Bearing.Cage.Cells) can be used to process a part if
the commodity and material specifications of the part are within facility level capabilities.
Sourcing. K.S-2 indicates that a particular context is incorrect if the largest diameter of a

part is greater than the largest diameter that can be manufactured in the facility assigned

to it (in that context).

Rule: SOURCING.K.S-1

(IF (THE PART OF DOMAIN.BLACKBOARD IS ?PART)
(THE COMMODITY.TYPE OF 7PART IS ?COMMODITY.TYPE)
(THE MATERIAL OF 7PART IS 7MATERIAL)
(ALL ?FACILITY.CLASS ARE CELL.FEATURES)
(THE COMMODITY.TYPE.LIMITATION OF ALL ?FACILITY.CLASS IS ?7COM.LIMIT)
(LISP (EQUAL 7COMMODITY.TYPE ?COM.LIMIT))
(THE MATERIAL.LIMITATION OF ALL ?FACILITY.CLASS IS ?MAT.LIMIT)
(LISP
(OR (EQUAL (UNIT.NAME ?MAT.LIMIT) (UNIT.NAME ?MATERIAL))
(UNIT.DESCENDANT.P ?MATERIAL ?MAT.LIMIT ’MEMBER)
(UNIT.DESCENDANT.P ?MATERIAL ?MAT.LIMIT °'SUBCLASS T)))
(EQUAL ?FACILITY
(K.S.EQUAL (FORMAT NIL "~A-"A-~A" ?PART ?COMMODITY.TYPE
?FACILITY.CLASS)
(UNITMSG °’(FACILITY BLACKBOARD-LIBRARY)

'CREATE.NEW. INSTANCE)))
THEN
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IN.NEW.WORLD

(THE FACILITY OF DOMAIN.BLACKBOARD IS ?FACILITY)
(THE PART OF ?FACILITY IS ?PART)

(THE FACILITY.CLASS OF ?FACILITY IS ?FACILITY.CLASS)
(THE FACILITY OF ?PART IS ?7FACILITY)

(LISP (INFORM.ABOUT.FACILITY.CLASS 7PART 7$WORLD$)))

Rule: SOURCING.K.S-2

(WHILE (THE PART OF DOMAIN.BLACKBOARD IS ?PART)
(THE FACILITY OF ?PART IS ?PART.FACILITY)
(THE DESCRIPTION OF ?PART.FACILITY IS ?FACILITY)
(THE LARGEST.DIAMETER.LIMITATION OF ?FACILITY IS 7LIMIT)
(THE LARGEST.DIAMETER OF ?PART IS ?DIAMETER)
(LISP (> ?DIAMETER ?7LIMIT))
BELIEVE FALSE)

Machine Knowledge Source

This knowledge source is primarily responsible for making decisions related to the ma-
chine(s) and the ordering of machines that will be used to manufacture the part. The main
result of decisions made by this knowledge source is the addition of Machine entries on the
domain blackboard. The condition part of Machine.K.S-1 determines whether the facility
to process a part is known and whether a machine in the facility can manufacture some
of the primitive features of the part. The action part of the knowledge source instance

prescribes the creation of 2 Machine entry and instantiation of relevant Machine attributes.
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The creation of this entry does not necessarily imply that this machine will be used in the

final process plan. The Machine entry is only a hypotheris and is, therefore, created in a

separate world.

Rule: MACHINE.K.S-1

(IF (THE PART OF DOMAIN.BLACKBOARD IS 7PART)
(THE FINISHED.PART OF ?PART IS ?FINISHED.PART)
(THE FACILITY OF ?PART IS ?FACILITY)
(THE DESCRIPTION OF ?FACILITY IS 7CELL.FEATURE)
(THE MACHINE OF ?CELL.FEATURE IS ?MACHINE)
(LISP (REQUIRE.MACHINE? ?MACHINE ?FINISHED.PART))
(EQUAL ?MACHINE.LEVEL.ENTRY
(K.S.EQUAL (FORMAT NIL "~A-"A" ?MACHINE ?CELL.FEATURE)
(UNITMSG ’ (MACHINE BLACKBOARD-LIBRARY)

'CREATE.NEW.INSTANCE)))
THEN

IN.NEW.AND.WORLD

(THE FACILITY OF ?7MACHINE.LEVEL.ENTRY IS ?FACILITY)

(THE MACHINE OF ?FACILITY IS ?MACHINE.LEVEL.ENTRY)

(THE DESCRIPTION OF ?MACHINE.LEVEL.ENTRY IS ?MACHINE)

(THE MACHINE OF DOMAIN.BLACKBOARD IS ?MACHINE.LEVEL.ENTRY))

Machine.K.S-2 indicates: If Pmachinel is a Machine entry with a fixture in the class
chucks and #machine? is another Machine entry with a fixture in the class speed.grips, then

one possible partial processing order is to process the part on ?mackinel before processing
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it on ?machinel.

Rule: MACHINE.X.S-2

(IF (THE MACHINE OF DOMAIN.BLACKBOARD IS ?MACHINE1)
(THE FIXTURE OF ?MACHINE1 IS ?FIXTURE.ENTRY1)
(THE DESCRIPTION OF ?FIXTURE.ENTRY1 IS ?FIXTURE1)
(?FIXTURE1 IS IN CLASS CHUCKS)

(THE MACHINE OF DOMAIN.BLACKBOARD IS ?MACHINE2)
(THE FIXTURE OF ?MACHINE2 IS 7FIXTURE.ENTRY2)
(THE DESCRIPTION OF ?FIXTURE.ENTRY2 IS ?FIXTURE2)
(?FIXTURE2 IS IN CLASS SPEED.GRIPS)

(LISP (NOT (EQUAL ?MACHINE1 ?MACHINE2)))
(CANT.FIND

(OR (?FIXTURE1 IS IN CLASS COMBINATION.FIXTURES)

(?FIXTURE2 IS IN CLASS COMBINATION.FIXTURES)))
THEN

IN.NEW.AND.WORLD
(THE PREVIOUS.MACHINE OF ?MACHINE2 IS ?MACHINE1)
(THE NEXT.MACHINE OF ?MACHINE1 IS ?7MACHINE2))

Fixturing Knowledge Source

This knowledge source is responsible for making decisions about how a part will be fix-
tured to perform a subset of macro-operations required to manufacture the part. Deci-

sions made by this knowledge source result primarily in the generation and instantiation
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of entries on the domain blackboard at the fixture level. Fizturing.K.S-1 indicates: If a
Straight.Inner. Diameter feature is a datum surface and the diameter, diemeter tolerance,
and length of the feature is within the capabilities of a speed-grip, then this feature can be

used as the primary.fizturing.surface for the speed-grip bushing.

Rule: FIXTURING.K.S-1

(IF (THE FIXTURE OF DOMAIN.BLACKBOARD IS ?FIXTURE.ENTRY)

(THE DESCRIPTION OF ?FIXTURE.ENTRY IS ?FIXTURE)
(?FIXTURE IS IN CLASS SPEED.GRIPS)
(?DATUM.SURFACE IS IN DATUM.SURFACES)
(OR (THE DATUM.TYPE OF 7DATUM.SURFACE IS A)

(THE DATUM.TYPE OF ?DATUM.SURFACE IS B))
(THE PRIMITIVE.FEATURE.INSTANCE OF 7DATUM.SURFACE

IS ?PRIMITIVE.FEATURE)

(?PRIMITIVE.FEATURE IS IN CLASS STRAIGHT.INNER.DIAMETERS)
(THE KIND.OF.PART OF 7PRIMITIVE.FEATURE IS ?FINISHED.PART)
(?FINISHED.PART IS IN CLASS FINISHED.PART)

(LISP (SPEED.GRIP.COMPATIBLE? 7FIXTURE ?PART ?PRIMITIVE.FEATURE))
THEN

IN.NEW.AND.WORLD

(THE PRIMARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY IS ?PRIMITIVE.FEATURE)

(LISP (INFORM.ABOUT.SPEED.GRIP.PRIMARY.SURFACE ?FIXTURE
?PRIMITIVE.FEATURE ?$WORLD$)))
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The condition part of Firturing.K.S-2 ascertains whether a geometrical tolerance has
been specified on a Straight. External. Face feature with respect to the feature chosen as the
primary.fizturing.surface for a speed-grip. A check is also made to determine whether such
a feature is appropriately located on the part for the workring of the speed-grip. The action

part indicates that the external face feature can be used as the secondary.fizturing.surface

for speed-gripping the part.

Rule: FIXTURING.K.S-2

(IF (THE FIXTURE OF DOMAIN.BLACKBOARD IS ?FIXTURE.ENTRY)
(THE PRIMARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY IS ?PRIMARY.FEATURE)
(THE DESCRIPTION OF ?FIXTURE.ENTRY IS ?FIXTURE)
" (?FIXTURE IS IN CLASS SPEED.GRIPS)
(THE DATUM OF ?PRIMITIVE.FEATURE IS ?DATUM)
(THE DATUM.TYPE OF ?DATUM IS ?DATUM.TYPE)
(EQUAL ?SECONDARY.SURFACE.CLASS
(LISP (S.G.SECONDARY.SURFACE.CLASS? ?FIXTURE
?PART ?PRIMARY.FEATURE)))
(?GEOMETRIC. TOLERANCE IS IN CLASS RELATED.FORM.TOLERANCES)
(NOT (OR (?GEOMETRIC.TOLERANCE IS IN CLASS PROFILE.OF.A.LINE)
(?GEOMETRIC.TOLERANCE IS IN CLASS PROFILE.OF.A.SURFACE)))
(LISP (MEMBER 7DATUM.TYPE (GET.VALUES ?GEOMETRIC.TOLERANCE
"DATUM. SURFACES)))
(THE PRIMITIVE.FEATURE OF ?GEOMETRIC.TOLERANCE IS ?SECONDARY.FEATURE)
(?SECONDARY .FEATURE IS IN CLASS ?SECONDARY.SURFACE.CLASS)

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(THE KIND.OF.PART OF ?SECONDARY.FEATURE IS ?FINISHED.PART)
(?FINISHED.PART IS IN CLASS FINISHED.PART)
THEN
IN.NEW.AND.WORLD
(THE SECONDARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY

' IS ?SECONDARY.FEATURE) |
(LISP (INFORM.ABOUT.SPEED.GRIP.SECONDARY.SURFACE

?FIXTURE ?SECONDARY.FEATURE 7$WORLDS$)))

Operation Knowledge Source

This knowledge source is responsible for determining the operations that will be performed
to manufacture a particular part. The main result of decisions made by this knowledge
source is the creation of Macro-Operation and Micro-Operation entries. For example, the
condition part of Operation.K.S-1 determines whether a speed-grip is being used as a fixture
and whether the primary.fizturing.surface, secondary.fizturing.surface, and the fixture to be
used before the part is held in the speed-grip (?previous.fizture) are known. The action part
prescribes the creation of Macro-Operation entries with their feature, description, and fizture
attributes appropriately instantiated. This rule indicates that one way to manufacture the

features used as the primary.fizturing.surface and secondary.fizturing.surface is to machine

them while the part is held using the fixture ?previous.fizture.

Rule: OPERATION.X.S-1

(IF (THE FIXTURE OF DOMAIN.BLACKBOARD IS ?FIXTURE.ENTRY)
(THE DESCRIPTION OF ?FIXTURE.ENTRY IS ?FIXTURE)
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(?FIXTURE IS IN CLASS SPEED.GRIPS)
(THE PRIMARY.FIXTURING.SURFACE OF 7FIXTURE.ENTRY IS ?PRIMITIVE.FEATURE)
(THE SECONDARY.FIXTURING.SURFACE OF ?FIXTURE.ENTRY

IS ?SECONDARY.FEATURE)

(THE PREVIOUS.FIXTURE OF ?FIXTURE.ENTRY IS ?PREVIOUS.FIXTURE)
(EQUAL ?MACRO-OPERATION.ENTRY1

(K.S.EQUAL

(FORMAT NIL "~A-~A" ?PRIMITIVE.FEATURE ?PREVIOUS.FIXTURE)
(UNITMSG °’(MACRO-OPERATION.ENTRY BLACKBOARD-LIBRARY)
'CREATE.NEW. INSTANCE)))
(EQUAL ?MACRO-OPERATION.ENTRY2
(K.S.EQUAL
(FORMAT NIL "~A-"A" ?SECONDARY.FEATURE ?PREVIOUS.FIXTURE)
(UNITMSG ' (MACRO-OPERATION.ENTRY BLACKBOARD-LIBRARY)

'CREATE.NEW. INSTANCE) ))
THEN

IN.NEW.AND.WORLD

(THE FEATURE OF ?MACRO-OPERATION.ENTRY{ IS ?PRIMITIVE.FEATURE)

(THE DESCRIPTION OF ?MACRO-OPERATION.ENTRY1 IS BORING)

(THE FIXTURE OF ?MACRO-OPERATION.ENTRY1 IS ?PREVIOUS.FIXTURE)

(A MACRO-OPERATION OF ?7PREVIOUS.FIXTURE IS ?MACRO-OPERATION.ENTRY1)
(THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS 7MACRO-OPERATION.ENTRY1)
(THE FEATURE OF ?MACRO-OPERATION.ENTRY2 IS ?SECONDARY.FEATURE)

(THE DESCRIPTION OF ?MACRO-OPERATION.ENTRY2 IS FACING)

(THE FIXTURE OF ?MACRO-OPERATION.ENTRY2 IS ?PREVIOUS.FIXTURE)
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(A MACRO-OPERATION OF ?PREVIOUS.FIXTURE IS ?MACRO-OPERATION.ENTRY2)
(THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MACRO-OPERATION.ENTRY2))

Operation.K.S-2 indicates that if a Macro-Operation entry involves drilling a Stra:-
ght.Circular. Hole feature, and a tight position geometric tolerance has been specified for
the feature (for example, a tolerance value less than 0.05 mm), then this operation will have

to be completed in two micro-operation passes, namely “start drill” and “finish drill.”

