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Abstract. Effective product design that satisfies functional re- 
quirements and can be manufactured easily requires vast 
amounts of knowledge on the part of the design engineer. This 
paper focuses on the complementary roles of expert systems and 
database management systems as they relate to the Intelligent 
Design System (IDS) in a Design for Manufacture (DFM) envi- 
ronment. Each technology complements the other in its 
strengths and abilities. The database management system pro- 
vides the capacity for handling the large amounts of data gener- 
ated during the design process. The expert system provides a 
reasoning mechanism for identifying manufacturing violations 
and generating meaningful recommendations. These components 
work cooperatively with a CAD interface to form a unified, intel- 
ligent design environment. 

An information flow analysis of the Intelligent Design System 
resulted in the development of three distinct classifications of 
information within the database: CAD data, a design catalog, and 
a knowledge base. The CAD data tables employ an object ori- 
ented approach to store specific information about the physical 
characteristics of each part being designed. The design catalog 
contains cost, weight, and strength characteristics of the stan- 
dard parts and fasteners used within the system. The knowledge 
base contains rules and heuristics concerning design and manu- 
facturing methodologies. 

The placement of the expert system rules in the database repre- 
sents an innovation. As a result, the expansion and updating of 
the materials, fasteners, standard parts, or manufacturing pro- 
cesses used by the Intelligent Design System is facilitated with- 
out rule modification. Overall performance of the system is fur- 
ther increased due to the efficient management of the knowledge 
base by the database management system. This allows the de- 
signer to modify the knowledge and help the system to learn 
without the need for a knowledge engineer. 

1 Introduction 

A major problem plaguing industry is the lack of 
communication between engineering and manufac- 
turing personnel [11,16]. Within many companies, 
these divisions are separate. Design engineers are 
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concerned primarily with insuring that a part meets 
its functional requirements. Manufacturing engi- 
neers are left with the task of producing the part as 
designed, or of negotiating changes in the design 
when it cannot. As a result, many parts undergo a 
redesign process, which not only results in longer 
lead times, but also increases product costs. 

The underlying problem stems from the vast 
amounts of knowledge required to design a product 
that satisfies its functional requirements and can be 
manufactured easily. "There is simply too much 
[knowledge] involved in the design [and] manufac- 
t u r e . . ,  of products for designers to know, and be 
able to apply all of it meaningfully at the initial 
stages of design" [4]. The key to preventing costly 
redesign lies in catching these errors and correcting 
them as early as possible in the design process. 

One approach to overcome these limitations and 
produce manufacturable designs is the concept of 
the Intelligent Design System (IDS). In its simplest 
terms, the IDS merges a CAD system, an expert 
system, and a database management system. Figure 
1 is a schematic of the IDS system and Fig. 2 shows 
the IDS interface. References [2,3,18,19] describe 
the development of the IDS interface and the DFM 
expert system. At the heart of the IDS is a knowl- 
edge base, which contains manufacturing and as- 
sembly guidelines in the form of rules and heuris- 
tics. As the engineer enters design information via 
the CAD interface, the expert system uses the 
knowledge base to check the object for manufac- 
turability. If a manufacturing violation is detected, 
the engineer is immediately alerted so corrective 
action may be taken. 

Research in this area has resulted in several proto- 
type systems which incorporate portions of the IDS 
philosophy [2,4,6,7,8,12,13,14,18,19,20]. The IDS 
provides a mechanism for checking a design from a 
manufacturing perspective. Through the use of such 
a system, the engineer is able to design products 
that avoid difficult or impossible manufacturing see- 
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Fig. 1. Expert system database management system integration. 

narios. The result is a manufacturable design that 
has bypassed lengthy and costly redesign cycles. 

Examples of currently available intelligent design 
tools include ICAD (Intelligent CAD) [6]. It is an 
equation driven design tool that requires the sys- 
tem, or assembly, to be input as a system of equa- 
tions and relationships. These mathematical de- 
scriptions form the basis for a parametric model 
that can intelligently adapt a design to changes in 
parameters. ICAD is well suited for the design of 
part and system "families" (e.g., heat exchangers 
whose type, materials, and size are functions of the 
environment, fluid medium, and heat transfer re- 
quirements). Pro/Engineer [12] is a similar system 
that allows designs to be entered in the form of 
equations and drawings, and then modified by vary- 
ing the input parameters to produce an acceptable 
design. Both of these differ from the IDS in that 
they are based on design specific input information. 
The IDS contains generic information concerning 
design and manufacturing in general, not tied to a 
certain class of products. 

