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Abstract. An emerging model in concurrent product design and manufacturing is the
federation of workgroups across traditional functional “silos.” Along with the benefits of
this concurrency comes the complexity of sharing and accessing design information. The
primary challenge in sharing design information across functional workgroups lies in
reducing the complex expressions of associations between design elements. Collaborative
design systems have addressed this problem from the perspective of formalizing a shared
ontology or product model. We share the perspective that the design model and ontology
are an expression of the “meaning” of the design and provide a means by which information
sharing in design may be achieved. However, in many design cases, formalizing an ontology
before the design begins, establishing the knowledge sharing agreements or mapping out the
design hierarchy is potentially more expensive than the design itself. This paper introduces
a technique for inducing a representation of the design based upon the syntactic patterns
contained in the corpus of design documents. The association between the design and the
representation for the design is captured by basing the representation on terminological
patterns in the design text. In the first stage, we create a “dictionary” of noun-phrases found
in the text corpus based upon a measurement of the content carrying power of the phrase. In
the second stage, we cluster the words to discover inter-term dependencies and build a
Bayesian belief network which describes a conceptual hierarchy specific to the domain of
the design. We integrate the design document learning system with an agent-based
collaborative design system for fetching design information based on the “smart drawings”
paradigm.

1. Motivation

The design of complex mechanical systems requires an intimate understanding of
the interactions among the different disciplines and subsystems so that cross-



disciplinary tradeoffs can be made. Any change that might have been precipitated
explicitly by modifying a requirement or implicitly by observing a failed simulation
will propagate a chain of interaction between designers, manufacturing engineers,
process planning engineers, and sales and marketing professionals. Knowing the
role of individual functional and physical design elements and their association to
other elements in the overall design helps the product design team “understand” the
design from the perspective of other members.

In reality, to “know” the interaction between design elements, designers expend
a considerable amount of effort in accessing and absorbing design information.
One can characterize this scenario roughly as a three-step process. First, the
designer looks for possible related elements such as inter-dependent design
functions or physical components. Next, the designer analyzes and interprets the
relations between them, relations that might be explicitly stated in mathematical
equations, rules, or implied by design standards and “best-practices.” Finally, the
designer decides which of the associations is plausible in some sense. If there is no
reason to reject or defer, then the association is accepted (Baya et al., 1993).
Unfortunately, few CAD applications have begun to address the problem of
reducing the time designers spend understanding the design, including absorbing
design information, keeping up with design changes and reconciling problems or
sharing information (Toye et al., 1993). According to Akman (1994), only
systems which embed advanced reasoning capabilities will be able to deal with the
complexity arising from the management of large quantities of design data.

Since this assessment is typically achieved by reading natural language texts
such as memos and design specifications associated with the design model
(Ullman, 88), we would like to build a program to automate this process. This
research introduces an automated technique to acquire a representation of the
design based upon contextual clues in the design documents. By allowing the
current context of the design to influence the representation, we eliminate the a
priori determination of a structured hierarchy or design language and permit
dynamic updating of the design vocabulary.

The research was motivated by a desire to take advantage of existing design
information to assist in collaborative design. Current CAD tools adequately
capture the final design details such as specifications and analysis results. Still, we
need to develop tools that learn the interconnections between well-documented
design elements so that federated workgroups can have access to relevant
information without necessarily having to be an expert in each area of the design.
The underlying aim of the research then is to discover the terminological patterns
in design text as a basis for constructing a meaningful engineering model of the
design.



2. Prior Research

The kernel of design information systems is the ontology which describes the
product model. The ontology is a repository of information and provides a means
by which concurrency in design may be achieved. The evolving STEP standard
(ISO CD 10303-1) highlights the thrust towards product modeling and a common
ontology in product models. Product modeling-based systems have been quite
successful at setting up complex rules which describe in detail the possible
underlying structures of a design (Wong and Sriram, 1993) (Szykman and Cagan,
1992); at the same time ontology-based systems are trying to define semantic
relations and to model the functional and behavioral structures underlying the
synthesis of a design for representing stereotypical information (Olsen et al., 1995)
(Shah, 1993). A similar design-document learning system to the one proposed here
is being pursued by Reich (1993) except that the relationships between words are
not learned but rather negotiated by the designers. How the words fit together into
a structure communicated an idea.

