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manufacturing; the developed methodology and tools for CAD/CAM data
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As a result of strong and steady CAD/CAM (Computer-Aided
Design/Computer-Aided Manufacturing) growth over the past 20 years, special
facilities for managing design and manufacturing data have been required.
CAD/CAM Data Base Management Systems (DBMS) fill this role. The most
widely used CAD/CAM DBMS manage data for only & single CAD or CAM ap-
plication and cannot integrate graphical, geometrical, manufacturing, and ad-
ministrative data. Furthermore, current modeling facilities are inadequate for
representing semantic features and constraints captured by an engineering draw-
ing. These limitations cause data flow gaps, inconsistent and redundant data,
and unnatural data organization in existing CAD/CAM data bases.

The purpose of this dissertation is to develop sophisticated facilities for
managing CAD/CAM data bases. This work focuses on mechanical design, en-
gineering, and manufacturing, specifically product definition data generated
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CHAPTER 1
INTRODUCTION

The goal of this dissertation is to develop sophisticated data management
facilities for maintaining Computer-Aided Design (CAD) and Computer-Aided
Manufacturing (CAM) data bases. The product of this research is the theoretical
design of an object-oriented data model, ODM, and the implementation of an
ODM computer software prototype. This work focuses on mechanical design,
engineering, and manufacturing, specifically product definition data generated
during initial design phases. Detailed analysis of CAD/CAM application and
data management requirements were conducted to produce the ODM functional
specifications. This document presents the results of this analysis and an evalua-
tion of ODM toward achieving the goals of integrated CAD/CAM data manage-
ment systems. Although most discussion concentrates on mechanical manufac-
turing; the developed methodology and tools for CAD/CAM data management
apply to other design domains such as architecture and electronics.

L.1 History of CAD/CAM and CAD/CAM DBMS

7 The first CAD systems were essentially computer drafting systems. In
the early 1960s, general purpose graphics software and self-contained drafting
workstations were introduced. Ivan Sutherland's Sketchpad [Sut65] system pro-
vided the theoretical foundations for future graphical representation. CAD sys-
tems entered the commercial market in 1963 when General Motors announced



its first CAD workstation, DAC/1 (Design Augmented by Computers) [Tei85].
By the late 1960s, major aerospace corporations like Lockheed, McDonnelil

Douglas, and Boeing began to explore the use of computer graphics for aircraft
and missile design.

CAM systems originated in the 19508 when Numerical Control (NO)
machines were designed and built. In the 19608 Lockheed-Georgia started in-
tegrating CAD and CAM by using computer drafting systems for NC part pro-
gramming. It wasn’t until the 1970s that CNC (Computer Numerical Control)
and DNC (Direct Numerical Control), as we know them today, were introduced
to the manufacturing industry.

CAE (Computer-Aided Engineering) is another critical aspect of
mechanical CAD/CAM eavironments which has become increasingly sophisti-
cated. Engineers now rely on computer programs for structural analyses such as
finite element and load stress analysis. Simulation of motion, friction analysis,
and tolerance analysis enable the study of dynamic characteristics and behavior
before production line fabrication and assembly is initiated.

Administrative and business accounting systems contribute to another
segment of antomation in the manufacturing industry. These systems maintain
inventory, billing, and purchasing functions as well as employee systems such
as personnel and payroll. Steadily over the past 20 years, comprehensive
software packages are computerizing most administrative tagks.

Many ihdependent computer application systems, such as those
described above, have been built to support and promote CAD/CAM technolo-
gy. Although some are specific to manufacturing and others are general pur-
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pose, each of these applications requires input data and produces results as out-
put. The sources and types of data, and input and output methods, vary con-
siderably. Undl recenty, the benefits of automating application tasks
outweighed the cost of data preparation and dissemination. However, as the
scope and use of these systems has increased, production inefficiencies are
resulting from the overhead of data access, preparation, and distribution. In
IROst cases, personnel extract input data from hard-copy worksheets or reports
and manually code it to conform to the specifications of the software system.
Because application systems are generating their own specialized data bases,
managing the storage and archival of magnetic and hard-copy data hecomes a
task in itself. It is estimated that personnel spend 10-30% of their time searching
for data sets; not necessarily accessing the data, but simply trying to determine
which report, file, or data base contains a particular piece of information
[Meil84]. |

In the future, the role of the computer will be amplified. A general con-
sensus in the manufacturing industry is that a Computer Integrated Manufactur-
ing System (CIMS) is the key to increased productivity [Mel84, Hes83). New
generation applications like expert systems for production control and process
planning, Flexible Manufacturing Systems (FMS), and robotics, are performing
decision-making tasks. However, the potential benefit from intelligent systems
can only be achieved if data management inefficiencies are overcome. Integrat-
ed CAD/CAM DBMS can help solve the information bottleneck by streamlining
the exchapge of data between computer application systems.



.

1.2 Scope of this research

Based on a detailed analysis of CAD/CAM data management require-
ments, I identified four desirable goals of integrated CAD/CAM DBMS. These
goals, presented in Chapter 2, promote effective generation and utilization of
CAD/CAM data throughout the entire manufacturing life cycle. Three aspects
of my requirements analysis included: (1) reviewing the current state of
CAD/CAM DBMS tools and technology, (2) observing CAD/CAM data
management in practice at three major asrospace corporations, and (3) project-
ing ahead to identify future data management needs for supporting next genera-
tion CAD/CAM application systems. [ discovered that the engineering drawing
is the main source of data in a CAD/CAM environment. Unfortunately, existing
data management tools cannot represent the semantic information which
designers, engineers, and manufacturers repeatedly extract from an engineering
drawing. This research proposes data management methodologies capturing the
conceptual organization of CAD/CAM data represented in an engineering draw-
ing.

In Chapter 3, I discuss four DBMS capabilities contributing to the high-
level goals of integrated CAD/CAM DBMS. Each of these features addresses a
limitation in current data models and DBMS implementations. Based on my re-
quirements analysis, I concluded that an object-oriented data model best fulfills
the structural organization of CAD/CAM data. Chapter 4 describes object-
oriented models adopted by programming languages, data management, and
knowledge representation. I review the evolution of object-oriented systems and
their resulting strengths and weaknesses.



'The theoretical design of the object-oriented data model, ODM, is
presented in Chapter 5. ODM, based on set theory and predicate logic, over-
comes many deficiencies of previous object-oriented representations. Objects in
the model are constructed from four basic components. Primitive relationships

between components establish aggregation and generalization networks, and
ODM inferences are derived from these networks.