Rule: OPERATION.K.S-2

(IF (THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MACRO-OPERATION.ENTRY)
(THE FEATURE OF ?MACRO-OPERATION.ENTRY IS ?FEATURE)
(?FEATURE IS IN CLASS STRAIGHT.CIRCULAR.HOLES)
(THE DESCRIPTION OF ?MACRO-OPERATION.ENTRY IS DRILLING)
(THE FIXTURE OF 7MACRO-OPERATION.ENTRY IS ?FIXTURE.ENTRY)
(THE MACHINE OF ?FIXTURE.ENTRY IS ?MACHINE.ENTRY)
(THE DESCRIPTION OF ?MACHINE.ENTRY IS ?MACHINE)
(LISP (TIGHT.POSITION.TOLERANCE? ?MACHINE ?FEATURE))
(EQUAL ?MICRO-OPERATION.ENTRY1
(K.S.EQUAL (FORMAT NIL "~A-"A-1" ?FEATURE ?MACHINE)
(UNITMSG °®(MICRO-OPERATION BLACKBOARD-LIBRARY)
*CREATE.NEW. INSTANCE)))
(EQUAL ?MICRO-OPERATION.ENTRY2
(K.S.EQUAL (FORMAT NIL "~A-~A-2" ?FEATURE ?MACHINE)
(UNITMSG ° (MICRO-OPERATION BLACKBOARD-LIBRARY)
’CREATE.NEW. INSTANCE)))
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THEN

DO

(THE NO.OF .PASSES OF ?MACRO-OPERATION.ENTRY IS 2)

(THE DESCRIPTION OF ?MICRO-OPERATION.ENTRY1 IS START.DRILL)

(THE MACRO-OPERATION OF ?MICRO-OPERATION.ENTRY1
IS ?MACRO-OPERATION.ENTRY)

(THE MICRO-OPERATION OF ?MACRO-OPERATION.ENTRY IS
?MICRO-OPERATION.ENTRY1)

(THE MICRO-OPERATION OF DOMAIN.BLACKBOARD IS
?MICRO-OPERATION.ENTRY1)

(THE DESCRIPTION OF ?MICRO-OPERATION.ENTRY2 IS FINISH.DRILL)

(THE MACRO-OPERATION OF ?MICRO-OPERATION.ENTRY2
IS ?MACRO-OPERATION.ENTRY)

(THE MICRO-OPERATION OF ?MACRO-OPERATION.ENTRY IS
?MICRO-OPERATION.ENTRY2)

(THE MICRO-OPERATION OF DOMAIN.BLACKBOARD IS
?MICRO-OPERATION.ENTRY2)

Operation Sequencing Knowledge Source

This knowledge source is responsible for specifying the partial or complete ordering of
macro- and micro-operations. For example, the condition part of Operation.Sequence. K.S-1
determines whether a Macro-Operation entry involves machining a Straight.Inner. Diameter
feature and whether the feature.to.the.left and feature.to.the.right of the inner diameter fea-
ture are in the class negative.normal.internal.faces. A check is also made to determine if

any decision has been made about how the part will be fixtured while these operations are
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performed. The action part indicates that the internal face features can be machined at the

same time as the straight inner diameter feature.

Rule: OPERATION.SEQUENCING.K.S-1

(IF (THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MACRO-OPERATION.ENTRY2)
(THE FEATURE OF ?MACRO-OPERATION.ENTRY2 IS ?PRIMITIVE.FEATURE)
(OR (?PRIMITIVE.FEATURE IS IN CLASS STRAIGHT.INNER.DIAMETERS)

(?PRIMITIVE.FEATURE IS IN CLASS NEGATIVE.NORMAL.INNER.DIAMETERS))

(THE FEATURE.TO.THE.LEFT OF ?PRIMITIVE.FEATURE IS ?FEATURE-A).
(?FEATURE-A IS IN CLASS NEGATIVE.NORMAL.INTERNAL.FACES)
(THE FEATURE.TO.THE.RIGHT OF ?PRIMITIVE.FEATURE IS ?FEATURE-B)
(?FEATURE-B IS IN CLASS NEGATIVE.NORMAL.INTERNAL.FACES)
(THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MACRO-OPERATION.ENTRY1)
(THE FEATURE OF 7MACRO-OPERATION.ENTRY1 IS ?FEATURE-A)
(THE MACRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MACRO-OPERATION.ENTRY3)
(THE FEATURE OF ?MACRO-OPERATION.ENTRY3 IS ?FEATURE-B)
(CANT.FIND (THE FIXTURE OF ?MACRO-OPERATION.ENTRY1 IS ?SOME.FIXTURE))
(CANT.FIND (THE FIXTURE OF ?7MACRO-OPERATION.ENTRY2 IS ?SOME.FIXTURE))

(CANT.FIND (THE FIXTURE OF ?7MACRO-OPERATION.ENTRY3 IS ?SOME.FIXTURE))
THEN

DO

(THE NEXT.MACRO-OPERATION OF ?MACRO-OPERATION.ENTRY! IS
?MACRO-OPERATION.ENTRY2)
(THE PREVIOUS.MACRO-OPERATION OF ?MACRO-OPERATION.ENTRY2 IS
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?MACRO-OPERATION . ENTRY1)

(THE NEXT.MACRO-OPERATION OF ?MACRO-OPERATION.ENTRY2 IS
?MACRO-OPERATION.ENTRY3)

(THE PREVIOUS.MACRO-OPERATION GF ?MACRO-OPERATION.ENTRY3 IS
?MACRO-OPERATION.ENTRY2))

The condition part of Operation.Sequence.K.S-2 ascertains whether two Micro-Opera-
tion entries involve a rough facing operation that is performed with the same fixture and
facing.tool.assembly and whether the primitive features that they machine are adjacent.’°

The action part indicates that there is a partial ordering between these two micro-opera-

tions.

Rule: OPERATION.SEQUENCING.K.S-2

(IF (THE MICRO.OPERATION OF DOMAIN.BLACKBOARD IS 7MICRO-OPERATION.ENTRY1)

(THE DESCRIPTION OF ?MICRO-OPERATION.ENTRY1 IS ROUGHING)

(THE CUTTING.TOOL.ASSEMBLY OF ?MICRO-OPERATION.ENTRY1 IS
2CUTTING. TOOL . ASSEMBLY)

(?CUTTING.TOOL.ASSEMBLY IS IN CLASS FACING.TOOL.ASSEMBLIES)

(THE MACRO-OPERATION OF ?MICRO-OPERATION.ENTRY1
IS 7MACRO-OPERATION.ENTRY1)

(THE FIXTURE OF ?MACRO-OPERATION.ENTRY1 IS ?FIXTURE.ENTRY)

(LISP |

(RIGHT.ADJACENT.MICRO-OPERATION? ?FIXTURE.ENTRY ?FEATURE

S9Not necessarily physically adjacent. Two feature instances belonging to the same class are adjacent if
no other feature instance from that class occurs between them in the feature-based model of the part.
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"ROUGHING ?CUTTING.TOOL.ASSEMBLY ?$WORLD$))
(EQUAL 7MICRO-OPERATION.ENTRY2
(RIGHT. ADJACENT .MICRO-OPERATION?
?FIXTURE.ENTRY ?FEATURE ’'ROUGHING

?CUTTING. TOOL.ASSEMBLY 7$WORLD$))
THEN

DO

(THE NEXT.MICRO-OPERATION OF 7MICRO-OPERATION.ENTRY1 IS
?MICRO-OPERATION.ENTRY2)

(THE PREVIOUS.MICRO-OPERATION OF ?MICRO-OPERATION.ENTRY2 IS
?MICRO-OPERATION.ENTRY1))

Cutting Tool Knowledge Source

This is the knowledge source responsible for determining the cutting tool assemblies and the
parameters of cutting tools that will be used to perform micro-operations. Cutting. Tool. K.S-
1, for example, indicates that if a Micro-Operation entry involves “rough turning” a straight
outer diameter feature, then the operation can be performed if an appropriate turning.tool.as-
sembly is available in the Tool. Matriz of the machine that will be used to perform the op-
eration. The cutting tool parameters of the chosen turning.tool.assembly have to be within

the range of allowable values for an ideal “rough turn” operation.

Rule: CUTTING.TOOL.K.S-1

(IF (THE MICRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MICRO-OPERATION.ENTRY)
(THE DESCRIPTION OF ?7MICRO-OPERATION.ENTRY IS ROUGHING)
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(THE MACRO-OPERATION OF ?MICRO-OPERATION.ENTRY IS ?MACRO-OPERATION)
(THE DESCRIPTION OF ?7MACRO-OPERATION IS TURNING)
(THE FEATURE OF ?MACRO-OPERATION IS ?FEATURE)
(?FEATURE IS IN CLASS STRAIGHT.OUTER.DIAMETERS)
(THE FIXTURE OF ?MACRO-OPERATION IS ?FIXTURE)
(THE MACHINE OF ?FIXTURE IS ?MACHINE.ENTRY)
(THE DESCRIPTION OF ?MACHINE.ENTRY IS ?7MACHINE)
(THE TOOL.MATRIX OF ?MACHINE IS ?TOOL.MATRIX)
(LISP (ROUGH.TURN.TOOL.ASSEMBLY? ?TOOL.MATRIX))
(EQUAL ?CUTTING.TOOL.ASSEMBLY (ROUGH. TURN . TOOL . ASSEMBLY? ?TOOL.MATRIX))
THEN
(THE CUTTING.TOOL.ASSEMBLY OF ?MICRO-OPERATION.ENTRY IS
?CUTTING. TOOL.ASSEMBLY))

The condition part of Cutting. Tool. K.S-2 ascertains whether the foiiowing facts are true:
(1) A Micrc:Operation entry involves a “roughing” operation for a chamfer, (2) The feature
adjacent to the chamfer is a straight external face, (3) The “roughing” operation for the
face is performed with a facing.tool.assembly, and (4) No other external features of the
part are “rough turned” while the part is held in the same fixture to perform the roughing

operations. The action part indicates that the facing.tool.assembly can also be used to

“rough” the chamfer.

Rule: CUTTING.TOOL.K.S-2

(IF (THE MICRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MICRO-OPERATION.ENTRY)
(THE DESCRIPTION OF ?MICRO-OPERATION.ENTRY IS ROUGHING)
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(THE MACRO-OPERATION OF ?MICRO-OPERATION.ENTRY IS ?MACRO-OPERATION)
(THE FEATURE OF ?MACRO-OPERATION IS ?7FEATURE)
(OR (?FEATURE IS IN CLASS POSITIVE.NORMAL.EXTERNAL.CHAMFERS)
(?FEATURE IS IN CLASS NEGATIVE.NORMAL.EXTERNAL.CHAMFERS))
(THE FIXTURE OF ?MACRO-OPERATION IS ?FIXTURE)
(LISP (ADJACENT.STRAIGHT.EXTERNAL.FACE.FEATURE? ?FEATURE))
(EQUAL ?ADJACENT.FEATURE (ADJACENT.STRAIGHT.EXTERNAL.FACE.FEATURE?
?FEATURE))
(THE MACRO-OPERATION OF ?FIXTURE IS ?MACRO-OPERATION.ENTRY-2)
(THE FEATURE OF ?MACRO-OPERATION.ENTRY-2 IS ?7ADJACENT.FEATURE)
(THE MICRO-OPERATION OF ?MACRO-OPERATION.ENTRY-2 IS
7MICRO-OPERATION.ENTRY-2)
(THE DESCRIPTION OF ?MICRO-OPERATION.ENTRY-2 IS ROUGHING)
(THE CUTTING.TOOL.ASSEMBLY OF ?MICRO-OPERATION.ENTRY-2 IS
?CUTTING. TOOL . ASSEMBLY)
(?CUTTING.TOOL.ASSEMBLY IS IN CLASS FACING.TOOL.ASSEMBLIES)
(LISP (LIMITED.ROUGHING.OPERATION? ?FIXTURE
?FEATURE 7ADJACENT.FEATURE 7$WORLD$))
THEN .
IN.NEW.AND.WORLD
(THE CUTTING.TOOL.ASSEMBLY OF ?MICRO-OPERATION.ENTRY IS
?CUTTING.TOOL.ASSEMBLY))
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Cutting Parameters Knowledge Source

This knowledge source is responsible for determining the cutting parameters (cutting speed,
feedrate, and depth of cut) to be used for a particular micro-operation. This is the knowledge
source that would use the generative process performance model described in Chapter 4 to
determine values for the various cutting parameters. However, this knowledge source has not
been currently implemented because of the unavailability of relevant process performance

models in the domain chosen for implementation (see Chapter 6 for more details).

Machining Concerns Knowledge Source

This is the knowledge source responsible for providing feedback to designers about any
machining-related concerns that arise. Instances of this knowledge source are always appli-
cable only in a single context. Machkining.Concern.K.S-1, for example, indicates that if a
Straight.Inner. Diameter is one of the features of a part that will be made in a manufactur-
ing cell and the tolerance on its diameter is below the capabilities of the machines in the

facility, then an extra grinding operation would be needed to machine the feature.

