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Abstract

This paper describes a mechanism that enables one to automatically monitor and evaluate
engineering design data retrieval. It presents a framework, associated with a relational
database management system, that combines a database with a set of design specification
constraints that govern the retrieval of data from the database. This requires a database
that is able to store all of the data normally associated with engineering design as well as a
framework that is able to store all the domain-dependent constraints imposed upon the use
of the design data. Such a framework has been successfully constructed and is described
herein. An example, based on the AISC Specification, is presented and the performance of
the framework is discussed.

Introduction

The 1980°s have been termed the information age. Data is collected in great quantities for
use in either a centralized or a distributed manner. The demand for more data and for
greater access to data is increasing. End user computing is coming of age and end users
want data available to them from large centralized data sources (downloading), they want
to incorporate their data into and influence the content of those sources (uploading), and
they want access to and flexible transfer between those data sources (networking).

The correctness of data has been a concern of researchers for a number of years. Mecha-
nisms and procedures have been developed to maintain the correctness of the stored content
of a widely available database. However, there are no mechanisms in existence for insuring
the integrity of the ways which data are retrieved. With the ever increasing availability of
data, steps must be taken to develop new methods of guaranteeing the integrity of data
retrieval operations. Clearly this is a very difficult problem that requires, for its solution,
an understanding of the variety of ways that data are retrieved.

This paper advocates the need to develop a mechanism, referred to as a Query Monitor
[29], that resides between a DBMS and its users and which serves as an experienced expert
consultant to the users. The mechanism embodies the knowledge of the specific domain of
interest (e.g. allowable stresses in steel members) so that whenever a user retrieves data

! pecistant Professor of Civil Engineering and Computer Science, North Carolina State University, Box
7908, Raleigh, NC 27695.

*Graduate Research Assistant, Computer Studies Program, North Carolina State University, Box 8207,
Raleigh, NC 27695,



STATIC STATE CHECKING

Load
Change DataBase Management
Delete System (DBMS)

— State Checker —>»
USERS Databases

&—— Query Monitor

Select

DYNAMIC RETRIEVAL CHECKING

Figure 1: Database Integrity Checking Mechanisms

from the database the mechanism is activated, it checks the intended use of the data, derives
relevant interim data items, and provides the correct data to satisfy the user request.

Previous work in the area of integrity checking concentrated on checking data item values
as they were LOADed, CHANGEd, or DELETEd [7,10,17,21,24,30]. The earlier objective
was to maintain the integrity of the stored data, i.e., to guarantee the correctness of any
static state of the database (see Figure 1). This paper advocates the additional position
that the data being retrieved from the database should be checked as well as the data being
inserted into the database. It deals, therefore, with data being SELECTed for use.

In short, the mechanism presented here interprets data requests, applies the appropriate
constraints to guide in the derivation and/or selection of the data, and provides the correct
data. Its understanding of the semantics of the constraints it contains insures the validity
of data retrieval and therefore makes a significant contribution to the engineering problem-
solving environment.

Relational Database Management Systems

An engineering application often involves a number of databases which are stored on sec-
ondary storage devices such as disks and tapes. A DataBase Management System (DBMS)
is a collection of software which manages database storage and, more importantly, provides
users and applications with access to databases [3,6,27).

A data model defines the overall logical structure of a database [28]. It provides a
structural framework into which the data is placed. A relational data model is a single level



model consisting of a collection of interrelated relations represented in two-dimensional
tabular form as shown in Figure 2 [22]. Associated with the relations is a set of operators
that perform the insertion, deletion, modification, and retrieval of data.