The implementation of an ODM computer software prototype is detailed
in Chapter 6. ODM is implemented in T, a lexically scoped dialect of Lisp, and
currently operates on Vax and Apollo networks in UCLA's Computer Science
Department. 1 discuss data entry and data manipulation languages which I
developed for interfacing with the ODM software system. Dialoguss of direct
interaction with the system, presented in Chapter 6, serve as proof of concept by
demonstrating how ODM fulfills the functional specifications prescribed in
Chapter 3. Examples of heterogeneous and hierarchical data types, semantic
constraints, and dynamic schemnata in the ODM prototype system are described.

Chapter 7 discusses related CAD/CAM DBMS efforts in research and
industrial environments. The objectives of corporate CAD/CAM DBMS pro-
jecndiffersigniﬁmﬂyinscopeanddepdwompnedmmegodsofmwch
groups. In addition to CAD/CAM applications, [ also review work addressing
two extended DBMS capabilities: semantic constraint maintenance and dynamic
schema facilities.

Evaluation of ODM and its prototype is presented in Chapter 8. Two ap-
plication systems at Hughes serve as a test bed for evaluating ODM’s goals. [
demonstrate that ODM is sufficient for maintaining existing data bases extracted



from Hughes’ PWA (Printed Wiring Assembly) application. More importantly, I
show how ODM supports a conceptual organization of PWA data most natural
to design and manufacturing experts. ODM also promotes effective manage-
ment of semantic data; nonexistent in current PWA data bases and management
systems. The Producibility Feedback system at Hughes also benefits from the
novel capabilities offered by ODM.

Chapter 9 concludes with the contributions of this research, limitations
of the existing version of ODM, and directions for future research. I also discuss
the applicability and relevance of this work to other domains. To aid the reader,
a list of abbreviations and acronyms used in this document can be found in Ap-
pendix A. B



CHAPTER 2
MOTIVATION AND GOALS

Computer-Aided Design and Computer-Aided Manufacturing
(CAD/CAM) are indispensable in today’s industrial centers. As a result of
strong and steady CAD/CAM growth over the past 20 years, facilities for
managing design and manufacturing data have been required. CAD/CAM Data
Base Management Systems (DBMS) fill this role. In the following section, I in-
troduce CAD/CAM DBMS by discussing the evolution of three different
categories of CAD/CAM DBMS. Two of the categories, data bases for CAD
drafting systems and data bases for geometric modeling systems, are used exten-
sively but are limited in scope and functionality. This dissertation focuses on the
third category, integrated CAD/CAM DBMS, which are rapidly emerging in
design and manufacturing industries,

2.1 Evolution of CAD/CAM DBMS

CAD/CAM Data Base Management Systems maintain data used during
design and manufacturing operations. The sophisticaﬁon of these DBMS varies
tremeﬁdously. The oldest and most widely used systems manage data for only a
single CAD or CAM application. The two most popular applications which in-
clude facilities for data management are CAD drafting systems and geometric
modeling systems. Below I discuss the uses of t.hue systems and the role 6f
their associated data bases.






2.1.1 CAD drafting systems

CAD drafting systems provide tools to generate engineering drawings on
a graphics monitor. Facilities for drawing lines, curves, and other graphical en-
tities help designers build a graphical model of a part or assembly. Data is usual-
ly entered into a graphics workstation using menus, function keys, and optional
command language. Because these systems represent an object graphically,
they are used mainly for initial generation of drawings and for future display of
the designs. Automatic reproducibility of a drawing reduces the dependency on
the traditional engineering blue print. With a CAD drafting system, drawings
can be displayed at any time on a single workstation or on any remote worksta-
tion. Also, if the CAD system supports a graphics standard, such as IGES (Ini-
tial Graphics Exchange Specification) [Ini83], the graphical data can be trans-
ported to other CAD systems and displayed. The most popular drafting systems
are CADAM, Computervision, Applicon, and Calma. At Lockheed, statistics
have shown that tumaround time for a design has been reduced by 30% since
the introduction of the CADAM drafting systems [Nas83].

Recent innovations in graphics hardware and software have advanced
the development of sophisticated drafting systems [Mac80, Tei85]. Display fa-
cilities usually include graphical transformations such as scaling, translation,
and rotation. On many systems, three-dimensional transformations are available
for generating multiple perspectives. However, the data bases of drafting sys-
tems are system dependent. Except where data has been translated into a stan-
dard format, like IGES, the data bases can only be accessed and manipulated for
graphical display. These systems are self-contained and impenetrable; there-
fore, it is very difficult, if not impossible, to extract symbolic information from
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CAD data bases. Queries about graphical entities, such as lines or points are not
supported. Textual information which is entered on a drawing cannot be easily
accessed. For example, designers at Lockheed, using CADAM, must enter Bill
of Materials (BOM) and Parts List (PL) data twice on the drawing and a third
time as input to their Computerized Parts List (CPL) system. It is impossible to
retricve the BOM and PL data for use by other application systems. Systems
such as CADAM and Computervision have additional facilities for geometrical
computations from the graphical model, such as volume, surface area, moments
of inertia, and structural analyses. They do not, however, provide the sophisti-
cated modeling facilities of dedicated geometrical modeling systems, discussed

in the next section.
2.1.2 Geometric modeling systems

Geometrical modeling systems generate a mathematical model of a
three-dimensional part based on its geometric properties. Unlike drafting sys-
tems whose input is graphical, the input for geometrical systems is textual or
procedural. In some systems, a graphical display may be produced as a visual
aid to the designer, but the primary representation is in terms of geometrical
properties. Many different types of geometrical modeils have been developed.
. The two best understood and most important representation schemes are boun-
dary representations (B-rep) and constructive solid geometry (CSG) {Req}]. B-
rep models represent solids indirectly by explicitly representing the solid’s topo-
logical boundary rather than the solid itself. A solid is modeled as a boundary
representation by segmenting its boundary into a finite number of bounded sub-
sets called faces or patches, and representing each face by its bounding edges
and verrices. Figure 2.1 shows the boundary representation of a rectangular py-



ramid using a triangulation method. Intergraph, Calcomp, and Autotrol [Teids)
are three companies offering geometric modeling systems based on variations of
B-rep models.