Rule: MACHINING.CONCERNS.K.S-1

(IF (THE PART OF DOMAIN.BLACKBOARD IS ?7PART)
(THE CURRENT.FEATURE.INSTANCE OF ?PART IS ?FEATURE)
(?FEATURE IS IN CLASS STRAIGHT.INNER.DIAMETERS)
(THE FACILITY OF 7PART IS 7BLACKBOARD-FACILITY)
(THE DESCRIPTION OF ?BLACKBOARD-FACILITY IS ?7FACILITY)

(LISP (BELOW.I.D.DIAMETER.TOLERANCE.LIMIT ?FEATURE ?FACILITY))
THEN
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DO

(LISP (INFORM.ABOUT.I.D.TOLERANCE ?FEATURE ?FACILITY ?$WORLD$)))

Machining.Concern.K.S-2 indicates: if there are a minimum of three Micro-Operation
entries that generate fillets of radii less than a critical radius (e.g. 0.762 mm), if all three
operations use the same cutting tool assembly on a particular machine, and if the features
are machined with the part held in the same fixture, then rapid tool wear will take place

unless the radius of some of the fillets is increased.

Rule: MACHINING.CONCERNS.K.S-2

(IF (THE MICRO-OPERATION OF DOMAIN.BLACKBOARD IS ?MICRO-OPERATION)
(THE DESCRIPTION OF ?MICRO-OPERATION IS FINISHING)
(THE MACRO-OPERATION OF 7MICRO-OPERATION IS ?MACRO-OPERATION)
(THE FEATURE OF ?MACRO-OPERATION IS ?FEATURE)
(OR (?FEATURE IS IN CLASS NEGATIVE.NORMAL.INTERNAL.FILLETS)

(?FEATURE IS IN CLASS POSITIVE.NORMAL.INTERNAL.FILLETS))
(LISP (CRITICAL.RADIUS? ?FEATURE))

(THE FIXTURE OF ?MACRO-OPERATION IS ?FIXTURE)
(THE CUTTING.TOOL.ASSEMBLY OF ?MICRO-OPERATION
IS ?CUTTING.TOOL.ASSEMBLY)

(LISP (SEQUENCE.OF.FILLETS? ?FIXTURE ?FEATURE ?CUTTING.TOOL.ASSEMBLY))
THEN

D0
(LISP (INFORM.ABOUT.RAPID.TOOL.WEAR ?FIXTURE ?FEATURE

?CUTTING.TOOL.ASSEMBLY ?$WORLDS$)))
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5.5 Summary

The reasoning subsystem of the design environment has been described in detail in this chap-
ter. The Multiple Cooperative Knowledge Sources Paradigm was shown to satisfy the basic
requirements of the reasoning subsystem. Under this approach, domain knowledge sources
were responsible for developing the product design and the process plan and the manager
was responsible for controlling the concurrency between these two tasks. The blackboard
of such a system consists of two parts: Control and Domain Blackboard. The control
blackboard is used by the manager to develop the “plan” for concurrency, and the domain
blackboard is used by the domain knowledge sources to describe the product and manufac-
turing facility models and the process plan for a particular facility. A detailed description of

the control and domain blackboard levels and the manager and domain knowledge sources

was presented.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

IMPLEMENTATION

6.1 Introduction

A description of the implementation of the Simultaneous Engineering concept for compo-
nents manufactured in small and medium lot-sizes is presented in this chapter. A description
of the domain chosen for implementation is presented in Section 6.2 followed by the salient
points of implementing the Commodity Sourcing concept in this domain. The layout of the
user-interface of the computer-based design environment is described in Section 6.3. Two
different example problems used to present the details of the actual working of the design

environment are presented in Sections 6.4 and 6.5.
6.2 Choice of Domain

Concurrent product and process design of bearing cages is the domain chosen for imple-
menting the Simultaneous Engineering concept for components manufactured in small and
medium lot-sizes. bearing cages are the components in a sub-assembly or assembly that
are primarily used to house and properly locate bearings. They are also used for several
auxiliary functions such as localizing and preventing seepage of oil, serving as end caps for

sub-assemblies, and providing sufficient lubrication for bearings and other components in
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an assembly.

Commodity Sourcing is the ﬁ;st step in implementing the Simultaneous Engineering
concept. This task was not performed as part of this research. However, important results
obtained after performing this task are summarized here for completeness. For bearing
cages, this process involved the study of 1584 existing part designs, elimination of duplicate
part designs (total of 967 part designs), and design of special manufacturing cells based on
the general characteristics of the remaining 617 part designs. Since 95% of these part designs
were made of cast iron with different compositions, the special manufacturing cells were
restricted to manufacturing bearing cages made out of the above material. The remaining
bearing cages were made of aluminium and steel and were slated to be purchased from
outside suppliers.

In order to design the manufacturing cells, the general characteristics of the parts made
of cast iron were determined. Some examples of the general characteristics of parts observed
were: 89% of the parts have Outer. Diameter features whose diameter is within the range of
2SC/2AC Lathes, 95% of the parts had Inner. Diameter features whose diameter was greater
than 63.5mm, and 70% of the parts had some type of internal or external Groove. Based on
such an analysis, it was decided to design and develop four different kinds of manufacturing
cells that could make these bearing cages at the lowest possible production cost. These
cells had several common and distinct capabilities. For example, a capability common to
all cells was the availability of a machining center to drill holes. A distinguishing factor was
that certain cells were designed to be set up and “retooled” quickly, making them suitable
to manufacture bearing cages in very small lot-sizes while other cells were designed to be
“retooled” less often and were suitable for manufacturing bearing cages in medium lot-sizes.

The design and development of these cells marked the end of the first stage in implementing

the Simultaneous Engineering concept.
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MANUFACTURABILITY ADVISOR

A COMIUTER-BASED TOOL TO PROVIDE DESIGNERS WITH
FEEDBACK ABOUT MANUFACTURING-RELATED CONCERNS
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Figure 6.1: User Interface

6.3 Design Environment User-Interface

The computer-based design environment has been built on a Symbolics 3640 workstation
through extensions to the general capabilities of a hybrid knowledge-based system devel-
opment tool: Knowledge Engineering Environment (KEE) [97]. The User-Interface of the
design environment is shown in Fig. 6.1. Keepictures [97], an object-oriented graphics sys-
tem, has been used to develop the user-interface. “Boxes” and “Lines,” which are standard
picture classes within Keepictures, have been used to develop various portions of the inter-

face. The user interacts with the design environment through keyboard input or by choosing

from a menu of options using a mouse.

The computer screen displaying the user-interface is split into three main regions. The
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region entitled Current Status indicates the current state of the product design activity.
It is used as a help facility for the designer and displays the primitive and compound
form features that have been created as well as the form feature currently being created.
The region entitled User Input enables the designer to describe relevant information about
a particular product design. The region entitled Manufacturability Concerns is used to
inform the product designer about any machining-related concerns that have arisen. The
designer’s primary mode of interaction with the system is by creating and modifying the
design of a part in terms of its product features. The designer can also save and retrieve

part designs that have been created.

6.4 Demonstration of Design Environment

An example of the method by which the computer-based design environment is used to
provide feedback to designers about machining-related concerns is presented in this section
[98]. The cooperative product development activities of the product and process refine-
ment domain knowledge sources are described, and representative examples of two kinds of
machining-related concerns are presented. The first type of concerns is those for which one
need not have prior knowledge of how a part will be processed through a facility in order
to determine if these concerns have arisen. The second type of concerns is those for which
at least some knowledge of how a part will be processed through a facility has to be known

before it can be determined that these concerns need to be resolved.

6.4.1 Creating a Part Design

The bearing cage design that will be initially created as part of this demonstration is shown
in Fig. 6.2. The basic shape of this part is similar to the finished part design shown in Fig. 4.6

except for the absence of certain features like fillets, chamfers, grooves, and through holes.
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The design in Fig. 6.2 is at an intermediate stage, where the designer has finished developing
the basic shape of the bearing cage but has not yet decided how it will be bolted to a sub-
assembly. This illustrates that the designer ca;l interact with the design environment at all
stages in the design process and not necessarily after the complete product design has been
finalized.

The designer begins the product design process by choosing the “Create New Part”
option from the initial menu. This choice leads to a Problem entry being created on the
Control. Blackboard and control of the product development activity is passed to the man-
ager. As mentioned in Chapter 5, in order to activate skeletal plans if their pre-conditions
are satisfied, domain-specific control knowledge source instances would have been created
before the start of the problem-solving process. The posting of the entry at the problem
level satisfies the preconditions for one such knowledge source instance, and a Strategy de-
cision entry is created on the control blackboard. The manager’s initial strategy is: develop
new part design; determine the facilities that can be used to manufacture the part; choose
an appropriate facility; and, process the part for the facility chosen. The initial strategy is
primarily sequential in nature.

With the instantiation of the Strategy entry, several generic control knowledge source
instances are triggered and placed on the Agenda. One of these instances Manager-3 is
chosen for execution and leads to the instantiation of another Strategy entry for the first
sub-strategy, i.e. “develop new part design.” This strategy, in turn, consists of three Focus
entries as specified by the skeletal plan: develop general part characteristics; design external
features; and, design internal features. The activation and deactivation of these entries are
controlled by generic and domain-independent control knowledge source instances. The

initial focus of the manager is on the development of the general characteristics of the part
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Figure 6.2: Preliminary Bearing Cage Design

being designed so that (if possible) process-related decisions®! can be made, enabling more
concurrent and less sequential product and process design.

Domain-level problem-solving®? begins by concentrating on the first Focus entry. Con-
trol is passed to the product designer who develops a general high-level description of the
part. Commodity type, material specifications, monthly lot-size, overall length, and the

largest diameter of the part are some part characteristics that can be used to generate the

¢! Decisions regarding the process design or the process plan.
9:3That is, creation of decision entries on the domain blackboard.
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high-level description of the part. The designer can specify such characteristics by choosing
from a menu of options. For the product design under consideration, the type of commodity
and material are specified. These product design decisions lead to the creation of a Part
entry on the domain blackboard with appropriate attribute values.

Once the designer finishes developing the general part characteristics, additional knowl-
edge source instances are triggered. An instance of the Sourcing.K.S is scheduled, and
it is determined that the manufacturing cells designed for bearing cages can be used to
make this part. This leads to the creation of an entry at the facility level on the domain
blackboard. This is one example of a process-related decision being made while the design
is in progress. The Sourcing.K.S. is able to make this decision because of a policy level
decision, established by the manager at the start of the problem-solving activity, giving
importance to such decisions. Subsequent to this “sourcing” decision, an additional Focus
entry is created by the manager enabling feedback (to the designer) of machining-related
concerns common to all bearing cage cells. This control level decision changes the original
strategy of the manager and makes the product development activity more concurrent and
less sequential.

Eventually, a domain-independent control knowledge source instance is scheduled for
interpretation leading to the current focus being made inoperative. After this, other control
knowledge source instances possessing higher priority change the focus to designing the
external features of the part. The designer individually creates the external features of
the part by choosing from a menu of options (see Fig. 6.3). Figure 6.4 shows the designer
creating and specifying a subset of the parameters of one of the Straight.External.Faces
of the part design. A parametric description of the feature is displayed, and the designer
can obtain a description of a particular parameter by placing and clicking the mouse on

that parameter. Each individual feature instance that is created is placed on the domain
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Figure 6.3: External Features Menu

blackboard and is associated with the entry that was made earlier at the part level on this
blackboard.

While generating the design of the form features, the designer does not have to indicate
all the parameter values because certain values can be inferred based on adjacency rela-
tionships. For example, Fig. 6.5 shows the creation of the Straight. Outer. Diameter feature
adjacent to the Ezternal.Face feature created earlier. A relationship always needs to be
maintained between the three feature parameters: left.end.distance, right.end.distance, and
length of the Outer.Diameter feature. The left.end.distance parameter value can be deter-
mined based on adjacency relationships between the face and the outer diameter features.
The designer has to specify the value for only one of the two remaining parameters and the

design environment will be able to infer the value for the third parameter. Figure 6.5 shows
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the designer choosing from the menu of options to specify both the parameters instead of
one. If inconsistent values are specified for these parameters, they would be detected by
the constraint-based system. As shown in Fig. 6.6, the designer will be prompted to retract

the value of one of the three parameters responsible for the inconsistency.

Once the external features of the part have been created, the focus changes to creat-
ing the internal features of the part. Internal features are created by following the same
approach used to create the external features of the part. This results in the development
of a complete feature-based model of the part. Note that the geometric model of the part

would also have been generated concurrently. The creation of these two models leads to the

fulfillment of the first sub-strategy, “develop new part design.”

Due to changes made earlier in the manager’s strategy, the second sub-strategy is triv-
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ially satisfied because the facilities that can be used to manufacture the part have already
been determined. The third sub-strategy, “choose a particular facility,” becomes active
through the creation of a Strategy level entry. Since all the general characteristics of the
part have not been determined, the initial strategy of the manager is to create two Focuses:
determine additional part characteristics; and determine the facility to manufacture the
part. The creation of the first Focus entry passes control to the product designer. The only
part characteristics specified by the designer is the monthly lot-size.5® The creation and
activation of the second Focus entry triggers instances of Sourcing.K.S and one of them is
scheduled for interpretation. Since the facility finally chosen to process the part has been
restricted to Bearing.Cage.Cells, the Sourcing.K.S is able to determine that the bearing
cage cell, First.Cell, is suitable for manufacturing this part. The entry originally made at
the facility level is updated to reflect this decision. A schematic diagram of the facility cho-
sen is shown in Fig. 6.7. The facility consists of two 2SC-lathes and a horizontal machining
center.