Figure 2 illustrates the structure of a relation. The rows of a relation are called tuples
and its columns are called attributes. The domain of an attributes is the set of allowable
values the attribute may possess. The values in all of the attributes of Figure 2 are drawn
from either the domain of characters, the domain of positive real numbers, or the domain
of positive integer numbers. Each tuple represents an individual component and contains a
value for each attribute. All tuples are distinct; duplicates are not permitted [9,18]. Tuples
and attributes have no order; they may be arbitrarily interchanged without changing the
data content and the meaning of the relation. Tuples are accessed by means of a key, &
single attribute or a combination of attributes that uniquely identifies a tuple [6].
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Figure 2: The Structure of Relations

A standard shorthand notation to represent relations is as follows:
RELATIONname (KEYATTRIBUTEname , ATTRIBUT E2name, ...)
with the MEMBER relation of Figure 2 being represented as:
MEMBER(d, Shape, ConOK, F,, B;, Ty, D, T)

where the data items have the following meaning:

Id =  An identification name for the structural member
Shape =  Shape of the structural member
ConOK =  An attribute to record whether or not the connection between

the web and fiange of the structural member is continuous



Fy =  Steel yield stress (psi)
By =  Width of the flange of the structural member (in)
T, =  Thickness of the flanee of the structural member (in)

The name of the relation is listed first, followed in parentheses by the names of all of its
attributes. The underlined attribute of a relation is the key.

Expert Systems

Expert systems are computer programming systems that solve domain-dependent problems
with the degree of expertise of a human specialist in the field [8]. Expert systems rely on
the acquisition, representation, processing, verification, and use of knowledge [11]. Since
knowledge is the central theme, expert systems are also called knowledge-based expert
systems (KBES). The application of KBESs in engineering appears to be most promising
[19,20,23].

An expert system consists of three main components: an inference engine, a knowledge
base, and a representation of the problem at hand. The inference engine is a computer
program that uses knowledge bases and a representation of the problem to draw conclu-
sions. The knowledge base is a collection of facts, procedures, and rules gathered from an
expert by 2 knowledge engineer. The expert is a person chosen for his or her high level of
performance in the domain being captured, for example, structural analysis. The knowl-
edge engineer specializes in extracting information from the expert through interviews,
role-playing, and observation. The knowledge engineer then selects expert system tools and
develops strategies to represent the decision processes of the expert in a computerized form.

Expert systems, as engineers know them, limit themselves to domain-specific knowledge
rather than to general problem solving techniques. SACON |[2], for example, dealt with
structural analysis, using finite element techniques to simulate the behavior of a physi-
cal structure under various loading conditions. The more limited, or domain-specific, the
problem, the greater its chances of being captured successfully in an expert system.

A production system is an expert system whose knowledge base consisis of an unordered
collection of basic units called production rules [4,5]. There are two parts, namely the
condition and the action, to each production rule. In one scenario of operation the inference
engine matches the conditions in each rule against instances of data from the data memory.
It then selects a rule and executes the actions specified in that rule. Because of the nature
of rule execution, production systems are very data-senmsitive, i.e., the sequence of rule
execution is determined by the presence or absence of data in data memory rather than by
a predetermined rule ordering embedded in the system.

Integrity Checking on Engineering Data Retrieval

Integrity checking on data retrieval can be addressed from two different perspectives. One
is the issue of what the retrieved data is going to be used for. In general, the data stored in



a database must be used for the purpose for which it is intended. Information collected for
one purpose is seldom of a form or nature to support other uses. For example, the AISC
Specification for the Design, Fabrication, and Erection of Structural Steel for Buildings [1]
is not structured to support unit pricing or project cost accounting. As a further example,
design codes and standards, which can be cast in machine processible form and which
perform design checking, cannot readily be used for design itself. In this paper we assume
that the database user is knowledgable in the domain and that the intended use of the data
is appropriate for that domain.

The second issue of integrity checking on data retrieval occurs when there appear to be
multiple answers to a query. In such a case the DBMS must be able to access the correct
data item. This situation will occur when either one of the following conditions exists:

1. When providing the answer to the query involves the derivation of new data items
based on a set of constraints and existing values in the database.

2. When the user has little or no knowledge of the domain and requires the aid of an
intelligent retrieval system to direct him to the correct data.