This paper investigates the interaction between 
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expert systems and database management systems 
in a DFM [9] environment with a focus on merging 
the strengths of both technologies. The information 
dependencies and flow between the various compo- 
nents of the IDS were studied and a knowledge base 
consisting of relational database tables and expert 
system rules was developed. 

2 Information Flow Analysis 

An understanding of the flow of information in any 
system is vital to its successful and efficient opera- 
tion. The large quantities of data controlled by the 
IDS intensify this need. Its information require- 
ments may be divided into three broad categories: 
CAD data, a design catalog, and a knowledge base 
(Fig. 3). 

CAD data is specific information concerning the 
geometric, material, and manufacturing properties 
of the object being designed. Traditionally, CAD 
data has been limited to the physical dimensions of 
the object: length, width, height, orientation, etc. 
This definition, however, is not sufficient to support 
the broad spectrum of information needed within 
the framework of the IDS. The definition used 
within the context of this research has been ex- 
panded to include additional information such as 
material properties, manufacturing processes, fea- 
tures [4], and associativity with other objects [18]. 

The design catalog is an electronic form of the 
vendor supply catalogs and handbooks that are an 
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Fig.  3. I n f o r m a t i o n  f lows.  

established part of the engineering design process. 
Like its paper counterpart, the design catalog con- 
rains cost, weight, and strength characteristics of 
standard parts and fasteners. In addition, physical 
and mechanical properties of various materials and 
manufacturing processes are included. 

The third type of information in the IDS is the 
knowledge base. It consists of rules and heuristics 
concerned with design and manufacturing methodo- 
logies. It is the rules that form the real expertise or 
intelligence in the IDS. Rules are used by the expert 
system to check the integrity of a designed object to 
ensure manufacturability. 

The three categories of information in the IDS are 
interdependent (Fig. 3). CAD data is generated in- 
teractively throughout the design process. Only the 
minimum amount of data necessary to describe the 
object is stored within the CAD database. This in- 
cludes physical dimensions, such as height or 
width, in addition to material or manufacturing pro- 
cess identifiers. Other detailed information about 
the object, such as cost, weight, and mechanical 
properties, is available through the design catalog. 
The knowledge base must also have ready access to 
any information in either the CAD database or in 
the design catalog to ascertain the manufacturabil- 
ity of the evolving design. The sharing of informa- 
tion in this manner greatly reduces data redundan- 
cies and increases efficiency. 

Many complex relations exist in the DFM environ- 
ment. For example, to determine the strength of a 
joint between two parts, it is necessary to know 
both the type of fastener selected and the material 
of each part. This is because, in many cases, the 
limiting factor will be the strength of the part-mate- 
rial combination, not of the fastener itself. Complex 
interactions such as these, when incorporated in an 
expert system, result in many lengthy, perplexing 
rules. A better approach is to develop a table of 
the material-fastener combinations (Table 1). The 
expert system could then, in essence, use a single 
generic rule to extract the strength values of the 
specific material-fastener combination at the ap- 
propriate time, in a similar manner to a query on a 
database. An example of a rule is as follows: if the 
steel and aluminum are being fastened with a bolt, 
then the strength of the joint is 1000 lb in tension. 

In order to understand how to best merge expert 
system and database management system technolo- 
gies, the respective strengths and weaknesses of 
each must first be examined. Database management 
systems (DBMS) are extremely good at managing 
large amounts of data, much better than expert sys- 
tems alone. CAD data, design catalog, and specific 
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Table 1. Material-fastener table 

Fastener Material 1 Material 2 Max Max 
tension torsion 

Nut/Bolt Aluminum Aluminum 1000 1000 
Nut/Bolt Aluminum Steel 1000 1000 
Nut/Bolt Steel Steel 1000 1000 
Nut/Bolt Aluminum Plastic 100 100 
Nut/Bolt Steel Plastic 100 100 
Nut/Bolt Plastic Plastic 100 100 
Adhesive Steel Steel 500 500 
Adhesive Steel Aluminum 450 450 
Adhesive Steel Plastic 400 400 
Adhesive Aluminum Plastic 350 350 
Adhesive Aluminum Aluminum 480 480 
Adhesive Plastic Plastic 300 300 
Weld Steel Steel 1400 1400 
Weld Aluminum Aluminum 1000 1000 
Weld Plastic Plastic 350 350 
Snap Steel Steel 250 250 
Snap Aluminum Aluminum 200 200 
Snap Steel Aluminum 200 200 
Snap Steel Plastic 50 50 
Snap Aluminum Plastic 50 50 
Snap Plastic Plastic 50 50 
Rivet Steel Steel 1100 1100 
Rivet Steel Aluminum 1100 1100 
Rivet Aluminum Aluminum 1100 1100 
Rivet Plastic Plastic 300 300 