The determination of the facility to manufacture the part triggers several machining-
related concerns. Figure 6.8 shows one of the concerns being indicated to the designer in the
Manufacturability Concerns box. The tolerance specified by the designer on the diameter of
one of the Straight.Internal. Diameter features (dia. = 90.0132 mm) is beyond the capability
of the chosen facility. Meeting this tolerance specification would require an extra grinding
operation, resulting in an increase in production cost. This concerns has arisen due to the
type of machines available in the manufacturing cell. In addition, it is determined that
the plug gauges available in the cell would be unable to measure this diameter. However,
there is a plug gauge available that can measure a diameter very close to the specified

diameter. If this gauge is used, then it would prevent proliferation of new gauges. This

320 pieces/month.
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is an example of a concern that has arisen due to the type of gauges available in the cell.
This is also an example of a case where the product designer has over-committed himself.
The product designer could have avoided this concern by providing a range of allowable
values for the diameter instead of a single value. These concerns are examples of the first
kind of machining-related concern for which knowledge of how a part is processed through
a particular facility is not required.

The determination of the facility to manufacture the part also leads to the third sub-
strategy being satisfied. The manager now concentrates on the last sub-strategy, namely
“process the part for the facility chosen.” ‘The Machining. K.S determines that the two
Lathes available in the cell can be used to machine some of the form features of the part.

Two Machine level entries are created in separate contexts to indicate the choice of machines.
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The fixture assigned to Lathe-1 (see Fig. 6.7) is a Chuck and the fixture assigned to Lathe-2
is a Speed-Grip, since they are the only fixtures available for these machines. This results in
the creation of Fixture level entries in the individual contexts. In a third context formed by
merging the first two contexts, it is determined by the Machining.K.S that the part should
be processed on Lathe-1 before Lathe-2 because of the type of fixtures asssigned to these
two machines.

Based on the part and facility characteristics (redundancy in tooling available on the
machines), and the partial process plan developed thus far, a new Strategy entry is created
by the manager. The strategy is: determine how to fixture the part on the machines;
determine the operations to be performed; and, determine the sequence of operations. The
first sub-strategy has two focuses: determine how to fixture the part by using a Speed-Grip
on Lathe-2 and determine how to fixture the part by using a Chuck on Lathe-1.

Process-related domain-level problem-solving begins by concentrating on the first focus.
Two important decisions are made. The Straight.Inner. Diameter feature whose diameter is
90.0132 mm is chosen to speed-grip the part on the second lathe because of its diameter, tol-
erance, and length characteristics. The Straight. External. Face feature whose inner.diameter
is 109.461 mm is chosen to locate the work ring in the second lathe because it has a geomet-
ric tolerance that has to be held with respect to the internal feature chosen to speed-grip
the part. In addition, these two features are extremely suitable for fixturing the part be-
cause they are also datum surfaces. These two decisions are added as attributes of the
Fixture level entry made for the Speed-Grip on Lathe-2. The decisions also trigger other
control and domain knowledge source instances. In particular, a domain-specific control
knowledge source instance is scheduled that creates a Policy level entry. This entry gives
greater importance to knowledge sources that make process level decisions regarding the

surfaces chosen to speed-grip the part. This change in rating criteria schedules an instance
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of Operation.K.S for interpretation in the next problem-solving cycle. Macro-Operation
entries are created indicating that the features chosen to speed-grip the part on Lathe-2
can be manufactured on Lathe-1.

The determination of the fixturing surfaces for Lathe-2 leads to the current focus being
satisfied. The focus changes to determining how to fixture the part on Lathe-1. Fiztur-
tng.K.S instances are scheduled again, and it is determined that the Straight. Outer. Diameter
feature whose diameter is 171.4 mm diameter and Straight. External. Face feature whose in-
ner.diameter is 93.73 mm will be used to chuck the part. Once these process design decisions
are made, a machining-related concern arises. The sectional thickness of the flange chosen
to fixture the part on Lathe-1 is found to be insufficient by the Machining.Concerns.K.S.
If the part is machined under normal chucking pressures, then the shape of the part could
get distorted after the machining is completed. In order to prevent this distortion, chucking
pressures, cutting speeds, and feedrates will have to be decreased to machine the part on
Lathe-1. However, this leads to a decrease in productivity and requires the operator on
the shopfloor to pay greater attention to the operations performed on Lathe-1. This is an
example of a machining-related concern for which partial knowledge about process design
decisions is required in order to determine if the concern has arisen.

The processing of the part for the chosen facility continues in the manner described.
The current focus becomes inoperative, and the strategy changes to determining the oper-
ations that will be performed on the part. Other machining-related concerns could arise
as more process plan details are developed. The chances of making major design changes
to accommodate processing considerations are very high when such concerns are indicated
before product design decisions are finalized. Since the fixturing-related concern has arisen

at an intermediate stage in the design process, the designer would be willing to increase
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the sectional thickness of the flange. For the part design used as an example here,64 the
Straight. Ezternal. Face feature whose inner.diameter is 93.73 mm is a cast surface. This
surface is not used to mate with any other part in an assembly. The designer, therefore,
has some leeway in increasing the sectional thickness of the flange. However, the designer
would not be very accommodating after the part design has been completely developed and
finalized. This is because any changes made at this stage may have drastic repercussions on
the previous design activity and may even nullify some portions of the design. For example,
the final part design shown in Fig. 4.6 indicates that bolt clearance holes pass through the
flange whose thickness is increased. If the sectional thickness of the flange is increased, then
its effect on the length of the bolts would have to be studied (whether it is sufficient or
needs to be increased, which will then affect the load carrying capability of the bolts).

All the machining-related concerns identified as a result of creating the new part design
can lead to a potential increase in machining cost. The increase in cost must be adequately
justified by the designer based on the functional and structural requirements of the part. If
the designer can resolve some or all of the concerns by making suitable design changes, he

can do so by modifying the previously created design.
6.4.2 Modifying a Part Design

A description of how changes to feature and feature parameiers can be incorporated into
a part that has already been created is presented. Let us assume that the designer has
determined that he can increase the sectional thickness of the flange chosen to fixture the
part on Lathe-1. From the menu of options shown in Fig. 6.1, the designer can choose the

“Change Parameters” option under the “Modify Part command.”%-5 This choice establishes

S-4The part design used here is not hypothetical but is based on a real-world caze.
$-5By moving the mouse in the direction shown by the arrow.
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a new Problem entry on the control blackboard. A domain-specific control knowledge
source instance is triggered and scheduled. A new strategy is established by the manager:
determine the feature parameter to change and the effect this change has on process design
decisions on the domain blackboard.

Due to the first focus, the designer specifies the feature parameter to change through a
menu of options available as shown in Fig. 6.9. The designer chooses to change the length
of a Straight. Outer. Diameter feature (dia= 171.4 mm) from 14 mm to 20 mm. Once this
change is made, the current focus is made inoperative. The final step is to determine the
effect of this change on process design decisions on the domain blackboard. Process-related
decisions are once again generated at various levels on the domain blackboard. These
decisions indicate that no changes are necessary in the original process design decisions
that were made. Moreover, there are no new machining-related concerns. The goals of
the problem entry created are satisfied and the entry is made inoperative on the control

blackboard. Any further problem-solving activity is stopped by this action.

If the designer has also determined the need for a groove feature (see Fig. 6.2) to seat
an O-ring Seal then the designer can initiate problem solving by choosing the “Replace
Feature” option under the “Modify Part” command. The manager’s new strategy to solve
this problem is: determine the feature to replace; create the replacement feature; and,
determine the effect of the replacement on process design decisions made on the domain
blackboard.

Domain-level problem-solving begins with the designer specifying the feature to be re-
placed, in this case a Strasght. Ouier.Diameter. The replacement feature is an instance of
Ezternal.Compound.Features and consists of the following three primitive feature instances:

two Straight. Outer. Diameter features and a Groove feature. The effect of the replacement on
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process design decisions made on the domain blackboard is then determined. New process-
related decision entries are generated once again on the domain blackboard. These decisions
indicate that the three new primitive features that have been created can be manufactured
on Lathe-1. This leads to the creation of three Macro-Operation entries corresponding to
these features. ‘Turning’ is the operation specified for the outer diameter features and
‘Grooving’ is the operation specified for the groove feature.

The creation of the Macro-Operation entries triggers an instance of the Cutting- Tool-
K.S.. Since the groove is used to seat an O-ring Seal, either a straight-sided or taper-sided
groove can be used. However, the Groove feature is refined to be a Stratght-Sided. Groove
feature because it can be manufactured more easily than taper-sided grooves. This is
another example of the cooperation between the designer and the computer-based knowledge
sources. If the designer had over-committed himself and created a taper-sided groove, then
this would have led to a machining-related concern. This example shows that by following
a least commitment approach, a designer can successfully avoid certain types of concerns.
Once the process-related decisions are made, the problem level entry that was created to

replace a feature is made inoperative, stopping all problem-solving activity.
6.4.3 Saving and Retrieving a Part Design

Since the designer interacts with the design environment at various stages in the design
process, he can save and retrieve parts using these options on the main menu shown in
Fig. 6.1. Moreover, to prevent proliferation of parts, a designer need not always create a
new part design. He can retrieve a previously created part and make suitable changes (if .
necessary) to develop the new part design. Saving a particular part design involves saving
the current state of the blackboard. Thus, when a designer retrieves a part dcsign at any

stage in the design process, he also automatically retrieves all the process-related decisions
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that have been made for that particular design.

6.5 Demonstration of Process Performance Model

The main intent of the demonstration described in this section is to show how the generative
process performance model can be used to provide feedback to designers about certain types
of machining-related concerns. Since process performance models were not available for the
bearing cages domain, the following demonstration has been developed independently in a
different domain and is not linked to the portion of the design environment described in the
previous section.

The process performance model used as an example has been developed for “turning”
thin-walled cylinders [93]. The workpiece used as an example in this demonstration is
a hollow, open-ended, thin-walled cylinder. It is made of 1018 steel and has an average
diameter of 12 in. and an overall length of 32 in. The initial wall thickness is 0.25 in. and
the final wall thickness is 0.15 in. The designer’s specifications for the two performance
parameters, surface error and surface roughness, are that they be less than 0.001 in. and 50
pin., respectively. The following demonstration shows the use of the process performance
model to determine the downstream (manufacturing) effect of the designers specifications for
these parameters. The manufacturing related performance parameters chosen are material
removal rate and tool-life.

Since 0.10 in. of material must be removed and the final surface error has to be less than
0.001 in., at least two passes will be required to perform the turning operation [92]. The
main objective of the first pass is to meet the aspiration levels for only three performance
parameters, namely material removal rate, tool-life, and surface error. Surface roughness

is not critical for this pass and can be specified as a constraint rather than as an objective
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Table 6.1: First Pass— First Iteration

AL= (MRR= 6.0, TOOLLF= 50, SE= 0.002)

S x f(x)
SPEED | FEED | DOC || MRR | TOOLLF | SE SR | POWER
x10~3 | x10~2 x1073 || < 200 <8
S1=3.55 || 4204 | 13.8 8.0 5.6 40.8 2.5 191 4.6
Snu=268| 4377 | 14.3 8.0 6.0 39.0 2.8 200 4.9
S12=265] 3345 | 14.3 8.0 4.6 50.0 2.7 200 3.8
S13=2.88 || 600.0 7.0 8.0 3.9 37.2 2.0 47 3.9

function. The initial aspiration levels for the various objective functions for this pass are
material removal rate of at least 6 in.3, tool-life of at least 50 minutes, and surface error
no greater than 0.002 in. Surface roughness and total power consumption are constrained
to be no greater than 200 pin. and 8 HP, respectively. The results of the first iteration for
the primary and auxiliary problems described in Chapter 4 are shown in Table 6.1.

A number of interesting observations can be made based on the results shown in Ta-
ble 6.1. The output for the primary problem (row 1) indicates that the aspiration levels on
the performance parameters chosen as objective functions for the first pass cannot be met
simultaneously. The results for the third auxiliary problem (row 4) indicate that material
removal rate and tool-life decrease drastically if an aspiration level of 0.002 in. on surface
error must be attained. The results in the columns for material removal rate and tool-life
indicate that if material removal rate is increased, then tool-life decreases and vice-versa.
Lastly, the two constraints indicate that the constraint on power is easily achieved, but the
surface roughness values for the first three problems is set close to its upper limit of 200
pin.

The first observation indicates that a trade-off must be made based on the relative
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Table 6.2: First Pass— Second Iteration

AL= (MRR= 6.0, TOOLLF= 50, SE= 0.003)

S x f(x)
SPEED | FEED | DOC || MRR | TOOLLF | SE SR | POWER
x10~3 | x10~? x1073 | < 250 <8
$1=3.15 || 3764 16.2 8.0 5.9 429 2.9 250 4.6
Snu=2.181 3835 16.3 8.0 6.0 42.2 3.0 250 4.7
S12=2.20 1 319.2 16.3 8.0 5.0 50.0 3.0 250 3.9
Sys=2.18 | 3654 16.3 8.0 5.7 44.1 3.0 250 4.5

importance of the three objective functions. Since this is not the final operation, it is more
critical to meet the aspiration levels on material removal rate and tool-life than to meet the
aspiration level on surface error. Thus, for the next iteration, the aspiration level for surface
error is relaxed®® to be no greater than 0.003 in. The upper limit on surface roughness is
also relaxed to be 250 uin; since this is noi the final pass. These changes are incorporated
in the second iteration and the results of this iteration are shown in Table 6.2.