While little work has been done with respect to the first condition, a significant amount
of research has been conducted to develop user-friendly DBMS interfaces. Such interfaces
utilize knowledge about the structure of their databases to provide retrieval suggestions
and guidance to a user [15,26,31]. In particular, a great deal of effort has been devoted to
developing data retrieval systems that utilize natural language processing techniques. These
provide users with the ability to query databases using conversational English [12,13,16];
perform efficient text searching aimed at organizing the database in an efficient manner
such that data can be accessed in the shortest time possible [13,14]; and, utilize query
optimization which enables the DBMS to modify invalid or complex user queries to meet
the specification of an underlying DBMS [15,26]. This paper proposes a method of dealing
with the first condition listed above.

Intelligent Engineering Data Retrieval System

Figure 3 illustrates the architecture of a2 production system integrity management system
called Query Monitor designed to couple multiple domain-specific expert systems with rela-
tional design databases to ensure that the correct data is provided for design data retrieval
operations. The Query Monitor consists of five major components: a Knowledge Base Se-
lector, a System Knowledge Base, a Task Knowledge Base, an Inference Engine, and a
Cache.

When the Query Monitor is activated, its Inference Engine (IE) constantly extracts
knowledge from the System Knowledge Base (SKB) enabling it to operate the entire system.
The Task Knowledge Base (TKB) is a repository of the domain-specific knowledge used by
the IE to actually monitor user queries. At system startup the TKB is empty. Upon receipt
of a user query the IE loads the TKB with the correct domain knowledge base from a set of
external knowledge bases that were previously created by knowledge engineers and stored
on secondary storage devices in ASCII file format. The loading of the TKB is achieved by
sending to the Knowledge Base Selector (KBS) a load vector containing the name of the
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Figure 3: Architecture of the Query Monitor




knowledge base to be loaded. The KBS in turn accesses the corresponding knowledge base
and writes it into the TKB. If there is a knowledge base in the TKB while a new one is
being loaded, the old knowledge base is overwritten.

Upon completion of loading the TKB, the IE transfers control from the SKB to the TKB
which communicates with the user and the DBMS, interpreting data requests, applying
constraints, and retrieving the correct data from the databases. During the constraint
evaluation process the Query Monitor stores the values of any intermediate data items that
may be generated in a block of main memory referred to as the Cache thus enabling them
to be reused efficiently. In this manner the content of the database is increased as a function
of applying evaluation operations to previous data.

When the correct data has been provided to the user and he is satisfied, the IE switches
control back to the SKB and waits for the next user query. If the interpretation of a
subsequent query requires loading another knowledge base, the IE writes the data currently
stored in the Cache into the appropriate database. The read/write vector, which is sent to
the Cache when a read /write operation is needed, may contain one of two sets of data items:
for communicating with the user, it contains the destination {user or DBMS), the type of
operation (read or write), and the name and value of the data item(s); for communicating
with the DBMS, it additionaly contains the database name, the relation name, and the
attribute name.

The arrow labeled ”dialog” in Figure 3 is used to represent user queries, system prompts,
user answers (non-data), procedure calls to the DBMS, and messages from the DBMS to
the Query Monitor. The arrow labeled "data™ represents data flow between users and the
Query Monitor, and data flow between the Query Monitor and the DBMS.

The Query Momnitor architecture is universal in the sense that it can be used in any
discipline whose domain knowledge can be cast in rule form. An example will be presented
in the next section to show how an appropriate set of production system rules can be
generated in a systematic way.

One major advantage of the Query Monitor architecture is its flexibility. Because there
is no limit, theoretically, on the number of knowledge bases, new knowledge bases can be
added as the systemn grows. Additionally, existing knowledge bases can be modified or
expanded and out-of-date knowledge bases can be removed. Another advantage of this
architecture is that there is no need to modify the associated DBMS. The Query Monitor
can be coupled with any existing DBMS by making minimal changes. Therefore it is also
transportable.