Figure 2.1 B-rep model for a rectangular pyramid

In a CSG model, solids are defined as combinations of solid building
blocks similar to volumetric addition and subtraction. The representations are
mdﬂedbinnymwhmcmmimlnoduwuimsuchn
union, intersection, and difference; and whose terminal nodes are the building
blocks representing regular solids such as cube, sphere, and rectangular solid.
Figure-2.2 exemplifies a CSG representation. PADL [Voe], one of the original
CSG systems, was developed at the University of Rochester. Both GMSolid
[Tei8S] and McDonnell Douglas’ UNISOLID [Tei8S5] are based on the PADL

system.
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The analysis wols of geometric modeling systems compute basic en-
gineering properties such as surface area, volume, and center of gravity. Finite
element models are also generated from geometrical data bases for analysis of
properties such as heat flow and elastic deformation. Unfortunately, geometric
modeling sysiems suffer from the same drawback as CAD drafting systems.
Their data bases are maintained in system dependent formats, therefore, data
cannot be exchanged among other application systems. Only the analysis tools
withhoﬁepuhpmbeappliedwd\edmmpmduedbymupuhge.n
is rare to be able to ransport a geometrical data base from one modeling system
to another. These systems do not support interactive access and query capabili-
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ties for geometric entities such as surfaces, edges, and vertices. Although there
is a direct correspondence between the graphical representation of a part and its
geometric representation, this refationship is generally not captured in the data
bases. For instance, if the dimensions of a part are modified using a CAD draft-
ing system, these changes affect the graphical data base. If a separate geometric
modeling system is employed, corresponding changes in the geometry input
data are also necessary. Until the appropriate modifications are made to both
data bases, prior geometric analyses (based on previous graphical data) are no
longer valid.

2.1.3 Integrated CAD/CAM DBMS

In the previous sections I have emphasized the difficulties of trying to in-
tegrate data bases used for drafting and geometric modeling. General purpose
DBMS used in other facets of design and manufacturing such as BOM process-
ing, process planning, and inventory all share this same limitation. In part, data
management inefficiencies have resulted from the growth of application pro-
grams over the past 20 years. As CAD/CAM systems were developed, the pri-
mary goal was to automate a design or manufacturing task. The data flow to
and from an application system was regarded as a minute operational detail,
rather than a critical consideration. To overcome these daza flow gaps, indus-
tries must focus on the task of data management as an integral part of the design
and manufacturing life cycle, not merely a process driven by an application sys-
tem.

The mandate of future integrated CAD/CAM DBMS is to facilitate ac-
cess by humans and computer programs to information required in design and
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engineering, production planning and manufacturing, and administrative and
business operations. During my analysis and evaluation of CAD/CAM data
management systems, 1 did not find any fully integrated operational systems.
This ambitious aim entails four CAD/CAM DBMS goals which I present in the
following section.

2.2 Goals of integrated CAD/CAM DBMS

Manufacturing corporations are looking toward integrated CAD/CAM
DBMS for achieving a Computer Integrated Manufacturing System (CIMS).
New DBMS capabilities and functionality cannot, however, be formulated
without a detailed analysis of information management needs. CAD/CAM data
management techniques range from formal data entry methods to informal re-
port distribution. Forthismmh,employmatl.ockheedepora;ion and
Rockwell International assisted me in the requirements analysis I present below.
At both corporations, I interviewed designers, engineers, and manufacturers, in
addition to data management personnel.

The first objective of these site visits was to understand how a manufac-
tured product is represented during each of its production phases. At both cor-
porations, I reviewed the content and organization of their data bases, and the
types and uses of design, engineering and manufacturing data. I discovered that
in addition to specific product data, there is auxiliary data supporting design and
manufacturing operations. Another critical aspect of the modeling process is the
exchange of data among CAD/CAM systems, between manufacturing processes,
andfm:ﬁdwarmmtodwm:. Second, I aimed to solicit employee
recommendations for improving CAD/CAM DBMS functionality. I queried
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designers, manufacturing planners, and manufacturing engineers to help isolate
deficiencies in their current systems and to request suggestions for improve-
ments. Because I was interested in high-level user needs, I discussed these is-
sues with manufacturing personne! rather than data management employees.
During these interviews, I hoped at best, that users would verbalize some
dairedcapabﬂitiecor.atworst.lwouldobservemematworkandu-ytoidcn-
tify limitations of existing systems. [ invited suggestions by posing questions of
the form: “‘What if you had the capability to ...7"". Using their responses along
with my observations, I obtained 2 good understanding of what is needed in an
integrated CAD/CAM DBMS.

Some CAD/CAM DBMS researchers fear that end-users have not been
consulted about existing deficiencies and desired improvements [Pro81]. As a
result of my meetings at Lockheed and Rockwell, I was able to observe, first
hand, CAD/CAM data management in practice. Through discussions and addi-
tional analysis, I have identified four key goals which integrated CAD/CAM
DBMS should strive to achieve, In Chapter 8 I revisit these goals by evaluating
the object-oriented data model, ODM, developed as a result of this research.

2.2.1 Conceptual centralization

Engineering drawings are the source of 90% of the data maintained in 2
manufacturing industry (Can83). Drafting and design phases generate the en-
gineering drawing, and throughout the entire manufacturing cycle, data is
abstracted from 'the drawing, In no sense is the data explicitly represented, rath-
er, design and manufacturing personnel must interpret the drawing and extract
information relevant to their needs. For instance, a process planner identifies
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features in the drawing which require sequences of manufacturing processes. An
electrical engineer looks for features pertaining to electrical components. A tool
designer extracts data necessary for deciding which tools to use for fabrication,
These diverse interpretations are recorded in textual verbiage on hard-copy
forms and reports, batch-updated master and transaction disk files, and as anno-
tations to hard-copy and on-line engineering drawings. Figure 2.3 shows a
simplified chart of data flow at Lockheed [Can83, Lew83, Nas83]. This diagram
illustrates the key role which an engineering drawing plays in providing data for
other manufacturing systems. It also illustrates how the number and types of
data repositories multiply as the design/manufacturing life-cycle progresses.

Theabumeofﬁmcenﬂ:linﬁonisciteduamajorcauseofdan
management inefficiencies {Ahbr84,Liu8S]. Unfortunately, because graphical
data is generated first, it is regarded as the kemel of CAD/CAM data bases. As
discussed in section 2.1, graphical representations are system dependent and
single-purpose. Data bases from the CADAM system, used widely at Lockheed,
are efficient representations for the drawing system, but afford no utility outside
the confines of CADAM. Yet, all geometry, dimensions, and notes are recorded
in the data bases. Instead of regarding a CAD data base as the kernel, we must
adopt neutral representations for design and manufacturing data compatible with
the modeling needs of all application systems. One option, discussed below,
proposes a single integrated data base for all data management and processing.