The end result of the second set of iterations is that the aspiration level on surface error
can now be met, but the aspiration levels set for material removal rate and tool-life cannot
be met simultaneously. A suitable trade-off is required between material removal rate and
tool-life. Surface error can now be removed as an objective function and included as a
constraint with an upper limit of 0.003 in. Material removal rate is chosen as being more
critical than tool-life and the aspiration level on tool-life is lowered for the next iteration
to 45 minutes. Two more iterations are needed before the final results for this pass are
achieved (see Table 6.3). This table indicates that for the first pass, cutting speed is 383.4

feet per minute, feedrate is .0163 inches per revolution, and depth of cut is 0.08 in. The

®-SCurrently by the user, but see [92].
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Table 6.3: First Pass— Last Iteration

AL= (MRR= 6.0, TOOLLF= 42)

S x f(x)
SPEED | FEED | DOC || MRR | TOOLLF SE SR | POWER
x1078 | x10™2 x10~3 | < 250 <8
S1=199 || 383.4 16.3 8.0 6.0 42.2 3.0 250 4.7
Su=099 || 383.4 16.3 8.0 6.0 422 3.0 250 4.7
S12=0.99 || 383.4 16.3 8.0 6.0 42.2 3.0 250 4.7

Table 6.4: Second Pass— First Iteration

AL= (MRR= 1.0, TOOLLF= 100, SE= 0.001, SR= 50)

S X f(x)
SPEED | FEED | DOC || MRR | TOOLLF SE SR || POWER

x10~3 | x10~2 ' x10~3 <8
S1=4.70 437.6 4.8 2.0 0.51 101.5 1.3 24 0.7
Su=17"1 421.1 15.2 1.9 1.46 74.0 1.9 223 1.6
S12= 3.70 445.5 4.8 2.0 0.52 100.0 1.3 24 0.7
Sis= 4.90 300.0 3.5 2.0 0.25 161.4 1.0 12 0.4
Si13= 4.22 4455 4.8 2.0 0.52 100.0 1.3 24 0.7

values of the performance parameters for this setting are: material removal rate 6.0 ¢n.%,
tool-life 42.2 minutes, surface error 0.003 in., and surface roughness 250 uin.

In the second pass, 0.02 in. of material will be removed, and all the performance
parameters, material removal rate, tool-life, surface error, and surface roughness, are chosen
as objective functions with suitable aspiration leveis. The results of the first iteration for

this pass are shown in Table 6.4.

The results indicate that the aspiration levels on tool-life and surface roughness can be

easily met. However, there is a large trade-off between material removal rate and surface

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6.5: Second Pass— Last Iteration

AL= (MRR= 0.25, SE= 0.001)

S x f(x)
SPEED | FEED | DOC || MRR| SE { TOOLLF| SR | POWER
x10~% | x10~2 x10~3 >100 | <50 <8
S;=20 [ 300.0 3.5 2.0 0.25 1.0 161.4 12 0.4
Snu= 101 300.0 3.5 2.0 0.25 1.0 161.4 12 0.4
S12= 1.0 || 300.0 35 2.0 0.25 1.0 161.4 12 0.4

error. The results of the second auxiliary problem indicate that the surface error is close
to 0.002 in. if the requirement on material removal rate of 1 in.®> must be attained. Since
this is the final operation, the designer’s requirement placed on surface error is critical.
Therefore, the aspiration level for material removal rate must be relaxed. In successive
iterations, tool-life and surface roughness are included as constraints and the aspiration
level on material removal rate is relaxed. The results from the final iteration for this pass
are shown in Table 6.5.

The results in Table 6.5 indicate that for the second pass, the cutting speed is 300.0 feet
per minute, the feedrate is .0035 inches per revolution, and depth of cut is 0.02 in. The
values of the performance parameters for this setting are material removal rate 0.25 in.3,
tool-life 161.4 minutes, surface error 0.001 in., and surface roughness 12 uin.

The results of this pass demonstrate the consequences of satisfying the designer’s require-
ments on surface error and surface roughness. Although the surface roughness requirement
is easily satisfied, the stringent requirement placed on surface error leads to a significant
decrease in the material removal rate (from 1 in.3 to 0.25 in.3). The end result of this is a
decrease in productivity. However, by conducting such an analysis (for critical operations)

and providing feedback to designers about any machining-related concerns that arise, one
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&

can enable them to reconsider certain part specifications that have already been determined.

6.6 Summary

An implementation of the design environment for the concurrent product and process de-
sign of bearing cages has been described in detail. It was shown that the product and
process design domain knowledge sources can cooperatively assist each other in develop-
ing a manufacturable product design. Representative examples of two different kinds of
machining-related concerns were presented. The need for providing designer’s feedback
about machining-related concerns as early as possible in the product development pro-
cess was demonstrated. The importance of the “generative” process performance model

for providing feedback to designers about certain types of machining-related concerns was

established with the help of a suitable example.
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Chapter 7

CONCLUSIONS AND
RECOMMENDATIONS

The Simultaneous Engineering concept for components manufactured in small and medium
lot-sizes is the focus of this research. The best approach to this concept is to achieve this
concept in two stages: the first stage involves the design of special low cost manufacturing
cells based on existing part designs, and the second stage involves the development of a
computer-based design environment to “ensure manufacturability” of new part designs in
these specially designed facilities. This approach has been validated mainly by implementing
it for the concurrent product and process design of Bearing Cages. An estimated 45%7
savings in manufacturing cost for Bearing Cages alone [99)] signifies the potential of the
proposed methodology.

Several important observations were made while developing the design environment to
“ensure manufacturability.” These observations are discussed in detail in Section 7.1. The
main contributions of this research are summarized in Section 7.2. Section 7.3 provides

recommendations for future research work.

71 Approximately $3 million.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.1 Observations

7.1.1 General Characteristics of the Design Environment

The general characteristics that make the design environment convenient to use, modify,
and extend are discussed in detail.

A more convenient and natural user-interface for the designer, where he is in control of
the product design process, is one of the characteristics of the design environment developed
in this research. This is in contrast to the interface for typical rule-based Al systems in
which knowledge about the structure/function of the problexh domain is not explicit but
“compiled” into the rules of the reasoning system. For example, Fig. 7.1 shows a portion
of an interactive session from a rule-based process planning system developed for tube
assemblies [100]. Knowledge of tube assembly features such as “Beads”, “Plugs,” and
“Powdered Metal Fitting” has not been separated from process planning knowledge such
as “a special pickler cycle without acid bath is required for powdered metal fitting.” Due
to this, instead of the user specifying the relevant features of a part, the system prompts
the user to indicate the existence (or non-existence) of certain structural or functional part
features. For the design environment developed in this research, this type of interaction
would not “naturally correspond” to the thought process flow of the designer. However,
the development of an explicit product m;ydel and its separation from the reasoning system
in the design environment provide the requisite flexibility for the development of a more
appropriate interface. The interface developed gives the designer {instead of the computer-

based system) complete control of the design task while he is creating the product model.

Under the current structure of the design environment, the development of the product
model is entirely the user’s responsibility. An added advantage of having an explicit product

model is that the existing interface can be replaced by a “design automation” system that
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Will extra tube be needed on the other end for the tube to be processed ?

1. yes
2. no
> 2.
Is there a powdered metal fitting on either end of the tube ?
1. yes
2. no
>> why

If there is a powdered metal fitting at either end of the tube then a
special pickler cycle (operation 300) without an acid bath is required.
Is there a powdered metal fitting on either end of the tube ?
1. yes
2. no
> 1.
Does the tube require one or more BEADS at either end ?
1. yes
2. no
> 2.
Is a plug needed for a fitting at either end of the tube ?
1. yes
2. no
> 2.

Is there a note on the drawing which states that the tube must withstand a
pressure test of greater than or equal to 21000 kpa ?
1. yes
2. no
> 1.
Checking tooling availability:

Is a high pressure adapter available for each end of this tube 7
1. yes
2. no

> 1.

Figure 7.1: Sample Interactive Session with a Typical Rule-Based System
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assists the user in performing the actual design task. In this case, the user interacts with
the “design automation” system, and the output from this system is the relevant product
model that meets design specifications. Use of the product model as a shared medium of
communication between the design and manufacturing-related tasks is an important aspect
of this research. This makes information about a part accessible and prevents duplication
of effort in determing part characteristics.

Another advantage of the explicit product and manufacturing facility models of the de-
sign environment is the extensive “vocabulary” that the models provide for reasoning about
the structure/function of the problem-solving domain. The product and manufacturing fa-
cility features described in detail in Chapter 4 (for developing the feature-based model) are
one example of this characteristic of the design environment. The same advantage holds
true for the multi-level structure of the blackboard (described in detail in Chapter 5). The
models and the blackboard structure are primarily responsible for the fine-grained represen-
tation of knowledge in the reasoning subsystem, allowing subtle distinctions to be made and
leading to fewer quantum leaps of inference. This aspect is most evident while developing
a partial process plan to determine if any machining-related concerns have arisen.

During the course of developing the design environment, it was realized that impor-
tant parallels existed between the approach proposed in this thesis and a “parametric pro-
gramming” approach to developing such types of systems using conventional programming
languages. An implementation of the parametric programming concept for the design of
“excavator buckets” [101] was studied in detail, and feedback was obtained from the sys-
tem developer about the advantages and drawbacks of such a system. The following two

interesting remarks were made by the system developer:

1. The computer-based system for designing “excavator buckets” has been carefully de-
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veloped and is highly modular, yet “keeping the program current” is a very tedious
job. For example, sometimes when a variable value is changed, one has to check its

occurrence everywhere in the program to determine the effect of this change.

2. Before the system is developed, one has to know how much flexibility should be
incorporated in the system. This flexibility cannot be incrementally added to the
system. However, this is a difficult requirement to meet because product designers

cannot clearly specify at the beginning “what they want the system to do.”

These remarks indicate that the design environment developed in this research should satisfy
two important metrics: matntainability and extensibilsty.

The use of Frame- and Constraint-Based Systems to develop the product and manufac-
turing facility models is one way in which the design environment satisfies the two metrics
mentioned above. Extensions and modifications to the models are easier to make because
structure, function, and relation are embodied iti discrete frame objects (features) that are
easy to manage and conceptualize. For example, if the form features “teeth” (e.g., spur and
helical gear teeth), “thread,” or “knurl” have to be created, then the inheritance hierarchy
of the frame-based system underlying the feature-based model can be suitably extended to
include these features. These features can be added by growing the inheritance hierarchy
rooted under Concentric.Features. Constraint-Based Systems also contribute to a flexible
and modular approach to developing the design environment by the use of Object Oriented
Values (see Chapter 4).

Use of the MCKS paradigm for developing the reasoning subsystem is another way in
which the design environment satisfies the two metrics. The MCKS system allows overlap
or redundancy between various domain knowledge sources which need not be explicitly

removed at system development time. Any conflict between knowledge sources can be
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resolved at runtime through the development of competing “islands of solutions” on the
blackboard (see Chapter 5).

Explicit representation of control and domain knowledge under the MCKS paradigm
is another aspect of the deczign environment that allows it to be extended for use in dif-
ferent domains. While developing the knowledge sources to “ensure manufacturability” of
Bearing Cage designs, it was noted that the knowledge possessed by the computer-based
domain knowledge sources depend mainly upon the type of fixtures, cutting tools, machines,
etc., available in a particular facility.”? However, the control knowledge possessed by the
manager was determined to be more facility specific and dependent upon the structure and
layout of the facility. One of the advantages of the explicit representation of the two kinds of
knowledge became evident when the process planner indicated that the manufacturing cells
developed for making Pulleys were identical to the cells for Bearing Cages except for the
absence of Speed-Grip fixtures.”® Since no new components have been added to the Pulley
facilities, there will be no changes in the domain knowledge (provided it is complete). How-
ever, additions to control knowledge would be necessary since the structure of the facilities
has changed. The explicit representation of control knowledge makes it easier to add new
knowledge at this level and extend the design environment to “ensure manufacturability” of

pulley designs. At present this is only an observation; it has not been actually implemented

and tested.

73The dependence of the machining-related concerns on the components of the facility has already been
indicated in Chapter 3.

T3 All the fixtures in these manufacturing cells were Chucks.
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7.1.2 Impact of Design Environment on Product Designer and Process
Planner

The main impact of the design environment on the product designer is that it enables him to

consider manufacturing concerns sufficiently early in the design task. Product design is still

carried out in the same manner, except that by taking (wherever possible) a least commit-

ment approach to design, the designer can try to decrease the number of machining-related

concerns that arise. The design environment supports the least commitment approach in

two ways:

1. The product feature inheritance hierarchies enable a selective abstraction process
whereby portions of the part that are more abstract than others can be described by

instances of features that are closer to the root of the inheritance hierarchies.

2. The Constraint-Based System with its capability to propagate interval values allows

feature attributes to be intervals rather than a specific value.