rule information are best handled by the DBMS. 
The strength of the expert system lies in its ability 
to solve problems and mimic human reasoning. The 
simplified, generic rules of the knowledge base are 
located within the expert system. The expert sys- 
tem is able to retrieve additional rule information 
and other data directly from the database. 

Merging the strengths of the DBMS and the expert 
system has several advantages over traditional 
methods employed in DFM analysis. First, the pro- 
cess of updating or incorporating additional mate- 
rials, standard parts, and fasteners into the Intelli- 
gent Design System is greatly simplified. This 
information only needs to be added to the appropri- 
ate relational table(s) within the DBMS and can be 
performed by the designer without the aid of a 
knowledge engineer. As generic rules are used, rule 
modifications are not required within the knowledge 
base, thus eliminating a common source of error [8]. 
This will be discussed in section 5. 

Another advantage of this approach is the reduced 
number of rules in the expert system. The use of  the 
DBMS permits complex interactions between the 
various components of the design to be represented 
in a table, as discussed previously. In many cases, a 
single generic rule can be used to access this table of 

information in a concise, efficient manner. The al- 
ternative method would require one rule for each 
entry in the table. This will be discussed more fully 
in section 5. 

3 Database Modeling and Development 

The primary objective of data modeling is to iden- 
tify correctly the interdependencies of data within 
the system domain. Poor database design usually 
occurs when the real data structures are hastily 
modeled or are not understood completely. This re- 
search uses dependency lists and diagrams to iden- 
tify these interdependencies and assist in the devel- 
opment of fully normalized relational tables [15]. 
The development of a rigorous dependency list and 
diagram facilitates the identification and revision of 
problems early in the process, while they can be 
resolved easily. 

Relational tables are composed directly from the 
dependency diagram. The process involves "work- 
ing" single-valued and multivalued dependencies 
into tables by tracing the paths of dependencies 
through the diagram. This methodology simplifies 
the task of producing fully normalized tables over 
techniques previously available [15]. This proce- 
dure is necessary to achieve tables that are free 
from insertion, deletion, and update anomalies, 
which would severely affect the performance and 
integrity of the database. 

An object oriented approach was adopted as the 
basis for modeling the CAD data. These are shown 
in Fig. 4 with solid lines. A complete description of 
all the tables can be found in Ref. [9]. One can see 
the large amount of data and its interdependence, 
even with a simple system such as the IDS. An 
object has been defined within the engineering de- 
sign domain as a structure that describes both form 
and function [17]. An object is not limited to geo- 
metric information, as in traditional CAD systems. 
Instead, an object contains additional attribute in- 
formation necessary to fully describe the part. In- 
formation such as material, manufacturing process, 
and features are important attributes contained 
within the object hierarchy. The object oriented ap- 
proach further facilitates the association of parts 
into assemblies and subassemblies. 

The design catalog contains detailed physical and 
mechanical properties for the various materials, 
processes, fasteners, and standard parts used 
within the IDS, This is shown in Fig. 4 with dotted 
lines. The various catalog components are linked to 
the appropriate CAD object by an identifying num- 
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Fig. 4. Data dependency diagram. 

ber or name. For example, the cost, density, and 
strength of a material can be obtained by using the 
material name. This association increases the effi- 
ciency of  the database while reducing data redun- 
dancies. 

Also contained in the design catalog section of the 
database are error message tables. The creation of 
standard error messages simplifies the task of pro- 
viding meaningful feedback to manufacturing viola- 
tions. Error messages are easily accessed by the 
expert system, thus providing an efficient, central 
error handling facility. 