Although the benefits of one integrated data base may appear desirable, a
general opinion is that a single centralized DBMS is not a pragmatic solution
[Bro84]. From a corporate point of view, the overhead involved in building
such a system and the subsequent conversion is prohibitive. We are not yet con-
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vinced that a single DBMS can accommodate all the specialized requirements of
CAD/CAM data. Furthermore, the amount of CAD/CAM data is voluminous. At
Lockheed, a single L-1011 required 150,000 to 200,000 engineering drawings.
Relying on a single DBMS under these circumstances is risky. Nevertheless,
there are many instances where data can and should be integrated to streamline
data flow throughout the manufacturing cycle. In lieu of providing a single, all-
encompassing data base, an integrated CAD/CAM DBMS shouid support con-
ceptual centralization of CAD/CAM data. Conceptual centralization does not
promote a physically centralized data base, or even a single DBMS, however, it
cases the task of accessing and rewrieving information by proposing new
methods for organizing distributed CAD/CAM data.

Oncaspectotconcepmﬂcmuﬂinﬁonmviduadirecmormapfor
locating sources of data. This goal conceptually merges different data resources
such as multiple data bases, computer mmllauons. off-line files, and reports. At
Rockwell, the amount of on-line secondary storage is limited, therefore, 2 semi-
monthly archiving to tape is necessary. However, engineers generally need ac-
cess to data sets for more than two weeks, resulting in a great deal of archive
searching and loading. The archive management system at Rockwell is primi-
tive and inefficient; engineers resort to manually scanning magnetic tape listings
to locate archived data files. A directory organization which allows references
to multiple DBMS, different computer installations, disk files, and hard-copy
files would be invaluable [Noc84).

Another aspect of conceptual centralization promotes the integration of
data. Below I present three interpretations of data integration; each desirable in
a CAD/CAM environment and attainable through conceptual centralization,
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First, integrating heterogeneous data types such as graphical, mathematical,
manufacturing, and administrative data can result in improved efficiency for
personnel who must consult different data medium to gather required informa-
ton. At Lockheed, GENPLAN is an interactive system used by manufacturing
planners to generate a process plan for detailed part fabrication [Kam83].' GEN-
PLAN has beenhaileduasuccessandispraisedhymemanufacmring planners
who use it. The program solicits, in a dialogue fashion, product data including
features, materials, and treatments. The program, however, is not integrated
with any of the data management systems. It is a stand alone program whose
output is a process plan. A manufacturing planner using the GENPLAN system
must interpret an engineering drawing to extract features relevant to process
planning which are requested by the program. :Iheusa'mustalsorefcrencead-
ditional documents for auxiliary data. Given the complexity of the drawings,
considerable efficiency could be gained if the planner had access to data bases
containing the required information. For example, if GENPLAN is planning
holedﬁllingmthcphnnermayneednmpondtoaquestion such as:
What is the diamerer and tolerance of a particular hole feature? For this exam-
ple, aswithmmyothafeauneidenﬁﬂcaﬁonquaiﬂ,itwouldbeeasiatopose
thisquayﬂoadmbuemmﬁovisuanymadnwingfortheinformaﬁon.

Furthermore, other departments retrieve the same data in the same
fashion. Ahudcopyot’thcprocusplanisincludedaspanofashOporderin-
struction booklet delivered to the NC programming department, the tooling
department, and the production shop. The process pian is also added to a master
disk file storing all process plans (the Operation Sheet file). Any modifications
to the plan must also be distributed to the departments. If the input and output
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data of systems like GENPLAN were integrated, subsequent uses of the data
would be streamlined.

A second interpretation of data integration refers to the ease of adapting
data for use by application programs. Ad hoc approaches in the past maintained
separate data bases for individual applications. For n application programs and
data bases, transferring data between one program and any other requires a totai
of n(n-1) pre- or post-processors. A more intelligent approach keeps relevant
data in a centralized DBMS and interfaces the application programs to the data
Mmanagement system. This method reduces the number of interfaces to 2. Im-
provedmethodsforu'u?sporﬁngdanbﬂweenindependentdatabasamin
development [HooSS].' Transport mechamsns which are transparent to users
and application programs, further promote conceptual centralization.

The ability to support multiple representations or perspectives for the
same data object is a third interpretation of data integration [Eas78]. A graphi-
calreptuenuﬁoninmrmsofmhicalenﬁﬁesdiffm significantly from a finite
clement model used for structural analysis. Nevertheless, both are representa-
tions foe the same object and should be maintained in a consistent fashion. In
current data base models, facilities for multiple views construct different
subschemas from elements of the schema. Multiple perspectives differ from
multiple views because each representation is complete and self-contained for a
given category of data. For example, a graphical perspective completely
describes a two-dimensional display of an object: an engineering perspective
completely defines a structural model of the object; and an administrative per-
spective completely specifies an object in terms of its production schedules,
marketing goals, and inventories.
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" In a static read-only data base environment, multiple perspectives are
compatible with conventional data base access and query operations. However,
when we allow updates, we introduce the need for maintaining consistency
across all perspectives. The consequences of violating consistency in this en-
vironment are costly. Constraints can be imposed within a perspective, such as
the following geometric equality: the sum of the angles of a triangular face
equal 180 degrees. Constraints rmust also be enforced across different perspec-
tives. For example, if an object’s dimensions are increased, then a modification
is also necessary for the amount of raw material needed to manufacture the ob-
ject.

The lack of data integration results in an enormous amount of data
redundancy and the overhead for maintsining consistency is excessive. At
Lockheed, most departments maintain their own data, consequently, product
data is replicated many times throughout its manufacturing life cycle. Concep-
tual centralization eliminates replicated dats and ad hoc distribution of informa-
tion becamandaubasamavﬁhbledlroughacennﬁzeddirecm.me

result is a conceptually, though not physicaily, centralized view of CAD/CAM
data.

2.2.2 Part-oriented BOM hierarchies

* Although data sources and data medium vary throughout a manufactur-
ing corporation, a single conceptual organization of design and manufacturing
data dominates. It is a recursive object-oriented organization derived from the
manufacturing principles that ‘‘assemblies are composed of parts’’ and ‘‘parts
are composed of features'’ . This organization typifies a BOM (Bill of Materials)
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hierarchy. Throughout each phase of manufacturing: design, process planning,
fabrication, and assembly, a product is naturally viewed in this hierarchical
fashion.