The impact of the design environment has been greater on the process planner’s task,
primarily because his task has been moved “upstream” and is now considered concurrently
with the product design task [102]. The development of the design environment has re-
structured the role of the process planner but has not completely eliminated him from
the product development process. Due to the availability of this design environment, per-
sonal or computer-based interaction between product designers and process planners is not
mandatory. The lead time required to ensure manufacturability of product designs is re-
duced, and process planners are required to develop only the detailed plan to process a
part in a particular facility. Restructuring of the process planning activity has, however,
introduced several new responsibilities for process planners. In the following sections, these

new responsibilities for process planners are presented. The significant role of the design
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environment in improving the productivity of the process planners while they carry out

these responsibilities is emphasized.

Designing Special Manufacturing Facilities

The design of the special manufacturing facilities is an important and critical task for
achieving the maximum reduction in cost under the Simultaneous Engineering concept for
components manufactured in small and medium lot-sizes. ‘Knowledgeable’ process planners,
because of their familiarity with the capabilities of the existing manufacturing cells, have
the added responsibility of successfully performing this task. The availability of the design

environment reduces the burden on process planners and enables them to concentrate on

this crucial task.

Updating the Design Environment

Due to the dynamics of the manufacturing arena, another responsibility of the process
planners is to constantly update the design environment to reflect the latest capabilities
and machining-related concerns of the manufacturing facilities. Use of the model-based
reasoning approach and the MCKS paradigm for developing the design environment is
particularly beneficial for this task.

As mentioned before, explicit representation of control and domain knowledge makes it
easy for process planners to incorporate new knowledge in the design environment. A careful
separation of process-related domain knowledge from structural and functional knowledge
about a manufacturing facility in model-based reasoning systems makes it easy for the pro-
cess planner to update the design ervironment by changing only the manufacturing facility
model. For example, capabilities of a manufacturing cell to maintain certain tolerances can

change over time: this is a functional characteristic of the cell. However, it is always true
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that parts with tolerances below the cell capability cannot be processed in the cell: this is
process-related domain knowledge. Thus, as functional characteristics of the facility change,

the process planner has to modify only the manufacturing facility model and does not have

to change the domain knowledge.

Minimizing Total Number of Out-Sourced Parts

The Simultaneous Engineering concept for components manufactured in small and medium
lot-sizes is achieved in two stages: it is not ‘truly’ simultaneous. This is bound to lead to
sub-optimal solutions for certain kinds of parts. Part designs that cannot be made in any of
the specially designed facilities and have to be out-sourced at a higher product development
cost will continue to be developed. Under the new product development practice, another
responsibility for the process planner is to keep the number of such out-sourced parts to a
minimum. By constantly monitoring the type of parts that are out-sourced, process planners
(because of their knowledge of the capabilities of the facility) have to suitably decide whether
it is worthwhile to design new facilities or alter existing facilities to accommodate such
components in the future. This is a very important task in ensuring the success of the
two-stage approach to the Simultaneous Engineering concept. This is also a very time-
consuming task and a large portion of the process planners time must be devoted to it.

The development of the design environment is critical in enabling the process planner to

perform this task more efficiently.
7.1.3 Knowledge Acquisition Bottleneck

Al-based systems have normally been used in the engineering domain to obtain productivity
improvements by aiding or automating a particular task. This research demonstrates that

the application of Al in such domains can be further extended to achieve still higher pro-
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ductivity by using Al-based systems to efficiently restructure the manner in which certain
tasks are performed. For example, as described in the previous section, the availability of
the Al-based design environment resulted in a restructuring of the tasks performed by the
process planner and enabled him to achieve significant productivity improvements. How-
ever, the development of the design environment introduces a significant challenge for the
knowledge acquisition process.

The process of acquiring knowledge is much more complicated for an Al-based system
developed to assist a restructured task. The main reason is the lack of domain experts
performing the task in the manner dictated by the restructuring process. As a result, a
knowledge engineer must develop a much greater understanding of the domain and must
“extend” the available knowledge to make it applicable after the restructuring process.
For example, development of the design environment requires that portions of the process
planning task begin (if necessary) before the part design has been finalized. Process planning
is not performed under such circumstances and, therefore, no suitable domain experts are
available. The knowledge possessed by process planners must be extended (by the knowledge
engineer with the help of product and process designers) to be applicable under the new
context. The knowledge required to make part refinements that preclude certain machining-

related concerns is an example of knowledge that has been generated this way.
7.2 Conclusions

A problem-driven approach was taken in this research to conduct a detailed study of the
Simultaneous Engineering concepﬁ for components manufactured in small and medium lot-
sizes. In the course of this research several problems were addressed and the solutions

proposed for these problems enabled one to get a better understanding of the Simultaneous
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Engineering concept. An important conclusion of this research is that the nature and scope
of the Simultaneous Engineering concept mandates the use of such a rigorous problem-
driven approach in different domains to fully achieve the goals of this concept. The main

contributions of the study undertaken in this research can be briefly summarized as follows:

1. A cost-effective, two-stage approach has been developed to implement the Simultane-
ous Engineering concept for components manufactured in small and medium lot-sizes.
It is important to note that both stages of the proposed approach are mandatory for

_obtaining the maximum reduction in product development cost.

2. A systematic procedure to identify and classify machining-related concerns has been
established. This procedure significantly reduces the time required to delineate ma-

chining-related concerns by interviewing product designers and process planners.

3. The need for developing a computer-based design environment to assist the product
designer in developing manufacturable product designs has been established. Model-

Based Reasoning Systems were shown to provide a domain-independent framework

for such a design environment.

4. The need for multiple product and manufacturing facility models to provide the most
appropriate feedback to the product designer about machining-related concerns has
been demonstrated. A feature-based model is required because “features” play an
important role in the reasoning process involved while carrying out the product and
process design tasks. A geometric model is necessary in order to determine the macro-
scopic effects of facility components’# that cannot be determined by using only the

feature-based model. A process performance model is necessary because they augment

"4Fixtures, machines, cutting-tools, etc. (see Chapter 4).
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the qualitative description of certain types of machining-related concerns to provide

the designer a more quantitative description of the concern.

5. The need for explicitly reasoning about the concurrency between the product design
and process planning tasks has been derﬁonstrated. MCKS systems were shown to
satisfy this requirement of the design environment. It was shown that the explicit
product and manufacturing facility models and the MCKS system contributed to the

modularity, flexibility, maintainability, and extensibility characteristics of the design

environment.

6. The importance of using Al-based systems to complement rather than replace the
activities of human experts in engineering applications was demonstrated. It was
shown that the development of the Al-based design environment leads to an efficient

restructuring of the process planning task and enables significant improvements in the

productivity of the process planner.
7.3 Recommendations

Simultaneous Engineering is a fairly recent research topic. Many useful contributions have
been made by this research in improving the understanding of this concept. However,
enormous potential exists for further research. Ultimately, a more comprehensive framework
for a Computer-Aided Simultaneous Engineering system needs to be developed. Figure 7.2
schematically represents one possible framework for such a system that could be developed
through suitable extensions to this research. As described below, such a system can be

developed by conducting future research in several different areas:
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e The modularity, flexibility, maintainability, and extensibility characteristics of the
design environment have been studied by implementing it for the concurrent product
and process design of Bearing Cages. Future research should be conducted to study

these characteristics of the design environment in other problem-domains such as

Pulleys, Gears, or Cylinder Linings.

e An important limitation of the design environment is that it can provide feedback to
the designer only about machining-related concerns; it cannot assist him in resolving
the conflicts that arise between different product life-cycle concerns. Future extensions
to this research could broaden the scope of product life-cycle concerns considered and

provide assistance in conflict resolution by capturing “conflict resolution knowledge”

[103].

e The development of the design environment has clearly established the important role
of the process performance model in providing feedback to designers about machining-
related concerns. This model complements the experience-based heuristics developed
by domain experts. Currently the generative process performance model has not been
integrated into the design environment but has been developed independently. Future
work should consider the development of the Cutting Parameters K.S. to incorporate
this model. Future research should also continue to further delineate the role of such
models in the design environment and study their usage in conjunction with numerical

optimization and machine learning techniques {104].

o It was shown in this research that the design environment enables the product de-
signer to take the least commitment approach in order to minimize the number of
machining-related concerns that arise. The drawback is that the computer-based

knowledge sources may not possess the knowledge to take advantage of a designer’s

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



least commitment strategy. Thus, if the strategy is not judiciously used, it could lead
to an unnecessary increase in the total product development time. No detailed study
has been conducted to assist the designer in using this strategy and enable him to
minimize any unnecessary increase in product development time. Developing suitable

means to do so would be an appropriate research direction for future extensions to

this research. _

¢ Given the efficacy of restructuring the process planning task, future extensions to this
research should address the issue of developing knowledge acquisition tools and tech-
niques that can ease the task of acquiring knowledge for the design environment. An
important aspect of this work would be to develop suitable means of ensuring “reason-
able completeness” for knowledge generated to be applicable after the restructuring
process. Future research work should also focus on capturing product development
rationale [105] to circumvent or alleviate the knowledge acquisition bottleneck de-
scribed above. Such systems would require an explicit representation of product and

manufacturing facility features, a requirement easily satisfied by the feature-based

model.
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Figure 7.2: Extended Computer-Aided Simultaneous Engineering System
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Appendix A

PARAMETRIC DESCRIPTIONS
OF FEATURES

A.1 Product Features
Feature: OUTER.DIAMETERS

Superclasses:
Member of:
Subclasses:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

EXTERNAL . CONCENTRIC.FEATURES
CLASSES )
STRAIGHT.OUTER.DIAMETERS
POSITIVE.NORMAL.OUTER.DIAMETERS
NEGATIVE.NORMAL.OUTER .DIAMETERS

CLOSE.PRIMITIVE.FEATURE.DISPLAY
USER-INTERFACE . METHOD

METHOD
PRODUCT-LIBRARY>CONCENTRIC.FEATURES:
CLOSE.PRIMITIVE.FEATURE.DISPLAY !method

COMPOUND .FEATURE
BOOK-KEEPING.PARAMETER
EXTERNAL . COMPOUND . FEATURES
Unknown

CREATE.NEW. INSTANCE

CREATION.METHOD

METHOD
PRODUCT-LIBRARY>CONCENTRIC.FEATURES:
CREATE.NEW. INSTANCE !method

CSG.NODE
GEOMETRIC-MODEL . PARAMETER
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Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slo%:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic
Values:

Member slot:
Slot Characteristic
Valueclass:

Values:
Member slot:

Slot Characteristic
Valueclass:

Unknown

DELETE.FEATURE.TO.THE.LEFT

: DELETION.METHOD

METHOD
DELETE.FEATURE.TO.THE.LEFT

DELETE.FEATURE. TO.THE.RIGHT

: DELETION.METHOD

METHOD
DELETE.FEATURE.TO. THE .RIGHT

DESIGN.ENVIRONMENT .PICTURE
USER-INTERFACE . PARAMETER
KEEPICTURE.OBJECTS
PRIMITIVE.FEATURES.PICTURE

DIAMETER

FEATURE .PARAMETER
Unknown

ESTABLISH.SPECIAL.RELATIONSHIPS

: CREATION.METHOD

METHOD
CONCENTRIC.ESTABLISH.SPECIAL.RELATIONSHIPS

EXTERNAL .DEPRESSIONS
BOOK-KEEPING.PARAMETER
EXTERNAL .DEPRESSIONS
Unknown

EXTERNAL.PROTRUSIONS
BOOK-KEEPING.PARAMETER
EXTERNAL . PROTRUSIONS
Unknown

FEATURE . NAME . STRING

: USER-INTERFACE.PARAMETER

"Outer Diameter"

FEATURE.TO.THE.LEFT

: FEATURE .RELATION.PARAMETER

(LIST.OF (UNION CONCENTRIC.FEATURES
COMPOUND . FEATURES) )
Unknown

FEATURE.TO.THE .RIGHT

: FEATURE.RELATION.PARAMETER

(LIST.OF (UNION CONCENTRIC.FEATURES
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Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member .slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Sliot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:
Slot Characteristic
Values:

Member slot:
Slot Characteristic
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

- COMPOUND . FEATURES) )
Unknown

FILL.PARAMETERS.VALUE
CREATION.METHOD

METHOD
P-F.FILL.PARAMETERS.VALUE

FIND.PARAMETERS.TO.CHANGE
ACCESS .METHOD

METHOD
FIND.PARAMETERS.TO.CHANGE

GENERATE .CSG.NODE
GEOMETRIC-MODEL . PARAMETER
METHOD
CONCENTRIC.CSGNODE

GENERATE . INSTANCE . NAME
CREATION.METHOD
METHOD
GENERATE . INSTANCE . NAME

GEOMETRIC.TOLERANCES
SPECIAL.FEATURE.PARAMETER
GEOMETRIC.TOLERANCES
Unknown

GET.FEATURE. INSTANCE

FEATURE. INFORMATION. ACCESS . METHOD
METHOD
CONCENTRIC.GET.FEATURE. INSTANCE

IF.L.H.S.FEATURE
FEATURE.RELATION.PARAMETER
RIGHT.END .DISTANCE

IF.R.H.5.FEATURE

: FEATURE.RELATION.PARAMETER

LEFT.END.DISTANCE
INNER .DIAMETER

: FEATURE.PARAMETER

Unknown

INSERT.NEW.FEATURE

: REPLACEMENT .METHOD

METHOD
CONCENTRIC. INSERT . NEW.FEATURE
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Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