4 Expert System Development 

Expert systems have traditionally relied on frame 
based or rule based methodologies for their knowl- 
edge representation. Frame based methods use a 
network of nodes connected by relations and orga- 
nized into a hierarchy [20]. Nodes low in the hierar- 
chy automatically inherit properties of higher level 
nodes. These methods provide a natural, efficient 

way to represent problems that are hierarchical in 
nature, such as locating mineral deposits or diag- 
nosing medical diseases. 

Rule based representation involves the use o f " i f -  
then" statements. Matching the "if" portion of the 
rule to the known facts causes the actions on the 
"then" side to be executed in a process called infer- 
ence. Rules provide a natural way to represent pro- 
cesses in a rapidly changing environment [20]. 

This research explored an alternative method for 
knowledge representation. The method employed 
by the IDS combines concepts from both rule based 
and frame based methodologies. No frames are 
used within the expert system of the IDS. Rather, a 
software interface permits simple, generic rules 
within the expert system to access transparently 
frame type data and rule information stored in the 
relational database acting as an intelligent query on 
a database. The resulting combination provides in- 
creased efficiency to the overall operation of the 
IDS. 

The use of an external knowledge base within the 
IDS permits the expert system to exploit directly 
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the power and flexibility of the relational database. 
Each knowledge base table contains several 
columns of data that represent complex interdepen- 
dencies between various processes. Each row in 
one of these tables is essentially a rule in the tradi- 
tional sense. The relational database makes it possi- 
ble to use complex queries on several columns 
within a table to efficiently and easily extract infor- 
mation with a single generic rule. A single generic 
rule literally replaces a table full of rules, which 
would be required with a more traditional approach. 

The knowledge base consists of three distinct clas- 
sifications of tables: constituent, evaluative, and 
equation. The purpose of a constituent table is to 
determine if a given set of parameters is an allow- 
able combination. For example, whether welding 
can be used as a fastening method in conjunction 
with a bevel gear (Fig. 5). Further, the constituent 
table can be used to generate recommendations in 
the case of a violation. In the above example, an 
error message would indicate that the weld fas- 
tener/bevel gear combination is not allowable and 
then the system would proceed to list fasteners 
which are acceptable for use with this fastener/gear 
combination: nuts and bolts, adhesive, snaps, and 
rivets. The system could be expanded to include 
suggestions as to alternative materials or manufac- 
turing processes. This was not done here, as it was 

deemed not necessary to prove out the system's 
concepts. 

Constituent tables contain from two to four search 
keys, for convenience. The table is searched against 
the given facts for a match on all keys. If a match is 
found, the desired operation is deemed to be allow- 
able and no further action is required. If a match is 
not found, an error condition is generated. The ap- 
propriate error message and recommendation are 
then retrieved from the respective tables and re- 
turned to the engineer. An example is shown in Fig. 
5 and is described in the previous paragraph. Con- 
stituent tables permit complex interactions between 
several variables to be easily evaluated where tradi- 
tional algorithms may be inordinately complicated. 

The second type of knowledge base table is the 
evaluative table (Table 1). Evaluative tables closely 
resemble constituent tables in their appearance and 
performance. The difference is that evaluative ta- 
bles return data to the expert system when a match 
is found; for example, the strength of a joint when 
aluminum and steel are fastened with an adhesive. 
This data is returned in the form of a fact--the fas- 
tener strength is 450 lb in tension--which can be 
used by the expert system during inferencing. Error 
messages and recommendations are generated as 
appropriate. 

The last type of knowledge base table is the equa- 
tions table (Table 2). As with the previous knowl- 
edge base tables, several search keys are used as 
selection criteria. The equations are in the form of 
"greater than" and "less than" inequalities which 
set limits on the allowable maximum or minimum 
value for the associated variable. When the appro- 
priate search keys are matched, the corresponding 
equations, usually several, will be extracted as a set 
of facts. A generic rule evaluates each new fact in 
the set for possible violations. Appropriate error 
messages and recommendations are generated as 
required, as shown in Fig. 5. 