We agree that an ontology provides a means for sharing information. However,
the approach presented in this research differs from that taken by other researchers
in the design community who developed specialized grammars and shared
ontologies (Gruber, 1992) or product-models in that it derives from the design
documents. Information models should capture and represent product information
to give the reader an “understanding” of the design the model represents. But they
must also be dynamic to reflect the evolutionary nature of design. Even though one
could argue that the addition of new ontology and negotiated agreements makes the
ontology-based or product modeling-based systems dynamic with the design, since
the “meaning” of design elements changes with an evolving design, modifying the
model or adding new ontology to reflect the changes in real-time might be difficult.
In fact, the evolutionary and uncertain nature of design require representations that
operate on meaning, not expression (Wood and Agogino, 1995).

Part of the problem of these systems is that they assume that the “meaning” of a
design could be computed as a function of the constituents. To “understand” a
design, designers must take advantage of a variety of mechanisms that use all sorts
of knowledge to fill in any necessary information. In making a computer model of
design knowledge, this presents a serious problem. On the one hand, it is
impossible to isolate all aspects of domain-dependent knowledge from the others.
On the other hand, it is clearly undesirable to give the program all the knowledge
related to the design. In this research, the dilemma is resolved by inferring
plausible conclusions by relating the various elements of the design using the
design documents themselves as a complete and accurate representation of the
current state of the design.

We propose the architecture of an intelligent agent in a collaborative design
environment which dynamically learns the current status of the design. One
application of the agent is the retrieval of relevant information to the current needs



of the designer. The system achieves the learning and understanding of the design
using the design documents as the “model of the world.” We present a theory of
design discourse as a theoretical premise for generating a model of the design
based on the design documents, and illustrate how to integrate learning the design
within a collaborative design framework for bringing relevant design information
to the decision-maker based on the “smart drawings” system presented in a prior
paper (Dong et al., 1995).

3. Methodology

3.1. GENERAL THEORY

In discourse, people take advantage of a variety of mechanisms that depend upon
the existence of an intelligent hearer who will use all sorts of knowledge to fill in
any necessary information (Wilensky, 1983). To make an intelligent agent
understand the design as communicated by the designers through design
documents, then, we must construct a framework within which the agent has a
sufficient search space to formulate an adequate understanding of the design (Dong
et al., 1995). In order for the agent to fill in necessary information regarding the
design, though, it must learn the connections between the functions or components
of the design. Currently, the solution strategy is to have experts construct both the
ontology and describe the decomposition of the design to the agent. However, we
argue that this information is in fact available and contained in the design
documents themselves. Research in full-text retrieval systems (Lewis, Croft and
Bhandaru, 1989) verify how certain syntactic patterns in documents refer to
meaningful concepts, and how language-oriented techniques for information
retrieval can build the relationships between categories, category instances and
relations of those concepts. These categories define a model of the design. By
reading the design documents periodically, the agent excerpts the current
connections between the different design elements.

In building this agent, we assume to a first-approximation that the linguistic
content (words) of the design documents provide a useful index to the composition
and structure of key design concepts at the current state of the design. Second, it is
assumed that every statistical association derives from causal interaction; therefore
logical coherence is based on statistical coherence. Based upon these assumptions,
we propose the following theory of design discourse as the theoretical foundation
for the learning algorithm:

A theory of design discourse - The content of design documents is
related to a conceptual structure of the design, whose
communication comprises the goal of the designer.