A Prototype Expert System (Query Monitor)
Scope

During the process of designing a structural steel member the engineer proceeds by repeating
the following simplified steps until a satisfactory design solution is achieved:

1. select an initial steel member (shape, composition, and size) based on initial design
constraints.
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2. compute the actual stresses that occur within the member using structural analysis
methods.

3. compare the actual stresses from step 2 with the maximum allowable stresses given
in the Specification.

4. if the allowable stresses are greater than the actual stresses, then the design is valid
(although it may not be optimal); otherwise a larger member is chosen and steps 2
through 4 are repeated.

To perform step 3, the engineer will consult the AISC Specification to locate the provisions
related to the design situation under consideration. He will then use the equations embodied
in the provisions to compute the associated allowable stresses.

The AISC Specification addresses a number of different types of stresses which can oc-
cur within a structural steel member including tension, shear, compression, bending, and
bearing. Depending upon constraints on shape, cross-section, loading, etc., any one of a
number of equations can be used to determine the allowable stress for a specific structural
steel member. Figure 4, for example, lists eight equations applicable to calculating allow-
able bending stress. The database problem arises when the engineer issues an F; data
retrieval request in order to conclude design step 3. The response to such a query requires a
determination of which F} is applicable and involves the subsequent derivation of its value.

A computer program has been developed to implement the Query Monitor framework
described in the previous section and to investigate data retrieval integrity issues such as
those encountered in step 3 of the structural steel member design scenario. By using the
Query Monitor program engineers can acquire the correct formula and value of the allowable
bending stress for structural steel members of WF, H, and rectangular-tubular shapes. The
data items used in the Query Monitor are listed in Table 1.

Rule Generation

Design specifications and model building codes are guidelines which govern design in a spe-
cific application area. The AISC Specification, for example, governs the design, fabrication,
and erection of structural steel for buildings [1].

Although design specifications are written by groups of domain experts, they rarely exist
in a form that can be directly used in a knowledge base. The rules and guidelines governing
design are embedded within the text of a specification and must be extracted and recast
in machine processible form. Figure 5 illustrates an approach to deriving production rules
from specifications and codes that utilizes decision tables to facilitate the extraction of data
items and the constraint relationships between them (conditions). Figure 6 shows a sample
decision table corresponding to section 1.5.1.4 of the AISC Specification [1]. The upper-left
portion of the table contains a set of conditions. The upper-right portion indicates whether
(Y) or not (N) a condition is satisfied. The lower-left portion contains a set of actions to
be performed. The lower-right portion indicates which action is to be taken if all of the
corresponding conditions in a given column are matched. The rules relating the conditions
and actions of a decision table have a2 direct correspondence to production system rules.



Resultant Data Items Symbol
the formula (bending) of the H member Fb
the formula (bending) of the WF member Fb
the formula (bending) of the rect-tub member Fb
e — et e e e s e
Intermediate Data ITtems Symbol
the area of the compression flange At
the bending coefficient Cb
the compression flange is ok FlangeOK
the compression formula for exceptions Except_Comp
the depth thickness ratio D_T_Ratio
the depth thickness ratio is ok D_T_RatioOK
the first compreseion bending for exceptions First_Bending
the larger end moment M2
the laterally unsupported length is ok LeOK
the second compression bending for exceptions Second_Bending
the smaller end moment M1
the tension formula for exceptions Except_Ten
the width thickness ratioe Bf_Tf_Ratio
the width thickness ratio for exceptioms is ok Bf_TT_Ratin?E-l
= T sTIT
Basic Data Ttems Symbol
the axis the member is being bent about Axis
the computed axial stress Fa
the connection of web and flange is ok ConOK
the depth of the member D
the largest moment within an unbraced Mu
length of the member
the laterally unsupported length of the Lc
compression flange
the moment at the left end of an M1
unbraced length of the member
the moment at the right end of an Mr
unbraced length of the member
the radius of gyration Rt
the shape of the member Shape
the steel yield stress Fy
the thickness of the compression flange Tf
the thickness of the web T
the width of the compression flange Bf
T —— — — s EEE s mma]