INSTANCE.COUNTER
BODK-KEEPING.PARAMETER
INTEGER

0

INTERNAL.DEPRESSIONS
BOOK-KEEPING.PARAMETER
INTERNAL .DEPRESSIONS
Unknown

INTERNAL.FROTRUSIONS
BOOK-KEEPING.PARAMETER
INTERNAL.PROTRUSIONS
Unknown

KIND.OF .PART
BOOK-KEEPING.PARAMETER
KIND.OF .PARTS

Unknown

LEFT.END.DISTANCE
FEATURE.PARAMETER
Unknown

LEFT.FEATURE . CONSTRAINT
CONSTRAINT.METHOD
METHOD
LEFT.FEATURE.CONSTRAINT

LENGTH
FEATURE . PARAMETER
Unknown

MACHINING.REQUIRED
FEATURE.PARAMETER
(ONE.OF YES NO Y N)
Unknown

NEW. INSTANCE. NAME
BOOK-KEEPING.PARAMETER
OUTER.DIAMETERS-1

OPEN.PRIMITIVE.FEATURE.DISPLAY
USER-INTERFACE . METHOD

METHOD
PRODUCT-LIBRARY>CONCENTRIC.FEATURES:
OPEN.PRIMITIVE.FEATURE.DISPLAY !method
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Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:
Slot Characteristic
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:
Slot Characteristic
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

REPLACE.FEATURE
REPLACEMENT . METHOD
METHOD

CONCENTRIC.REPLACE.FEATURE

REPLACE.PARAMETER .VALUE
REPLACEMENT . METHOD
METHOD

REPLACE . PARAMETER . VALUE
RIGHT.END.DISTANCE

: FEATURE.PARAMETER

Unknown

RIGHT.FEATURE.CONSTRAINT
CONSTRAINT .METHOD
METHOD
RIGHT.FEATURE.CONSTRAINT

RIGID.MOTION.PITCH

: GEOMETRIC-MODEL.PARAMETER

Unknown

RIGID .MOTION.ROLL
GEOMETRIC-MODEL .PARAMETER
Unknown

RIGID.MOTION.X

GEOMETRIC-MODEL .PARAMETER
Unknown

RIGID.MOTION.Y

GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.YAW
GEOMETRIC-MODEL .PARAMETER
Unknown

RIGID.MOTION.Z

: GEOMETRIC-MODEL.PARAMETER

Unknown

SPECIAL.LEFT.FEATURE.CONSTRAINT
CONSTRAINT .METHOD
METHOD

SPECIAL.LEFT.FEATURE.CONSTRAINT

SPECIAL.RIGHT.FEATURE.CONSTRAINT
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Feature:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclags:
Values:

Superclasses:
Member of:
Subclasses:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:

CONSTRAINT.METHOD
METHOD '

SPECIAL.RIGHT.FEATURE.CONSTRAINT

SURFACE.TEXTURE
FEATURE .PARAMETER
SURFACE.TEXTURES
Unknown

CIRCULAR.HOLES

SYMMETRIC.HOLES
CLASSES
TAPERED.CIRCULAR .HOLES
STRAIGHT.CIRCULAR.HOLES

AXIS.ANGLE
FEATURE.PARAMETER
Unknown

COMPOUND . FEATURE
BOOK-KEEPING.PARAMETER
COMPOUND . FEATURES
Unknown

CREATE.NEW. INSTANCE
CREATION.METHOD
METHOD

PRODUCT -LIBRARY>NON-CONCENTRIC.FEATURES:
CREATE.NEW. INSTANCE!method

CSG.NODE

GEOMETRIC-MODEL .PARAMETER
Unknown

DIAMETER
FEATURE.PARAMETER
Unknown

ESTABLISH.REFERENCE.PRIMITIVE.FEATURES
CREATION.METHOD
METHOD

FOR.THROUGH . INTERNAL . DEPRESSIONS
FILL.PARAMETERS.VALUE

CREATION.METHOD
METHOD
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Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:
Slot Characteristic
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass: .
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic:

Valueclass:

P-F.FILL.PARAMETERS.VALUE

FIND.PARAMETERS.TO.CHANGE
ACCESS .METHOD

METHOD

FIND.PARAMETERS. TQ.CHANGE

GENERATE.CSG.NODE
GEOMETRIC-MODEL . PARAMETER
METHOD

CIRCULAR.HOLES .CSGNODE

GEOMETRIC.TOLERANCES
SPECIAL.FEATURE.PARAMETER
GEOMETRIC.TOLERANCES
Unknown

INSERT.NEW.FEATURE

: REPLACEMENT .METHOD

METHOD

NON-CONCENTRIC.INSERT.NEW.FEATURE

KIND.OF .PART

: BOOK-KEEPING.PARAMETER

KIND.OF .PARTS
Unknown

LENGTH

: FEATURE.PARAMETER

Unknovwn

MACHINING.REQUIRED
FEATURE.PARAMETER
(ONE.OF YES NO Y N)
Unknown

REFERENCE . CONCENTRIC.FEATURE. ?

FEATURE . PARAMETER
CONCENTRIC.FEATURES
Unknown

REFERENCE . CONCENTRIC.FEATURE. 2
: FEATURE.PARAMETER

CONCENTRIC.FEATURES
Unknown

REPLACE.FEATURE

REPLACEMENT . METHOD
METHOD
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Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Values:

Feature:

Superclasses:

NON~CONCENTRIC.REPLACE.FEATURE

REPLACE . PARAMETER . VALUE
REPLACEMENT . METHOD
METHOD
REPLACE . PARAMETER . VALUE

RIGID.MOTION.PITCH

GEOMETRIC-MODEL . PARAMETER
Unknown

RIGID.MOTION.ROLL
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.X
GEOMETRIC-MODEL . PARAMETER
Unknown

RIGID.MOTION.Y
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.YAW
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.Z
GEOMETRIC-MODEL . PARAMETER
Unknown

SURFACE. TEXTURE

: FEATURE.PARAMETER

SURFACE . TEXTURES
Unknown

X-COORDINATE
FEATURE.PARAMETER
Unknown

Z-COORDINATE
FEATURE.PARAMETER
Unknown

DATUM. SURFACES

DATUMS
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Member of:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

CLASSES

CREATE.NEW. INSTANCE
CREATION.METHOD

METHOD
PRODUCT-LIBRARY>DATUM.SURFACES:
CREATE.NEW. INSTANCE!method

DATUM. TYPE
FEATURE . PARAMETER
(ONE.OF A B C)
Unknown

FILL.PARAMETERS.VALUE
CREATION.METHOD

METHOD
DATUM.FILL.PARAMETERS.VALUE

GENERATE. INSTANCE . NAME
CREATION.METHOD

METHOD

GENERATE. INSTANCE . NAME

PRIMITIVE.FEATURE. INSTANCE
FEATURE . PARAMETER

Valueclass: PRIMITIVE.FEATURES
Values: Unknown
Feature: DATUM.TARGETS
Superclasses: DATUMS
Member of: CLASSES

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:

CREATE.NEW. INSTANCE
CREATION.METHOD

METHOD
PRODUCT-LIBRARY>DATUM. TARGETS:
CREATE . NEW. INSTANCE!method

DATUM. TYPE
FEATURE.PARAMETER
(ONE.OF X Y 2Z)
Unknown

GENERATE . INSTANCE . NAME
CREATION.METHOD
METHOD

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Feature:

Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

STRAIGHTNESS

Superclasses:
Member of:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:

lot Characteristic:
Valueclass:
Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:
Slot Characteristic:
Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

GENERATE . INSTANCE . NAME

INSTANCE.COUNTER
BOOK-KEEPING.PARAMETER
INTEGER

0

PRIMITIVE.FEATURE. INSTANCE
FEATURE .PARAMETER
PRIMITIVE.FEATURES
Unknown

SINGLE.FORM.TOLERANCES
CLASSES

CREATE.NEW. INSTANCE

CREATION.METHOD

METHOD
PRODUCT-LIBRARY>GEOMETRIC . TOLERANCES:
CREATE.NEW. INSTANCE!method

FILL.PARAMETERS.VALUE
CREATION.METHOD

METHGD
G-T.FILL.PARAMETERS.VALUE

GENERATE . INSTANCE . NAME
CREATION.METHOD
METHOD

GENERATE . INSTANCE . NAME

INSTANCE.COUNTER
BOOK-KEEPING.PARAMETER
INTEGER

0

NEW. INSTANCE . NAME
BOOK-KEEPING.PARAMETER
GEOMETRIC.TOLERANCES-2

PRIMITIVE.FEATURE. INSTANCE
FEATURE.PARAMETER
PRIMITIVE.FEATURES
Unknown
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Member slot:

Slot Characteristic:

Valueclass:
Values:

Feature: PARALLELISM

Superclasses:
Member of:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:
Slot Characteristic

TOLERANCE.VALUE
FEATURE.PARAMETER
NUMBER

Unknown

RELATED.FORM. TOLERANCES
CLASSES

CREATE.NEW. INSTANCE

CREATION.METHOD

METHOD

PRODUCT-LIBRARY>GEOMETRIC. TOLERANCES:
CREATE.NEW. INSTANCE!method

DATUM.SURFACES
FEATURE.PARAMETER
Unknown

FILL.PARAMETERS.VALUE

CREATION.METHOD

METHOD
PRODUCT-LIBRARY>RELATED . FORM . TOLERANCES :
FILL.PARAMETERS.VALUE !method

GENERATE. INSTANCE . NAME
CREATION.METHOD
METHOD

GENERATE. INSTANCE . NAME

INSTANCE.COUNTER
BOOK-KEEPING . PARAMETER
INTEGER

0

NEW. INSTANCE . NAME
BOOK-KEEPING.PARAMETER
GEOMETRIC.TOLERANCES-2

PRIMITIVE.FEATURE. INSTANCE
FEATURE .PARAMETER
PRIMITIVE.FEATURES
Unknown

TOLERANCE.VALUE

: FEATURE.PARAMETER
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Valueclass: NUMBER
Values: Unknown
Feature: SURFACE.TEXTURES
Superclasses: PRECISIGN.FEATURES
Member of: CLASSES

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Feature:

CREATE.NEW. INSTANCE
CREATION.METHOD

METHOD
PRODUCT-LIBRARY>SURFACE. TEXTURES :
CREATE.NEW. INSTANCE!method

FILL.PARAMETERS.VALUE

: CREATION.METHOD

METHOD
SURFACE.TEXTURE.FILL.PARAMETERS . VALUE

GENERATE . INSTANCE . NAME
CREATION.METHOD
METHOD
GENERATE . INSTANCE . NAME

INSTANCE.COUNTER
BOOK-KEEPING . PARAMETER
INTEGER

0

NEW. INSTANCE . NAME
BOOK-KEEPING.PARAMETER
DESIGN.CHARACTERISTICS-1

PRIMITIVE.FEATURE. INSTANCE
FEATURE.PARAMETER
PRIMITIVE.FEATURES
Unknown

VALUE

: FEATURE.PARAMETER

(LIST.OF (ONE.OF 40 83 80 100 125))
Unknown

CASTING.DIM.AND.TOL
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Superclasses: PRECISION.FEATURES

Member of: CLASSES
Member slot: BASIC.WALL.THICKNESS
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER
Values: Unknown
Member slot: CORNER.RADIUS
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER
Values: Unknown
Member slot: CREATE.NEW.INSTANCE
Slot Characteristic: CREATION.METHOD
Valueclass: METHOD
Values: PRODUCT-LIBRARY>CASTING.DIM.AND.TOL:
CREATE.NEW. INSTANCE!method

Member slot: DATUM.SURFACES.PROFILE
Slot Characteristic: FEATURE.PARAMETER
Valueclass: PROFILE.OF.A.SURFACE
Values: Unknown
Member slot: DATUM.TARGETS .PROFILE
Slot Characteristic: FEATURE.PARAMETER
Valueclass: PROFILE.OF.A.SURFACE
Values: Unknown
Member slot: EXTERIOR.DRAFT.ANGLE
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER
Values: Unknown
Member slot: FILLET.RADIUS
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER
Values: Unknown
Member slot: INTERIOR.DRAFT. ANGLE
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER .
Values: Unknown
Member slot: MACHINE . ALLOWANCE
Slot Characteristic: FEATURE.PARAMETER
Valueclass: NUMBER
Values: Unknown
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Member slot:

Slot Characteristic:
Valueclass:

Values:

MINIMUM.WALL.THICKNESS
FEATURE.PARAMETER
NUMBER

Unknown

A.2 Facility Features

Feature: BEARING.CAGE.CELLS
Superclasses: CELL .FEATURES
Member of: CLASSES
Members: B.C.FIRST.CELL B.C.SECOND.CELL

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:
Slot Characteristic:
Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

Member slot:
Slot Characteristic:
Values: :

Member slot:
Slot Characteristic:
Values:

Member slot:

Slot Characteristic:
Valueclass:

Values:

B.C.THIRD.CELL B.C.FOURTH.CELL

CELL.I.D.TOLERANCE.LIMITATION
FEATURE.PARAMETER

NUMBER

Unknown

CELL.0.D.TOLERANCE.LIMITATION
FEATURE . PARAMETER

NUMBER

Unknown

COMMODITY.TYPE.LIMITATION
FEATURE . PARAMETER
BEARING CAGE BEARING CAGES

GENERATE .MACHINES.SLOTS
CREATION.METHOD

METHOD
FACILITY-LIBRARY>CELL.FEATURES:
GENERATE .MACHINES . SLOTS !method

LARGEST.LENGTH.LIMITATION
FEATURE .PARAMETER
Unknown

LOT.SIZE.LIMITATION
FEATURE.PARAMETER
Unknown

MACHINE .
FEATURE.PARAMETER
MACHINE.FEATURES
Unknown
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Feature:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic
Valueclass:

Values:

Member slot:

Slot Characteristic:

Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member slot:

Slot Characteristic:

Valueclass:
Values:

Member of:

Own siot:

Slot Characteristic:

Valueclass:
Values:

Own slot:

Slot Characteristic:

Valueclass:
Values:

Own slot:
Slot Characteristic
Values:

Own slot:

Slot Characteristic:

Values:

Own slot:

TURNING. TOGOL.