The claim is the agent can induce a model of the design, including the functions
and components of the design and their relations by learning over the design text



associated with the product. Eastman (1991) identifies several criteria for
describing engineering product models: (1) the semantics, which describe the
functions, components and attributes of the design; and (2) class structures, which
describe both the generalizations (properties relevant to any design element), and
the decomposition (how functions and components are inter-related) of the design.
While the product model derived by this method is not the same as that
proposed by Eastman, these criteria serve as a guideline for learning the design. In
essence, the sequence of operations in the program are (as shown in Figure 1) to:
(1) extract the natural language text annotations to CAD drawings to excerpt the
semantics of the design; (2) generate the class structures describing which
properties are relevant to any function of a design using clustering; and (3) build a
decomposition of the design which in this method is accomplished with belief
networks.
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Figure 1. Process Flow Chart - The figure outlines the sequence of operations of the
program in learning the content and structure of the design. The research proposes a
methodology for annotating CAD documents to create “smart drawings,” techniques for
extracting the design vocabulary from the design text using natural language processing and
information retrieval, and model learning and inference by applying machine learning.

3.2. STAGE 1: TEXT ANALYSIS

The general method to discover terminological patterns in design documents,
which act as a basis for constructing the design model, is to parse the document
text, cluster inter-term dependencies and build a conceptual hierarchy.

First, the text was passed through a parser and indexer, freeWAIS-sf' (Pfeifer
and Huynh, 1994) waisindex, which returns a dictionary of every word in the text

' One advantage to using a WAIS (Wide Area Information Server) program such as
freeW AIS-sf for full-text document parsing, indexing and retrieval is that documents can be
queried and retrieved over the Internet using the Z39.50 V2 protocol.



except for common “stop words.”> We then filter this set of terms to develop a set

of content-carrying terms. The filtering process is based upon a word score metric
similar to that described by the CLARIT method (Evans et al., 1991). The scoring
equation is based on the freeWAIS-sf term relevance score (TRS) metric shown in
Equation 1. The primary statistics include (1) a frequency count of the number of
times the word was encountered in individual documents in the corpus; and (2) an
inverted weighted distribution measurement for the number of documents
containing a particular term. The idea is that the frequency measurement correlates
with the text semantics. Words that occur often in a text are better indicators of
what the text is about. More terms can always describe the document concepts
better, but too many terms dilute the importance of any individual concept. Thus
the distribution (or inverted document frequency) of the terms in the documents
captures the intuition that words which have high frequency across documents are
“general” in the domain and do not serve as good discriminators of concepts.

TRS — (log(tf) + 10) X idj/

number_of _terms_in_ a_ document
0.5 x 2 word
tf =05+ —&——

max Z word
ot

1
df = =
4 Zword

Equation 1. The freeWAIS-sf TRS Metric - The TRS metric is based upon the term
frequency #f which counts the number of times the word appears over all documents, the
inverted document frequency idf which counts the number of documents containing the word
(a measurement of distribution) and normalized by the number of terms in a document, to
account for the rarity of a word.

The score does not account for variations in author style or the presentation of the
text. For example, one might score words which are typed in bold face or italicized
or words from more recent design documents higher than others. Other factors
such as the person who wrote the document, paragraph headers or document titles
could be used as additional word weights; however, the efficacy and numerical
value of these weights is difficult to quantify. Further, this complicates the
clustering. For example, “recent” terms might be associated by time rather than
meaning which violates the purpose of the algorithm. Thus the algorithm has
limited sensitivity to the organization and presentation of the text.

Then, the program computes the average score and standard deviation. Words
whose score fall above the mean become the inventory of index terms for the
corpus, the certified terminology. The system filters out words which are relatively

: Stop words include conjunctions and articles such as “a”, “the,” “since” and other words
frequently used in natural language to connect terms but not necessarily to distinguish topics
or provide contextual cues for topics.



frequent, have less value in forming good topic discriminators than relatively rare
words, and words which are seldom used since they are probably not conditionally
dependent upon the concepts described or vice versa. We will explain later why
this conditional relevance is important in building a dependency matrix of concepts
which forms the basis of the representation.