Table 1: Query Monitor Data Items for AISC Specification Section 1.5.1.4
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Figure 6: Decision Table for AISC Specification Section 1.5.1.4

The first column in the sample decision table, for example, can be recast in production rule
format as follows:

I the axis about which a member is being bent = major and
the connection of the web and flange is continuous and
the width thickness ratio for exceptions is ok and
the depth thickness ratio is ok and
the laterally unsupported length is ok

Then the allowable bending stress = 0.66F,

Two additional production rules can be extracted from the decision table to complete
its production system representation:

T the axis about which 2 member is being bent = minor and
the connection of the web and flange is continuous and
the width thickness ratio for exceptions is ok and
the depth thickness ratio is ok

Then the allowable bending stress = 0.66F,

(=

the axis about which a member is being bent = major and
(the connection of the web and flange is not continucus or
the width thickness ratio for exceptions is not ok or

the depth thickness ratio is not ok or

the laterally unsupported length is not ok)

Then the allowable bending stress =

the compression formula for exceptions and

the tension formula for exceptions

11



Implementation

M.1 was the production system building tool used to develop the Query Monitor. The major
components of M.1 include an inference engine, a knowledge base, and a cache [25]. The
M.1 inference engine adopts a goal-driven, backward-chaining search strategy. The primary
objective of the M.1 inference engine execution cycle is to satisfy a goal by matching the
premises of its rules against the data in the cache. If a goal cannot be satisfied immediately,
the 1IE will try to satisfy its subgoals. The splitting of goals continues until the subgoals
are satisfied. The IE will then fuse the results of the subgoals to achieve the initial goal.

Because of its structure M.1 is particularly suited to solving structured selection prob-
lems, i.e., problems where the solution is chosen from a finite predefined set of solutions.
The selection of the correct formula to determine values for Fy is such a problem. The
implementation of the Query Monitor program is by no means restricted to one language
or tool, but a language or tool selection decision should be based on the characteristics of
the particular application [4,5,11]. The merits of using M.1 or any other expert system
framework are not considered here.

Two limitations currently restrict the Query Monitor. To develop it beyond the proto-
type stage, the following program extensions must be achieved:

1. Storing the basic data items (the dimensions of the member, the yield stress, the
laterally unbraced length, etc.) in 2 database.

2. Establishing the communication link betwesn the Query Monitor and the DBMS.

In the present implementation these extensions were replaced by program interaction
with the user, i.e., the user provided basic data item values. The intermediate and the
resultant data items were then derived by the system. They were not rewritten back into
an underlying database. The System Knowledge Base and the multiple external knowledge
bases were built by splitting the M.1 rule base into two mutual exclusive smaller rule bases
and explicitly switching between them during the consultation process. Sample runs of the
system have shown that the Query Monitor framework is both practical and feasible. A
complete listing of the knowledge base and several sample interactive sessions can be found
in the Query Watcher Users Guide [29].

Summary

An obvicus trend in computer use in engineering design is towards a higher level of inte-
gration of computer applications. The data exchanged and shared among applications and
designers is the key to integration. The approach advocated in this paper for achieving in-
tegration is to continue to build on the highly developed areas of DBMS’s and ES’s, adding
those specific extensions necessary for engineering design.

Integrity of both the stored data and its retrieval is critical. The maintenance of integrity
for engineering data needs must be achieved on both of these fronts. The first requires the
implementation of constraints as functions or procedures that guarantee the correctness of
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the static state of the database. The second requires a constraint semantics interpreting
mechanism to ensure the correctness of data retrieval requests, 1.e., the correctness of the
information that passes to the user. This second view is essential to guaranteeing proper
engineering data use.

A knowledge-based consultant for data retrieval provides accurate constraint interpreta-
tion and serves as an active agent in correctly guiding the data retrieval process. The need
for such an expert-like consulting mechanism to deal with design constraint semantics will
become more acute as the trend towards more widely spread use of engineering databases
continues.
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