Application systems also regard a ‘“‘part’’ as the major entity of the data
base. Assemblies, sub-assemblies, features, and attributes are described with
Tespect to a given part. Most data retrieval focuses on attributes of a part, rather
than all parts exhibiting a given attribute, For instance, 2 process planner may
retrieve the diameter, diameter tolerance, surface finish, and length tolerance of
a precision hole of part x. However, a request for alj hole features with diameter
equal to .25, diameter tolerance equal to .001 and surface finish equal to 50 is
unlikely. -

To aid my understanding of CAD/CAM DBMS limitations, Lockheed
compiled a list of 32 desirable queries (Figure 2.4) which their DBMS cannot
process directly or interactively "[Led83]. Only five of the 32 queries,
(4,5,6,12,19), are not keyed on assembly, part, or feature. Three queries, (1,2,3),
mapdirectlytoaBOMhimrchy. UmwﬂdﬁketoaccmBOMdanna—
turally and intuitively, by navigating through a BOM hierarchy, Unfortunately,
the logical and physical daty models of CAD/CAM DBMS, including those at
Lockheed, do not directly reflect a conceptual BOM organization. Lockheed’s
IMS data bases, used for their BOM system, represent the uses and used-in rela-
tions in’amndardpwaplm'anschemn such as the one shown in Figure 2.5.
This representation notoriously limits data manipulation during BOM process-
ing. Traversing BOM hierarchies to an unspecified depth is non-trivial, and ob-
taining a BOM parts list requires an ovemight batch job.
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(Usez’s input in lowercase and preceded with ‘‘-->’¢;
systam response in uppercase)
-=> add
SURFACE TYPE?
=-=> hole
REF POINT? X, ¥, 2
-—> 3.3, 2.25, 2.%
HOLE DIAMETER?
-—> .12%
CHAMFER? Y OR N
-—> y
CHAMFER TYPE:
1 st e + e
3. INNER FILLER = REVISED
=-=> 2
FILLET RADIUS?
-=> ,03%
HOLE LENGTH?
-—> .02%

Figure 2.9 APPAS interactive session




CHAPTER 3
FUNCTIONAL SPECIFICATIONS

In the previous chapter I described four major CAD/CAM DBMS goals
synthesized from my interviews with manufacturing personnel. These goals
represent high-level operational aspects of CAD/CAM data management. They
are not strictly independent but have many overlapping characteristics. None of
the goals correspond directly to a single DBMS function: they are the result of
many integral DBMS functions. I have proposed four novel DBMS capabilities
contributing to these CAD/CAM DBMS objectives. The functional capabilities
detailed below form the basis of the object-oriented data model, ODM, present-
ed in Chapters § and 6. In this chapter, I also indicate how each function sup-
ports the goals of integrated CAD/CAM DBMS, and how existing DBMS are
deficient.

3.1 Object-oriented semantic modeling facilities

The role of modeling systems is to represent and manipulate states of a
real or imaginary world in a form as natural as possible. Semantic modeling fa-
ciliﬁémininﬁzetheppbetweentheworldmdmelecuorﬁe representation of
the world. Two aspects of semantic modeling involve the data semantics to be
capm:ed,refaredhoutheschema;mdmond.themethodofmmﬁngthe
semantics, namely, the logical data model. For examﬁle, relevant data for an
airline reservation might include flight number, origin and destination cities, ar-
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rival and departure times, seat assignments, and fare information. These data
items may be organized in many different ways; however, the aggregation of
this information comprises the meaning or semantics of an airline reservation.
The method of representation, or model, determines how the items are organ-
ized. Most commercial DBMS employ the network, hierarchical, or relational
model. Below I discuss the need for high-level data semantics and models in
CAD/CAM environments,

Capturing data semantics refers to the correspondence between the con-
ceptual meaning of a concept and the representation of the concept. A natural
association is best promoted when representational entities express significant or
identifying properties of domain concepts. For most CAD/CAM design data,
meaningful entities are expressed as assemblies, parts, features, and associated
relationships. Graphical and geometrical representations discussed earlier are
non-semantic models. Most qﬁeriu involve data at the assembly, part, and
feature level, not at the graphical or geometrical level. Non-semantic models are
hmt for specific tasks like two-dimensional displays, however, for
comprehensive and user oriented models, we must also represent entities such as
holes, slots, cutouts, and flanges; and provide facilities to manipulate them as
domain objects.

- An analysis of Figure 3.1 emphasizes the difference between different
models. We can identify the item drawn in bold as 3 different entities. Graphi-
cally speaking, the item is a circle. If a designer was using a CAD graphics sys-
tem such as CADAM to produce this drawing, he or she would select a menu
item or function key to generate a ‘‘circle’’. In geometric terms, the bold mark-
ing in Figure 3.1 is a ‘‘curve’’ represented by a mathematical equation. If an en-
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gineer was using a boundary-representation system to describe this part, the user
would input the equation of a curve. However, from a functional and operational
pointofview,amanufacmﬁngphnwwouldidmﬁfytheboldmrkua
“hole’’. Therefore, the object which is graphically recognized as a circle and
geometrically identified as a curve, has an additional semantic interpretation
based on its context and meaning within the engineering drawing.

Figure 3.1 Engineering drawing of a gasket

‘Some research efforts are trying to automatically generate semantic data
from graphical and geometrical data. Computer vision and pattern recognition
research addresses the problems of object and scene identification from two-
dimensional pictures [Win75,Han78). However, coaverting an engineering
drawing from a two-dimensional graphical image to a geometrical and semantic
feature representation is an extremely difficult task. Vision research has not
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reached the sophistication necessary for these types of cognitive recognition and
interpretation tasks. Furthermore, the identification of semantic features and as-
sociated properties depends on the interpretation-or perspective of the designer
or manufacturer. The hole feature identified in Figure 3.1 has different meanings
to different people, depending on their use of the data. For electricians, a hole
indicates a path for electrical wires: to a thermodynamic engineer, a hole means
a source of heat loss. Each different interpretation affects the data which is ex-
tracted from an engineering drawing and maintained for subsequent use,

Because automatic generation of semantic data is not feasible, or even
desirable under certain circumstances, DBMS must provide facilities for enter-
ing and managing semantic data directly. A DBMS which supports semantic
entities encourages designers and engineers to build a data base for a product at
the same time as a graphical model of the part is being generated. Manufactur-
ing personnel who interpret engineering drawings for a specific application, like
process pianning, can enter or retrieve semantic data relevant to their own task.
Data consistency is also promoted by semantic entity representations: semantic
features are recorded once, and are then available for other users and application
systems.

Data semantics refers to whaz is being represented; semantic modeling
capabilitics, however, refer to how a concept is represented. Established
methods generally depend on one of three traditional data models: network,
hierarchical, or relational. Three major models have evolved because applica-
tions may be more suitable for one data model than another. Advantages and
disadvantages of each model are discussed in [Dat81, U180, Tsi82, Car79).
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'As discussed in section 2.3.2, I observed that 2 BOM hierarchy is the pri-
mary organization of design data, and the primary method of data access is
through assemblies, parts, and features. Although relationships express infor-
mation about assemblies and parts, data base users admit that the most frequent
way of accessing CAD/CAM dats is by entity, not relationship (Liu85]. There-
fore, entities representing domain objects should be directly addressable,
Nevertheless, CAD/CAM objects also exhibit structural descriptions other than
containment or composition, Many descriptions preclude the use of a strict
hierarchy, necessitating a network organization relating CAD/CAM objects.
For example, geometrical entities, such as points, lines, and arcs compose topo-
logical entities, like faces and edges, which in turn compose solid objects. Rela-
tionships such as umdc, connected to, bounded by, and above, convey structural
descriptions of objects, and carry additional information about the object. For
instance, if the relationship connected ro holds between two beams, it implies
that the length of the two connected beams is the sum of their separate lengths.