Finally, based on the set of certified, content-carrying terms, the system
determines their contextual similarity by measuring the frequency of occurrence of
any two of the certified terms in the documents. That is, the program generates a
nxn matrix, where n is the number of certified words, which scores how “often” the
certified words co-occur. This matrix is created by executing a waisquery
consisting of the query string “[word-A] AND [word-B]”. The query sums up the
score for similarity between the query string and the document base. The
conjecture is that if the query string appears frequently over the entire document
base then the words have a shared contextual dependency. In freeWAIS-sf,
document similarity is measured as a vector product formula. The similarity
between the query string Q and the document D is given by

similarity(Q, D) = E (qu X de)
k

Equation 2. The freeWAIS-sf Similarity Metric

where wq is the weight assigned to term k in the query and wgy is the weight
assigned to term k in the document D.

3.3. STAGE 2: CLUSTERING AND INDUCING A BAYESIAN NETWORK

Once the system has developed a prescribed vocabulary, the program maps the
terms into context descriptors. The words themselves have no “meaning” outside
the context in which they appear. In fact, research in full-text information retrieval
has shown that words which appear in the same context tend to have a shared
dependency (Gardiner, Riedl and Slagle, 1994). Thus, we need to map the
relevance between the assigned terms and the context in which they appear.

For this process, we apply two machine learning techniques. In the first
portion, we classify related terms into “conceptual cells” using unsupervised
learning. These cells represent terms which are self-similar in the documents. This
determination is based upon the observation that terms which appear together (in
the same context) in documents typically connote similar meaning (Gardiner, Riedl
and Slagle, 1994) (Lewis, Croft and Bhandaru, 1989). Since the matrix measures
closeness based on the spread of data or distance between words, a convenient
distance-based clustering technique is the K-means algorithm shown in Table 1
(Duda, 1973). The variable x; is the score in the matrix for the pairwise occurrence
of two words in the document collection.



TABLE 1. K Means Algorithm

procedure K_MEANS
( Initialize the cluster centers wj, j=1,2,...,N;)
( repeat
; Group the patterns with the closest cluster center
(for all x; do

( Assign x; to @<, where W = mjin”xi - WjH

endloop )
; Compute the sample means
(for all w; do

endloop )
until there is no change in cluster assignments from one iteration to the next )
end ; { K_MEANS }

Next, the goal is to obtain a decomposition that explicitly reveals as much
information regarding the conditional independence of design elements as possible.
The key feature of belief networks is their explicit representation of the conditional
independence among events (Pearl, 1988). That is, they can explicitly and
compactly represent the dependency of design elements. Topological
transformations (through arc reversals and node absorption for example) can
answer questions concerning possible causal relations or dependencies between
design elements. Since the Bayesian network conveys an intuitive understanding of
how the reasoning process works, the designer can also follow the reasoning
process of the design based upon the dependencies/independencies of the events to
determine how the change in any one element might affect any other element.

The general method for constructing belief networks is to draw arcs from causal
nodes to effect nodes and then attach a probability to that arc (Russell and Norvig,
1995). While techniques exist for constructing the most probable belief network
Bs given a database D of instances (often called the maximum a posteriori
structure) based on assumptions of a uniform distribution of belief network
structures  (Cooper and Herskovits, 1992), the Bayesian Dirichlet likelihood
equivalent metric (Heckerman and Geiger, 1995) and minimum description length
(Lam and Bacchus, 1993), we generate an initial network using a heuristic
approach. We plan to apply one of the metrics to optimize the network locally
about a network structure which correctly represents the design.

The heuristic used to construct the Bayesian network is based upon the
conjecture that seeing a lower TRS word with respect to a word that it shares
contextual similarity causes the system to update the belief that the higher TRS
word will appear (Evans et al., 1991). This causal influence and contextual




similarity is found by pairing words with the highest TRS in the co-occurrence
matrix. The strategy for building the network is to link the highest associated
words in their own clusters first then to link the words between clusters. The
algorithm is outlined in the Table 2.

TABLE 2. Network Algorithm - In the first box, the table illustrates the general method for
creating belief networks based on expert knowledge. In the bottom box, the table outlines
the heuristic algorithm employed by the program.