5 The Intelligent Design System Implementation 

The IDS represents the merging of three separate 
technologies: CAD systems, expert systems, and 
database management systems. Commercially 
available applications were used where possible to 
minimize development time. The CLIPS [5] expert 
system shell and Oracle [1] database management 
system are two of these. The CAD system was de- 
veloped at the Laboratory for Intelligent Design 
Systems at the Georgia Institute of Technology be- 
cause of difficulties in tying into commercial CAD 
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T a b l e  2 .  E q u a t i o n s  t a b l e  

Feature Process Material *Equation Type E r r #  

Hole Deformation any  DIAM < 1 reqd 2552 
Hole Deformation any  DIAM < 1.25 pref  2553 
Hole Deformation any  EDGE < .5 reqd 2554 
Hole Deformation any  EDGE < .75 pref  2555 
Hole Deformation any W A L L  < .75 reqd 2556 
Hole Deformation any  W A L L  < 1 pref  2557 
Slot Deformation any WIDTH < .3 reqd 2559 
Slot Deformation any W A L L  < .3 reqd 2556 
Slot Deformation any EDGE < .3 reqd 2554 
Slot Deformation any L W R A T  > 12 reqd 2558 
Hole Solidification Alum DIAM < .6 reqd 2552 
Hole Solidification Alum DIAM < .8 pref  2553 
any Solidification Alum W A L L  < .87 reqd 2556 
any Solidification Alum W A L L  < 1.2 pref  2557 
any Solidification Alum EDGE < .87 reqd 2554 
any Solidification Alum EDGE < 1.2 pref 2555 
Hole Solidification Steel DIAM < .9 reqd 2552 
Hole Solidification Steel DIAM < 1.2 pref  2553 
any Solidification Steel W A L L  < .6 reqd 2556 
any Solidification Steel W A L L  < .8 pref  2557 
any Solidification Steel EDGE < .6 reqd 2554 
any Solidification Steel EDGE < .8 pref  2555 
Hole Solidification Plastic DIAM < .6 reqd 2552 
Hole Solidification Plastic DIAM < .8 pref  2553 
any Solidification Plastic W A L L  < 1.5 reqd 2556 
any Solidification Plastic W A L L  < 1.75 pref  2557 
any  Solidification Plastic EDGE < 1.5 reqd 2554 
any  Solidification Plastic EDGE < 1.75 pref 2555 
Hole Matl Removal  any DIAM < .1 reqd 2552 
Hole Matl Removal  any  DIAM > 6 reqd 2560 
Hole Marl Removal  any  W A L L  < 1 reqd 2556 
Hole Marl Removal  any W A L L  < 1.5 pref  2557 
Hole Matl Removal  any EDGE < .75 reqd 2554 
Hole Matl Removal  any EDGE < 1 pref 2555 

* Equations represent  violation conditions and are " f i r ed"  only when a 
violation exists. 

systems available at the inception of this research 
[3]. The C programming language was chosen as a 
basis for all code developed in conjunction with the 
Intelligent Design System. 

The Intelligent Design System operates under a 
simulated distributed processing environment using 
two Macintosh computers. The CAD environment 
resides on one computer while the expert system 
and database manager reside on the other. A soft- 
ware controller monitors the information being 
passed between the computers (Fig. 6). A queueing 
system permits the engineer to continue to enter 
design data while the expert system performs its 
analysis. 

A software interface was written to facilitate the 
extraction of data from the database by the expert 
system. The interface consists of a set of new ex- 
pert system functions, which have been defined and 
added to the existing expert system commands. 
Each new function is actually a C program with 
embedded calls, which utilize the database man- 
ager. The new functions permit the expert system to 
access directly information within the database in a 

transparent fashion, thus providing the needed 
functionality. 

Four types of interface functions were developed 
to provide the needed functionality of the expert 
system/database interface. These included general 
functions to get, check, and delete information from 
the database, and the ability to write information to 
the database. 

Get functions are used to retrieve specific informa- 
tion from the database. Get functions were written 
in a generic fashion to allow access to any one of a 
number of tables with multiple search keys and to 
return several variables. For example, to find the 
cost of a specific fastener, the get function requires 
the name of the table, the column name, the fas- 
tener type, and the name of the fact to be returned. 
Get functions allow the expert system to retrieve 
information directly from the database that would 
otherwise be stored in the frames of a more tradi- 
tional expert system. 

Check functions provide a functionality not read- 
ily available in the traditional expert system. Check 
functions are used to search a table for a match on a 
given set of constraints. If the desired match is not 
found, then the check function reapplies the search 
with one less constraint variable in order to gener- 
ate a recommended list of alternatives. For exam- 
ple, if the materials to be fastened by welding are 
plastic and steel, the check function will determine 
that welding is not permissible and generate a list of 
acceptable fastener alternatives for the selected ma- 
terial combination. 

Delete and write functions are used to update er- 
ror tables and other informational fields as calcu- 
lated by the expert system. All other updates are 
performed directly by the database manager. 