MATERIAL.LIMITATION
FEATURE.PARAMETER
MATERIAL.FEATURES
CAST.IRON

NUMBER . OF . MACHINES

: FEATURE.PARAMETER

NUMBER
Unknown

OVERALL .LENGTH.LIMITATION
FEATURE .PARAMETER
Unknown

PROCESSING.ORDER
FEATURE . PARAMETER
(LIST.OF MACHINE.FEATURES)
Unknown

WEIGHT.LIMITATION
FEATURE.PARAMETER
NUMBER

Unknown

ASSEMBLY .1
TURNING. TOOL . ASSEMBLIES

CUTTING. TOOL
FEATURE.PARAMETER
CUTTING.TOOLS
TURNING.TOOL.1

HEAD
FEATURE. PARAMETER
HEADS
MB773

RIGID.MOTION.PITCH

: GEOMETRIC-MODEL.PARAMETER

Unknown
RIGID.MOTION.ROLL
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.X
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Slot Characteristic:

Values:

Own slot:

Slot Characteristic:

Values:

Own slot:

Slot Characteristic:

Values:

Own slot:

Slot Characteristic:

Values:

Feature:
Member of:

Own slot:

Slot Characteristic:

Valueclass:
Values:

Own slot:

Slot Characteristic
Valueclass:

Values:

Own slot:

Slot Characteristic:

Valueclass:
Values:

Own slot:

Slot Characteristic:

Valueclass:
Values:

Own slot:

Slot Characteristic:

Valueclass:
Values:

Own slot:

Slot Characteristic:

TOOL .MATRIX.

GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.Y
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.YAW
GEOMETRIC-MODEL.PARAMETER
Unknown

RIGID.MOTION.Z

GEOMETRIC-MODEL.PARAMETER
Unknown

TOOL .MATRICES

A .POSITION.VALUE
FEATURE.PARAMETER
NUMBER

43.18

B.POSITION.VALUE

: FEATURE.PARAMETER

NUMBER
151.13

C.POSITION.VALUE
FEATURE.PARAMETER
NUMBER

269.08

GENERATE.STATIONS.SLOTS
CREATION.METHOD

METHOD

FACILITY-LIBRARY>TOOL .MATRICES:
GENERATE.STATIONS.SLOTS!method

NUMBER.OF . STATIONS
FEATURE . PARAMETER
NUMBER

12

STATION-1
FEATURE . PARAMETER

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Valueclass: CUTTING.TOOL.ASSEMBLIES

Values: FACING.TOOL.ASSEMBLY.1
Own slot: STATION-10
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOOL.ASSEMBLIES
Values: Unknown
Own slot: STATION-11
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING. TOOL.ASSEMBLIES
Values: 0.D.PROFILING.TOOL.ASSEMBLY. 3
Own slot: STATION-12
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOOL.ASSEMBLIES
Values: GROOVING.TOOL .ASSEMBLY.1
Own slot: STATION-2
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING. TOOL.ASSEMBLIES
Values: TURNING.TOOL.ASSEMBLY. 1
Own slot: STATION-3
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOOL.ASSEMBLIES
Values: I.D.PROFILING.TOOL.ASSEMBLY. 1
Own slot: STATION-4
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOCL . ASSEMBLIES
Valiues: I.D.PROFILING.TOOL.ASSEMBLY.2
Own slot: STATION-B
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOOL. ASSEMBLIES
Values: I.D.PROFILING.TOOL.ASSEMBLY.3
Own slot: STATION-6
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING.TOOL. ASSEMBLIES
Values: Unknown
Own slot: STATION-7
Slot Characteristic: FEATURE.PARAMETER
Valueclass: CUTTING. TOOL . ASSEMBLIES
Values: Unknown
Own slot: STATION-8
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Slot Characteristic: FEATURE.PARAMETER

Valueclass: CUTTING.TOOL.ASSEMBLIES
Values: 0.D.PROFILING.TOOL.ASSEMBLY.2
Own slot: STATION-9

Slot Characteristic: FEATURE.PARAMETER

Valueclass: CUTTING.TOOL.ASSEMBLIES
Values: Unknown

Feature: SPEED.GRIP.1

Member of: SPEED.GRIPS

Own slot: ADAPTER

Slot Characteristic: FEATURE.PARAMETER

Valueclass: ADAPTERS

Values: PX652028

Own slot: BUSHING

Slot Characteristic: FEATURE.PARAMETER

Valueclass: BUSHINGS

Values: Unknown

Own slot: DRAWSCREW

Slot Characteristic: FEATURE.PARAMETER

Valueclass: DRAWSCREWS

Values: PX60

Own slot: MAXIMUM. INNER.DIAMETER.LIMITATION
Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: 1656.1

Own slot: MINIMUM. INNER.DIAMETER.LIMITATION
Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: 41.27

Own slot: . NOSE.PLATE

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NOSE.PLATES

Values: PX483473

Own slot: REPOSITIONING.CAPABILITY

Slot Characteristic: FEATURE.PARAMETER

Values: (:eval (make-i :low 0.1016 :high 1.0e30))
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Own slot:

Slot Characteristic:
Valueclass:

Values:

Feature: BUCK.CHUCK.1

Member of:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:

Slot Characteristic:
Valueclass:

Values:

Own slot:
Slot Characteristic:
Values:

WORK.RING

FEATURE .PARAMETER
WORK.RINGS
Unknown

BUCK . CHUCKS

DIAMETER
FEATURE . PARAMETER
NUMBER

381

INTERMEDIATE. JAW

FEATURE . PARAMETER
INTERMEDIATE. JAWS
INTERMEDIATE.JAW.1

LENGTH
FEATURE.PARAMETER
NUMBER
238.12

MASTER. JAW
FEATURE . PARAMETER
MASTER. JAWS
MASTER.JAW.1

MAXIMUM.OUTER.DIAMTER.LIMITATION
FEATURE.PARAMETER

NUMBER

304.8

MINIMUM.OUTER.DIAMTER . LIMITATION
FEATURE . PARAMETER

NUMBER

63.56

NUMBER . OF . JAWS
FEATURE.PARAMETER
NUMBER

3

POSITIONING.OF . JAWS

FEATURE . PARAMETER
EQUIDISTANT
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Own slot: TOP . JAW

Slot Characteristic: FEATURE.PARAMETER
Valueclass: TOP. JAWS

Values: TOP.JAW.2 TOP.JAW.3 TOP.JAW.1

Feature: S.C.LATHES

Superclasses: LATHES

Member of: CLASSES

Members: LATHE-1 LATHE-Z LATHC-3
LATHE-4 LATHE-5 LATHE-6

Member slot: FIXTURE

Slot Characteristic: FEATURE.PARAMETER

Valueclass: FIXTURES

Values: Unknown

Member slot: I.D.TOLERANCE.LIMITATION

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: Unknown

Member slot: 0.D.TOLERANCE.LIMITATION

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: Unknown

Member slot: TOOL .MATRIX

Slot Characteristic: FEATURE.PARAMETER

Valueclass: TOOL .MATRICES

Values: Unknown

Member slot: TOOL .MATRIX.HOME.POSITION

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: Unknown

Member slot: Y.STROKE.LENGTH

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Valucs: Unknown

Member slot: Z .STROKE.LENGTH

Slot Characteristic: FEATURE.PARAMETER

Valueclass: NUMBER

Values: Unknown
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Appendix B

DIMENSION OBJECT
ORIENTED VALUE

B.1 Definition

(defvtype :name dimension
:bit b
:vl value
:viarg val
:v2 tolerance
iv2arg tol
:maker make-dim
:p dim-p
:print-function
(lambda (stream depth)
(declare (ignore depth))
(format stream "#<dim("s), Tol("s)>"
(value self)
(tolerance self))) )

B.2 Methods

(cmethod (+ dimension dimension) (d2)
(make-dim :val (csend (value self) + (value d2))
:tol (csend (tolerance self) + (tolerance d2))))

(cmethod (- dimension dimension) (d2)
(make-dim :val (csend (value self) - (value d2))
:tol {ceend (tolerance self) - (tolerance d2))))

(cmethod (= dimension dimension) (d2)
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(and (csend (value self) = (value d2))
(csend (tolerance self) = (tolerance d2))))

(cmethod (< dimension dimension) (d2)
(< (+ (v-v2 (value self)) (v-v2 (tolerance self)))
(- (v-v1 (value d2)) (v-v2 (tolerance d2)))))

(cmethod (<= dimensivn dimension) (d2)
(<= (+ (v-v2 (value self)) (v-v2 (tolerance self)))
(- (v-v1 (value d2)) (v-v2 (tolerance d2)))))

(cmethod (> dimension dimension) (d2)
(> (- (v-v1 (value self)) (v-v2 (tolerance self}))
(+ (v-v2 (value d2)) (v-v2 (tolerance d2)))))

{cmethod (>= dimension dimension) (d2)
(>= (- (v-v1 (value self)) (v-v2 (tolerance self)))
(+ (v-v2 (value d2)) (v-v2 (tolerance d42)))))

(cmethod (intersection dimension dimension) (d2)
(make-dim :val (csend (value self) interseection (value d2))
:tol (csend (tolerance self) intersection (tolerance d2))))

(cmethod (overlaps dimension dimension) (d2)
(and (csend (value self) overlaps (value d2))
(csend (tolerance self) overlaps (tolerance d2))))

(cmethod (subsumes dimension dimension) (d2)
(and (csend (value self) subsumes (value d2))
(csend (tolerance self) subsumes (tolerance d2))))

(cmethod (ok dimension nil) ()
(when (and (csend (value self) ok)
(csend (tolerance self) ok))

self))

(cmethod (gen-zerop dimension nil) ()
(make-dim :val (i 0) :tol (i C)))

(cmethod (zerop dimension nil) ()
(when (and (csend (value self) zerop)
(csend (tolerance self) zerop))

self))

(cmethod (Zero-dimension-p dimension nil) ()
(if (and (= 0 (i-low (value self)))
(= 0 (i-high (value self))))
t

nil))
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(cmethod (propagate-only-value dimension nil) ()
(make-dim :val (value self) :tol (i 0)))

(cmethod (good-intersection? dimension dimension) (dim2)
(csend (csend self intersection dim2) ok))
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Appendix C

PARAMETRIC DESCRIPTION

OF KNOWLEDGE SOURCES

KNOWLEDGE . SOURCES

Member slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Valueclass:
Values:

Member slot:
Valueclass:
Values:

Own slot:
Valueclass:
Values:

Member slot:
Values:

Member slot:
Values:

Member slot:
Valueclass:

ACTION.TYPE

(ONE.OF INDIVIDUALLY TOGETHER)
TOGETHER

ASSERTION
Unknown

CHAINER.BREAK
(ONE.OF ON OFF)
OFF

COMMAND . MENU
METHOD
GET.RULE.CLASSES . COMMAND . MENU

COMMAND . MENU
METHOD
GET.RULE.CLASSES . COMMAND . MENU

CONCLUSION
Unknown

DELAYED .PREMISE
Unknown

DELETE!
METHOD

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Values: DELETE.RULESYSTEM.UNIT

Member slot: EXTERNAL.FORM
Values: Unknown
Member slot: FETCH.PREMISE
Values: FETCH.PREMISE.DEFAULT
Member slot: FROM.BLACKBOARD
Valueclass: BLACKBOARDS
Values: Unknown
Member slot: FROM.LEVEL
Values: Unknown
Member slot: GENERATE. INSTANCE . NAME
Valueclass: METHOD
Values: GENERATE. INSTANCE . NAME
Member slot: INSTANCE.COUNTER
Valueclass: INTEGER
Values: (4]
Member slot: NONMONOTONIC.PREMISES
Values: Unknown
Member slot: PARSE
Values: DEFAULT.RULE.PARSER
Member slot: PREMISE
Values: Unknown
Member slot: RATING.CONDITIONS
Valueclass: LIST
Values: Unknown
Own slot: REINDEX
Valueclass: METHOD
Values: REINDEX
Member slot: RULE.ABSTRACT
Values: Unknown
Member slot: RULE.TYPE
Valueclass: (ONE.OF SAME.WORLD.ACTION NEW.WORLD.ACTION
DEDUCTION)
Values: Unknown
Member slot: STEP.BY
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Valueclass: (ONE.OF BY.PREMISE BY.RULE OFF)

Values: BY.PREMISE
Member slot: TO.BLACKBOARD
Valueclass: BLACKBOARDS
Values: Unknown

Member slot: TO.FETCH.RULE
Values: TO.FETCH.RULE
Member slot: TO.INDEX.RULE
Values: TO.INDEX.RULE
Member slot: TO.LEVEL
Values: Unknown

Member slot: TO.UNINDEX.RULE
Values: TO.UNINDEX.RULE
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