General Procedure

1. Choose the set of relevant variables Xj that describe the domain
2. Choose an ordering on the variables
3. While there are variables left:
(a) Pick a variable Xj and add a node to the network for it
(b) Set Parents (Xj) to some minimal set of nodes already in the net such that
the conditional independence property is satisfied (direct causal influence)
(c) Define the conditional probability table for Xj

Network Algorithm

1. Define a variable Xj for each word
2. Order the variables Xj in their respective clusters by ascending TRS
3. While there are variables left in the cluster
(a) Select the variable Xj with the lowest TRS and add a node to the network
for it
(b) Set Xj as Parent Of(Xj) where Xj and Xj have the highest similarity in the
co-occurrence matrix and TRS(Xj) > TRS(Xj)
(c) Select next node in ordering as Xj+] and continue; repeat for each cluster
4. Order the clusters by ascending cumulative TRS
5. While there are variables left in the cluster
(a) Select a variable Xj from the lowest TRS cluster

(b) Set Xj as ParentOf(Xj) as the node from the next cluster with the highest
similarity in the co-occurrence matrix

(c) Select next node in ordering as Xj+1 and continue; repeat for each node and
cluster
6. Define the conditional probability table for Xj




3.4. AGENT ARCHITECTURE FOR DESIGN INFORMATION RETRIEVAL

Figure 2 depicts the agent architecture for learning the design based on the
documents. The architecture augments the “smart drawings” system presented in a
previous paper (Dong, Agogino, Moore and Woods, 1995).

Cluster

Design Document Belief Network
Database v

CAD Drawings| q

- Document Parser >

A
Word Score G User
[ o
N Information Needs
T

Memos/E-Mail

- Annotation
Tool

Figure 2. Agent Architecture - The user annotates and adds design documents to the
document database. The agent interacts with the document database by parsing and scoring
the words in the document. The agent uses the data to create the clustering and belief
network to learn the connections between the design elements. The user can then ask for
relevant information with respect to current information needs by having the agent search for
related design components.

The agent environment consists of the database of design documents, including the
CAD drawings, design specifications, design notes and memos and e-mails written
between designers. The agent reads the text periodically to generate the list of
content-carrying words. By manipulating the list and using the document database
for additional data, the agent constructs the inter-term clusters and belief networks
to build a model of the design. The model helps the agent to understand the design
by finding out what properties are relevant to a function in the design and the
decomposition of the design. In response to requests from the user, the agent can
retrieve relevant design information.

4. Experimentation and Results

For this project, we created a machine-readable form of The Mechanical
Engineers’ Handbook (Kutz, 1986) which was scanned and run through an optical
character recognition (OCR) software (“dirty”)3 to output the final text. The
program was then run on the chapters on controller design to derive a model of
controllers.

*“Dirty” OCR refers to documents un-modified after the OCR process, i.e. no spell check.
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The cluster results are shown in Figure 3. These clusters indicate which
properties are relevant to any particular function or element of the design, giving
the agent knowledge of relevant issues in the design. The clusters indicate, for
example, that the main content of the documents is the design of a controller or the
control of a system. The third cluster reveals that the performance of the system is
influenced by the gain and order of the control as well as any damping in the
system while the sixth cluster indicates that the position seems to be the variable to
be controlled in the system as it is tightly related to the feedback, input and output.
One critique of the clusters is that zero appears with performance and root appears
with stable, whereas it is known that both the zero and root of the system affect the
stability. However, in the document collection, zero statistically appears more
often with performance and root with stable since, for example, the documents
discuss more often that a zero affects steady-state error (a measurement of
controller performance) whereas the closed-loop roots determine the stability of the
system. The cluster results agree with known knowledge of the relevant properties
of the functions and attributes of controllers.

((system design controller control)

(transfer function time error state signal response plant)
(zero integral gain order damping performance steady action)
(stable root frequency process model loop)

(valve pressure power pneumatic motor displacement)
(variable value position feedback input output)

(disturbance diagram constant) ... )

Figure 3. Cluster Results - The cluster results for the chapters on controller design.