Should a manufacturing violation be found, the 
engineer will be notified immediately so that correc- 
tive action may be taken (Fig. 7). As can be seen 
from the figure, the engineer has designed a part on 
the system, and then placed a hole too close to an 
edge. The system has discovered the error and in- 
formed the designer of his mistake. In the IDS, er- 
ror messages are advisory in nature. If  the designer 
chooses to make the desired changes, then the data- 
base is marked and the correct ANSI cross hatching 
for the material is placed on the part. The designer 
can choose to ignore the messages, in which case 
the database is so marked and the correct ANSI 
cross hatching is not placed on the part in question. 
This serves as a visual cue to the designer that the 
expert system thinks that he has made a mistake. In 
both cases, the designer can continue to work; the 
system does not stop him until he takes corrective 
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Fig. 6. Intelligent design system communications flowchart, 
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action. The IDS philosophy is that the designer has 
the last word. This feedback to the designer is edu- 
cational in value. A novice designer will be in- 
structed as how to produce a design that is manu- 
facturable. An expert designer can be instructed in 
the latest techniques and methodologies through 
modifications of the rules and hence the system's 
feedback. 

The placement of the majority of the expert sys- 
tem rules in a database represents an innovation. 
This greatly reduces the number of rules that must 
be written. As can be seen in Fig. 8, the amount of 
rules that needs to be created in a traditional expert 
system increases dramatically if one desires to add 
materials, fasteners, or processes. Only the data- 
base needs to be expanded in the IDS. As a result, 
the IDS has a quicker response because less rules 
need to be fired for each test of the design. Expan- 
sion of the database does not noticeably effect the 
system's response because correctly formulated 
queries of a database are relatively insensitive to its 
size. As a result of this technique, more efficient 
and flexible knowledge based systems can be de- 
signed, constructed, and used. In a traditional ex- 
pert system, rules or frames would need to be modi- 
fied or added if materials, fasteners, or processes 
were changed or added. 

This philosophy can be used in the factory to aid in 
process planning (CAPP). Suppose that there are a 
number of machine tools of varying ages and condi- 
tions in a factory. If the machines all belong to one 
class, for example, hydraulic presses, then one ge- 
neric set of rules could be used to describe the per- 
formance of this family within the expert system 
and used to infer the best machine to use for each 
operation from the available machines. The data- 
base could hold the specific information for each of 

the machines, such as tolerances and availabilities. 
As they age, it would be a simple matter to update 
the information in the database to reflect the chang- 
ing operational characteristics of each one. This 
would provide a flexible system to be developed and 
maintained. 

This system is advisory in nature; it presents pos- 
sibilities. It does not optimize or make a selection 
based on heuristics. The latter could be easily added 
and in the future may. The philosophy of the IDS is 
to let the designer choose. 

6 Conclusions 

The merging of expert system and database man- 
agement technologies marks a significant achieve- 
ment in the ability to represent the complexities of 
the DFM environment. Each technology comple- 
ments the other in its strengths and abilities. The 
database management system is capable of handling 
the large amounts of data generated through the me- 
chanical design process. The expert system pro- 
vides a reasoning mechanism capable of identifying 
manufacturing violations and providing meaningful 
recommendations. 

The storage of portions of the knowledge base in 
the database provides opportunities to exploit the 
power and flexibility of the database manager. The 
storage of rules in the database permits complex 
problems with highly interdependent variables to be 
solved easily where algorithmic solutions fall short. 
Generic rules facilitate the retrieval of data and 
equations from a relational table when search crite- 
ria are met. 

The storage of rules in the knowledge base pro- 
vides a number of benefits. First, the number of 
rules within the expert system is greatly reduced. 
Less rules means the expert system operates more 
efficiently and provides timely and meaningful feed- 
back to the engineer. Development and debugging 
time of the expert system is also reduced due to the 
decreased number of rules. 

Even more benefits can be seen if the system is to 
be expanded or updated. Addition of materials, fas- 
teners, standard parts, and manufacturing pro- 
cesses is facilitated by adding records to the appro- 
priate relational tables; no rules need to be created 
or modified and an expert is not needed. The result- 
ing time saved by this method in adding even a sin- 
gle fastener or material is substantial and errors are 
significantly reduced. 

The system also has an educational value; it can 
help instruct novice designers as well as experts. 
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