Curreat DBMS are used successfully for applications requiring relatively
few relationships compared to the large amount of dats. Furthermore, in these
applications, relationships are constant and uniform across all data instances. In
contrast, CAD/CAM data requires complex and part-specific relationships link-
. ing heterogeneoas data items. Merely expressing M:N relationships is particu-
laﬂycumbumandmticﬁveinaCODASYLnetworkandMShimhy
[Dat81, Car79, Enc83, Cod71]. These restrictions Limit the semantic power of a
repmenunon. resulting in an unnatural modeling environment.
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* The ease of use criterion is becoming an important factor when selecting
a data model. Based on this consideration, the relational model has gained popu-
larity for the following reasons. The table organization of relational models is
conceptually simple; the model Supports a high degree of logical data indepen-
dence; and the use of declarative query languages minimizes Physical naviga-
tion. However, the relational model is not always compatible with the natura|
organization of application data. A row in a two-dimensionaj table represents a

peating groups and null values (Gut82, Sto84], or expensive join operations
across many relations [UT1180).

In theory, the hierarchical and Detwork data models are best suited for
representing relationships between assemblies, parts, and features, Unfortuna-
tely, existing hierarchical and network DBMS implementations, such as CO-
DASYLandNS.dependhuvﬂyonphyﬁcaldanbmorgmizaﬁon and cannot
directly represent conceptual BOM models. Their DML (data manipulation
langnage) requires procedural navigation through physical data paths. Figure
3.2 presents a simplifed BOM listing for an automobile. In this two-
dlmenuona.l indented formae, it is €asy 10 recognize the BOM relationships
which exist between different automobile parts.
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Figure 3.2 BOM data for an automobile

Figure3.3showsthelogica.l schemafou,BOMhimhyinthenet\mrk

model. Data instances in the network schema are shown in Figure 3.4,
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Figure 3.3 BOM schema for CODASYL network model
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Figure 3.4 BOM data in CODASYL network mode!
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base administrators (DBAS) must produce and manage diagrams in both models
which are exceedingly more complex than these examples.

PART

usesl l usEDN

PART# | QTY PART# | Qty

Figure 3.5 BOM schema for hierarchical model

Depicting BOM schema and data in a relational model, as in Figure 3.7,
is an improvement. However, any evidence of a hierarchical organization is lost,
a major criticism of the relational approach.

The entity-relationship (E-R) data model [Che76] has been used mainly
as a data base design tool. The modeling facilities of E-R models allow a closer
mapping to the conceptual schema of an enterprise than hierarchical or network
models. In the E-R data model, an entity set represents the generic structure of
an entity or object, and a relationship set represents the generic structure of rela-
tionships among entity sets. So far, the E-R model best represents semantic in-
formation, and many current DBMS projects are based on the E-R model
{Bor80]. In Chapter 7, I review some of these efforts in detail.
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Figure 3.7 BOM schema and data in relational mode!

Based on my observations and analysis, an object-oriented model fulfills
the requirements of CAD/CAM data. In an object-oriented data model, & se-
mantic domain entity isupmseduacouccprcrobjcamdis uniquely ad-
dressable. Objects are combined and related in many ways to create complex
objects. Object-wkaudmodelurechmcta-iudindeuﬂincmpm4. I have
defined an object-ariented data model, ODM, incorporating the modeling facilt-
ties prescribed above. ODM, described in Chapters S and 6, combines an
object-oriented model with 4 network architecture. It provides a powerful, yet
flexible framework for representing and manipulating CAD/CAM entities and
relationships.
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" An object-oriented data model directly supports part-oriented BOM
hierarchies. Two other CAD/CAM DBMS goals: customized representation for
assemblies and parts, and incorporation of domain knowledge, are also aided by
semantic modeling capabilities. In the part-oriented BOM hierarchy in Figure
3.8, nodes symbolize domain objects and links represent the uses or conzains re-
lationship. Because objects are contained in more than one part or assembly,
BOM networks, a generalization of BOM hierarchies, allow multiple parents.
For example, the boir object in Figure 3.8 most likely is used in many other
parts and assemblies, in addition to automobiles. Only the conzains relationship
is shown in Figure 3.8, however, other relationships can be merged with the
BOM organization. In Chapter §, I formalize the conzains relationship and other
relationships which are primitive in ODM. Chapter 6 describes domain-specific
relationships, and how they are created and manipulated in the ODM prototype.

3.2 Dynamic schema capabilities

A DBMS schema is a static collection of data types defining allowable
structures for data instances. The data types represent attributes, entities, and
relationships of the application being modeled. Schema facilities are usually in-
cluded as part of a comprehensive data dictionary package including a DDL
(data definition language) for defining and manipulating schema specifications.
In the following paragraphs I describe the role and capabilities of a dynamic
schema, and introduce an object-oriented methodology as the underlying foun-
dation of dynamic schema facilities in ODM.

Schema definitions are also referred to as meta-data because they define,
control, and help locate data instances to which the schema pertains. Schemata,



Figure 3.8 Part-oriented BOM hierarchy

therefore, are a management system for the structure of the data instances.
Defining a schema and generating a data dictionary are expensive off-line tasks;
therefore, most DBMS adhere to a static schema definition. Traditional static
schemata define the organization of data by specifying data types and formats.
Once the definitions are declared, they cannot be interactively modified and are
expensive to change or extend. A static DBMS schema is analogous to the daza
definition section in a computer program. Declared data structures are fixed
throughout the life of the program, and new data types cannot be defined
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dynamically within the program. To modify an existing data structure or add a
new one requires recompilation of the program.

The enormous overhead for data base reconfiguration due to schema
modifications has prohibited the practical use of a dynamic schema. Further-
more, in many applications the structure of data base entities can be completely
defined during data base design phases. CAD/CAM data, however, is qualita-
tively different. As I discussed in section 2.3.3, CAD/CAM data differs from
commercial data because the structure of CAD/CAM data grows with the design
of the amfact. All products do not conform to the same fixed structure, there-
fore, static schema definitions are not sufficient. Design objects may have some
properties in cornmon..b.ut features of assemblies and parts vary considerably.
With dynamic schema facilities, schema specifications can be interleaved with
the design of an object These capabilities allow interactive additions,
modifications, and deletions of schema structures during DBMS operation.