Finally, the system generates the belief network shown in Figure 4 and the
conditional probability table associated with the network. The states for each of
the event nodes (words) are 0, when the word (or design element) is not present in
the document, and 1 otherwise. The conditional probability table for the network is
based on frequency counts. For example, the probability of the word controller co-
occurring with the word design is given by:

P(controller design) = # occurrences controller and design

# occurrences design

11
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Figure 4. Initial Belief Network (partial) - This figure illustrates parts of the belief network
generated using the heuristic algorithm. For purposes of clarity, not all arcs and nodes are
shown.

For clarity, not all nodes and their associated arcs are shown in Figure 4. For the
nodes shown, the arcs are complete. One can read some interesting inferences off
of the network.
The first inference expresses the dependency of the design elements. The
expression of dependency describes the decomposition of the design.

1. The system to be controlled is characterized by the desired response and the
controller design. The control law is conditioned on the transfer function, the
error and the desired response of the system.

The second inference illustrates the degree of dependency between design
elements. These types of inferences relate both information and the degree of
relevance based on the amount of evidence available.

2. The concept of system response is more dependent upon gain in this controller
design than the specific input criteria.
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The third is perhaps the most interesting since it shows how the system could

infer the interaction of several elements in the design which produce a certain

function. Therefore, if the designer were interested in increasing the pressure in
the controller, one of the design elements to modify is the motor and followed
by checking if the valve could handle the increased stress. More notable is that
without explicitly telling the system these design element connections or the
design topic, the system correctly extracted from the text that these chapters
discussed controller design using pneumatic devices.

3. The motor changes the displacement of the valve which affects the pressure.

While the arc directions could change through topological transformations, the
above network and associated inferences illustrate two important ideas. First,
inspection of the network indicates that the heuristic generates a network with arcs
between elements in the direction of physical causality, as illustrated by the third
example in that the motor causes displacement rather than vice versa. Second, the
network illustrates the more important problem of capturing the dependencies
between design elements. By capturing these dependencies, the system is more
efficient in searching for meaningful and relevant design information. The
combination of the cluster information and the belief network augments the search
by finding closely associated design elements (cluster information) which may not
actually appear in the designer’s query while removing less relevant information if
less evidence supports the association between the design elements (belief
network).

The program was then integrated with a “smart drawing” (Dong et al., 1995)
system as shown in Figure 5. Some preliminary tests were conducted to test how
well the system learned the design data. One of the tests asked the system to
retrieve relevant information to the “Lyapunov stability of the controller.”* Based
on the clustering results, the program knows that the roots of the system affect
stability, so that documents which discuss roots frequently should also be returned
and scored high in relevance. By expanding the query to include closely related
terms which in this example indicate closely related attributes to the stability of the
system, the program can find documents related to stability that may not mention
the word stability in the document. Those elements which have shared
dependencies in the belief network are scored higher. Without expanding the query
based on the learned data (i.e. a standard freeWAIS query), only documents which
frequently discuss both stability and controller would have scored high. That is, the
dynamically learned design structure augmented retrieval to include information
not explicitly cast in the query but which should be reported together by virtue of

* One aesthetic limitation of the current implementation is that the user is given only the path
to the document rather than the document title, for example. By selecting one of the
documents, though, the system automatically brings up a viewer for the document type, such
as a text file or AutoCAD drawing.
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design dependency. In this case, design documents which discuss any property
shown relevant based on the clusters to stability or controller score high.
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7 CONTROLLER HARDWARE

The control law must be implemented by a physical device before the control
engineer’s task is complete.
The earliest devices were purely kinematic and were mechanical elements such as
gears, levers, and
diaphrages that usually obtained their power from the controlled variable. Host
=l controllers now are

ana10= e]ehtrom hydraulic, pneumatic, or digital electronic devices. We now
. consider the analo
and: _MDL_QUERY electronic type. n\ql tal control is taken up at the end of the chapter.

Command: _MDL_QUERY 40.7.1 Feedback Compensation and Controller Design

Command: _MDL_QUERY Search concluded Most controllers that implement versions of the PID algorithe are based on the

Figure 5. Smart Drawings Desktop - The agent learns the content of the design data based
on the design documents using the learning methodology outlined above. Then, when
prompted, the agent can retrieve relevant design information based on the current
information needs of the designer using the information content of the active document as
the query.

The role of the clusters and belief network for design information retrieval is
similar to the purpose of the decision dependency network presented by Garcia,
Howard and Stefik (1994) in the Explanation interface to their ADD system. The
Explanation interface displays related information by retrieving documents that are
generally reported together. The key differentiation is that the dependency network
is based on a pre-processed parametric design model for the design domain which
seems to violate their thesis that the evolution of the design description via
documents relates to the evolution of the design. For example, to capture design
rationale, ADD prompts the designer for decisions which deviate from the
preferred norm. This strategy for design rationale capture suggests that changes in
the design affect how the design should have been modeled or parametrized, that,
in fact, the design model dynamically evolves with the design.
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Systems such as ADD and the one proposed which address the problem of
accessing design information by employing a structured design model to augment
the retrieval of unstructured design documents can improve recall over those which
have only an unstructured model (such as freeWAIS-sf) or only structure
(ontology-based systems). However, the important metrics for evaluating these
systems should include both the overhead for creating the structured model to
account for the dynamic nature of the design as well as the performance in
retrieving relevant information compared to baseline systems which employ no
structure. The design learning methodology proposed illustrates a preliminary
system which addresses both metrics.

While this is only a preliminary test of how well the system learns the design
data, what these tests suggest is the ability to augment design information search by
finding related information based upon meaning, not just how the search request is
expressed in the query. Second, the clustering and belief network open the
possibility of organizing the retrieved data in a manner which is more meaningful
to the designer than just straight frequency metrics, such as ordering by related
concepts. We are currently investigating how to integrate the utility of the
information to the designer based on the preferences of the designer and the
structure of the design model in the belief network to improve the relevance
ranking of the returned information beyond simple frequency count measures. In
particular, we are implementing a “concept query” mechanism which more closely
analyzes what concepts would be interesting to the designer and the cost of
obtaining that information.

5. Summary and Future Directions

This research develops a computable learning method to extract the content of the
design model to facilitate information sharing among designers. The premise of
the methodology is that the design specifications and solutions as communicated
through design documents are related to a model of the design. Certain
combinations of the chosen properties of the design give rise to the corresponding
combinations of design descriptions in the design text. Therefore, by learning
these descriptions (words) through text analysis, the system induces a model of the
design. The learning algorithm is based upon natural language processing text
analysis to extract content-carrying terms, and then applying techniques from
machine learning to cluster inter-dependent terms and decompose the design into
dependent elements using belief networks. The model derived for the controller
design example was plausible and correct based upon knowledge of controllers.
What this research emphasizes is that CAD systems cannot ignore the
communication of design information with respect to the current and relevant
information needs of the design based on the annotation of the drawings (Ullman,
1990). That is, the effect of techniques which implement inductive learning
techniques such as the one proposed to generate new knowledge structures about
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the design rather than techniques that improve the efficiency of problem-solving
(explanation-based learning techniques) is tantamount to improving CAD systems.
By putting the knowledge of design components in a form in which we can
explicitly express the connections between the different parts of the system’s
knowledge, we enrich the possibility of interaction for collaborative design.

The methodology explored in this paper only begins to explore the possibilities
of full-text analysis for deriving a model of the design and its application. For
example, one could augment the learned design structure with formally derived
ontologies or use the learned structure as the basis for a formal ontology (Gruber,
1993). In particular, enhancing the parsing ability of the program and augmenting
the co-occurrence measurement strategy to consider the number of words between
two contextually similar words (Grefenstette, 1992) promise to improve the
efficiency of the algorithm and achieve finer granularity in representing the design
data. We are currently investigating these issues as well as testing the relevance of
the learned knowledge in design documents from mechanical engineering design
courses.
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