Active data dictionaries (McC82, Sch75] are being developed for brows-
ing and viewing schema definitions. In some implementations of the relational
data model (Eps77,Ora79] limited active and dynamic schema capabilities are
available through user definable views, deletable relations, and addition of new
attributes [Sto84). Other efforts in these areas are reviewed in Chapter 7.

7 Dynamic schema capabilities are fundamental for achieving customnized
representations of assemblies and parts discussed in section 22.3. In a
CAD/CAM data management environment with dynamic schemata, the distinc-
tion between schema and data begins to vanish. This effect reduces the artificial
convention that information must be either schema or data [Mai84]. In an elec-

48



‘w

tronics design domain, a resiszor is both schema and data. A resistor regarded as
a schema item specifies properties which all resistors have in common. A resis-
tor is a data inszance when it is defined as a component part of a new PWA
(Printed Wiring Assembly) being designed. In the past, DDLs (data definition
languages) were only available to data base designers and administrators, and
schema definition was decomposed from normal data base usage. With dynam-
ic schemata and dictionaries, users can query the schema, in addition to modify-
ing or adding new structures. New data structures such as entities, attributes,
sets, and relationships are added in the same way as new data instances are ad-
ded, modified, or deleted. To build dynamic schema, however, it is necessary to
make data dictionaries more robust and user oriented. Figure 3.9 shows how the
distribution of DBMS tasks would shift in an environment permitting interactive
schema manipulation.

Dynamic schema facilities which I developed for the ODM prototype are
detailed in Chapter 6. I adopted an object-oriented methodology by viewing the
data dictionary as a management system for meta-data. In most commercial
DBMS, a dedicated DDL (data definition language) is used for schema
specification. Data base designers must specify physical characteristics and
define navigation paths. In ODM, data base structures are objects which have
knowledge about the behavior of meta-data. The system knows how to add a
new attribute to a relation, generate a new entity structure, or establish a new re-
lationship between two entity types in the same way that 8 DML (Data Manipu-
lation Language) adds a new instance of a record, relation, or set. Because the
system maintaing information about schema and instance structures, it is possi-
ble to dynamically enforce consistency among existing structures and new enti-
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ties. Examples and discussion in Chapter 8§ focus on the utility of dynamic sche-

mata in an electronics design application at Hughes Corporation.

3.3 Semantic constraint maintenance

In general, conswaints maintain a desired state in the real world. We
constrain the temperature of our home freezers to below zero degrees Cen-
tigrade, so the freezer contents won't melt In DBMS modeling, textual fields
are constrained to some maximum length of characters; otherwise, the physical
limitations of the DBMS and hardware systems might be exceeded. In the
manufacturing domain, two holes drilled in a sheet metal part must be separated
by a minimum distanice to prevent structurai flaws. Much of the CAD/CAM
data currently verified by human personnel falls into the category of restrictions
or constraints on data entities, properties, and associated relationships.

In section 2.3.4, I discussed a recommendation to incorporate industy
inowledge and standards into CAD/CAM data bases and I described scenarios
using domain information. With the introduction of semantic modeling facilities
in section 3.1.Inowexundtheuseofsemmdcdanbyexprudngconsuaims
over entities, relationships, and properties.

Conventional DBMS constraints maintain the integrity and consistency
of data instances. Validity constraints prevent polluted or contaminated data by
restricting the values, data types, and format of data instances. Consistency con-
straints restrict the structure of data to prevent updace anomalies. For example, if
an employee data base contains information concerning an employee’s children,
and an employee is deleted from the daa base; it is also necessary to delete the
employee’s children. Referential integrity addresses the maintenance of key at-
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tributes in records. If the value of a key attribute changes, all instances contain-
ing that attribute must also be updated.

Maintaining integrity and consistency has even greater importance in a
highly robust CAD/CAM modeling environment. Users need to specify integrity
constraints over a single data item or among many different data items. Con-
straints take the form of restrictions on data values, like 2 range of temperatures
for heat treatment of a given material, They also express mathematical relation-
ships between data values which must hold, such as the following mathematical
equality between feed-rate, spindle speed, and feed for an NC operation: ‘‘feed-
rate = 2 (spindle-speed) (feed)’ Structural relationships among features of
physical objects also unpose constraints. Relationships, such as “part-A is-
supported-by part-B"* and ‘‘part-X is-inside part-Y"’, exemplify necessary
design constraints,

A semantic constraint is a special type of semantic relationship between
data base entities. A relationship such as *‘surface-x is orthogonal 1o surface-y"
supplies data about the orientation of two surfaces. If this statement is represent-
edinadanbau,itﬁm:ishainformationtbomtheduignenvironment. How-
ever, the constraint **surface-x must be orthogonal to surface-y'* imposes a res-
uicﬁononthevduestaldngpanintherelaﬁonship;orfromasemandc
viewpoint, imposes a restriction on the structure of the object being designed.
In design and manufacturing applications, constrainss are relied on, not only to
maintain the integrity of the data representing a part, but also to mainzain the
consistency of the design irself, Therefore, semantic constraints express restric-
tions on the actual part, not simply on the data [Fen85).
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' 'Semanﬁc constraint management requires sophisticated facilities for ex-
pressing and maintaining constraints. [ first address the issue of semantic con-
straint specification. A general facility for expressing mathematical, procedural,
and textual constraints is necessary. Many of the entities involved in a constraint
are data instances themselves, therefore, referencing data instances from within
a constraint specification must be supported. For example, in the constraint
“feed-rate = 2 (spindle-speed) (feed)’, each item is a3 machining attribute of a
sheet metal part. Therefore, this constraint is interpreted as ‘‘feed-rare of part x
= 2 (spindle-speed of part x) (feed of part x)*. A constraint expressing a rela-
tionship between two different data objects such as ‘‘surface x is-orthogonal-to
surface y'’ is defined as an instance of the relationship orthogonal-to, such that
surfaccxand;wfaccym attributes of the relationship. When surface x and
surface y are entered as dats of the relationship orthogonal-to, the constraint sys-
tem must verify that the constraint is fulfilled. Constraint enforcement, present-
ed in the following paragraphs, considers another difficult issue of semantic
constraint maintenance, namely, when and how to recognize the violation of
constraints.

In contrast to conventional integrity and consistency constraints which
are declared during data base design and schema definition, semantic integrity
comu:inumybeenueredatanytimcduﬁngdanbueprocming.mme
modes are possible for signaling constraint violation. Incremenzal consistency
checking maintsins only those data instances created after a new constraint is
declared. Therefore, data entered before a new constraint is specified may be in
violation of the new constraint. The second mode, nMw checking, verifies
all data instances when a new constraint is declared. This process inspects all
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data affected by a new constraint. The third mode combines retroactive check-
ing with a switchable engble/disable setting to turn constraint checking on and
off. In disabled mode, the overhead of keeping complete consistency during the
design process is eliminated [Eas86]. Only when a de'sign is to be commirted
does the designer want to verify its consistency.

Another consideration of semantic constraint management is the method
of verifying constraint compliance ‘or violation. In typical DBMS, datatype con-
straints are verified by computer operating systems; or by data dictionary facili-
ties in the case of value, existence, and referential constraints. Many
CAD/CAM constraints can also be verified by the DBMS or embedded pro-
gramming language. For example, mathematical constraints which involve
equality and inequality are generally verified by the DBMS implementation.
Constraints with a well-defined universal meaning can be easily enforced. How-
ever, relationships which do not have a standard, quantitative definition and
verification procedure require additional mechanisms. For a relationship like
orthogonal-to, which represents a geometrical constraint, it is necessary for the
user, data base designer, or DBA, to define the meaning of orthogonal-to in
terms of data base entities and quantitative relationships. The definition and
verification procedure is included as part of the constraint. In this example, if
two surfaces are orthogonal, then the dihedral angle between the two surfaces is
90 or 270 degrees. To verify this coastraint, an appropriate geometrical
representation of surfaces and angles must be represented. If these entities and
the relevant relationships are contained in the data base, and the definition of
orthogonal-to is defined in these terms, then it is possible to verify this con-

straint.
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" A final issue for maintaining semantic constraints concerns the actions to
be taken if a constraint is violated. Conventional DBMS simply reject unac-
ceptable transactions. This approach can also be applied to incremental check-
ing by rejecting new or modified data which does not fulfill associated con-
straints. However, with retroactive checking, inconsistent data may have already
been committed. Most designers agree that in initial design phases, it is impos-
sible to maintain complete semantic consistency [Fen85). Therefore, designers
would welcome a facility which simply recognizes inconsistencies, notifies
users, and provides information about semantic violations. This method allows
users to decide what action to take next. For instance, if the dimensions of a
part are changed, the.part may need re-engineering to adhere to structural re-
quirements.

Another approach for maintining consistency uses procedural con-
straints to automatically correct the data in error. Restating the constraint
"feed-rate = 2 (spindle-speed) (feed)”’ as ‘‘feed-rate <-- 2 {spindle-speed)
(feed)’” helps automate constraint satisfaction. In this example, if the value of
feed-rate doesn’t adhere to the constraint equation, then the system is instructed
to compute the value using the given equation.

A third option tries to undo a transaction which caused a constraint to be
violated. Automatic backtracking requires detailed histories of data base tran-
sactions and complex dependency representations. Researchers are currently
unclear of the implications of automatic backtracking on the design process.
These considerations are being discussed in the domain of CAD/CAM DBMS
and other design environment such as architecture and electronics design. Re-

lated topics such as dependency-directed backiracking, relaxation techniques,
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and constraint propagation [Bor79, Ste80, Bar81) are also critical elements of

general purpose constraint maintenance systems.

A semantic constraint facility combined with object-oriented semantic
modeling capabilities affords powerful tools for achieving design consistency.
Tasks traditionally performed off-line by manual analysis of engineering draw-
ings can now be interleaved with the design process thereby streamlining prod-
uct development. Topics discussed in the previous paragraphs forms the basis
of the semantic constraint facility in the ODM prototype. These facilities are de-
tailed in Chapter 6. Exampies in Chapter 8 demonstrate the use of semantic con-
straints to replace rules in a CAM expert system.

3.4 Heterogeneous dats types

Management of heterogeneous data is necessary for both conceptual cen-
tralization of CAD/CAM data and incorporating application knowledge. In
manufacturing environments, different types of data include graphical, geometr-
ical, engineering, manufacturing, and administrative data. Facilities for querying
all aspects of a manufactured product depend on modeling these heterogeneous
data types. Automated manufacturing and engineering operations have resorted
to specialized local data bases in order to maintain the different categories of
dats relevant to their needs. Some data is stored in electronic data files; howev-
er, much of it resides in hard-copy reports produced manually, or is generated as
needed. .Below I describe these different data types and how they are an integral

part of a manufacturing domain.
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' Graphical data, generated during drafting and engineering design, is
mainly used for two dimensional displays and includes entities such as lines,
points, arcs, splines, and curves. Specialized CAD and drafting systems
represent graphical data using entities most suitable for displaying graphical im-
ages. The format of graphical data is determined by the two dimensional display
system and therefore obeys formats and constraints imposed by the correspond-
ing system, such as output devices and coordinate systems. In this representa-
tional approach, semantic content implied by the graphical data is lost. For ex-
ample, by viewing a display, it may be obvious that one surface is orthogonal to
another; however, it is impossible to derive this fact by querying the graphical
data file. Many research: projects developing graphics standards, such as IGES
(Ini83], GKS [Gra85), and Core [New78], are focusing on graphical data
representation. Little work, however, has been directed toward integrating
graphical representations with other CAD/CAM data.

Geometrical data represents three dimensional topological features such
as faces, edges, and surfaces. Geometric data is used to construct a mathemati-
cal model of a part and therefore relies on mathematical representations.
Currently, most geometrical data is managed by solid modeling systems
described in section 2.2. Experts in solid modeling are starting to recognize the
need for structured organization of geometric datz, and some CAD/CAM
DBMS research efforts [UIf82b, Woo83, Ulf82s] are building their DBMS
around a geometric representation.

Enéineeﬁng data is generated after part definition and prior to manufac-
turing. Computations such as structural and thermodynamic analyses, simulation
of motion, and material flow, produce and consume engineering data. Engineer-
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ing data is mathematical in nature and consists of matrices, vectors, and algebra-
ic equations and formulae. Until recently, most data has been associated with a
specific engineering analysis. Each analysis program has unique requirements
for data input, iherefore, a great deal of overhead resulis from data preprocess-
ing. Only now, as automation enters the design, engineering, and manufacturing
phases has it become imperative to maintzin engineering data in an integrated
centralized data base.

Manufacturing data is least integrated into CAD/CAM DBMS. Because
manufacturing has been primarily a manual operation, there was little motiva-
tion to store the required data electronically or consider automated retrieval and
update. The advent ot: 1;IC machining was a driving force toward electronic
management of manufacturing data. Progressive manufacturing firms employ-
ing DBMS for manufacturing data have usually done so in conjunction with
CAD systems for part definition and drafting. Most manufacturing data takes
the fc;rm of a procedural plan or sequence of actions. Manufacturing phases re-
quiring procedural data are process planning, tool design, fabrication, ass