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Abstract

Information sharing and dccision coordination arc central problems for collab-
orative product devclopment and centerprisc-wide coordination. Designers, man-
ufacturing cngincers, and marketing cngincers nced to assess the impact of their
dccisions and notify affected partics as the product cvolves. Yet. cxisting CAD
tools tend to isolate information at tool boundarics, or make overly-strong com-
mitments to an all-encompassing common modcl. Furthermore, there is often no
automatcd support outside of the design function. The SHADE (SHArced Depen-
dency Engincering) project is working on knowledge-based methods to improve the
communication in the product development process. There are three main compo-
nents of SHADE: a sharced knowledge representation (language and domain-specific
vocabulary); protocols for information cxchange cnabling change notification and
subscription; and facilitation scrvices such as content-directed routing and intelli-
gent matching of information consumers and producers. SHADE is being applied
to several real domains, including the Palo Alto Collaborative Testbed.

1 Introduction

Product development is a complex, knowledge-intensive process typically carried out by
a team working from multiple perspectives. The decisions made by one team member,
working on one aspect of the product, usually have significant impact on other team
members. Furthermore, knowledge possessed elsewhere in the team is often needed to
make more informed decision. Thus, a serial model of product development, where the
emerging design passes from one engineering function to another is often inadequate. A
more interactive, coordinated approach is needed, giving rise to the fields of concurrent
engineering and enterprise integration.

At the heart of effective concurrent engineering is communication. In product devel-
opment, something is always changing — perhaps a design requirement, an unanticipated
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simulation or test result, the availability of a component, or an improvement to the manu-
facturing process. Reacting quickly to such changes is essential for quality and productiv-
ity, and getting the information to the right place is an essential prerequisite. Designers
need to assess the impact of their decisions on each other, and notify the affected partiesin
an appropriate way. Effective communication is especially important whenever anything
affecting other aspects of the design changes. Otherwise, unanticipated interactions niay
lead to expensive last-minute redesigns.

While computers are used extensively in product development, existing tools do little
to facilitate information sharing and coordination. In fact, current tools often aggravate
the problem by isolating information at tool boundaries, creating islands of automation.
Most computer tools support specific tasks in engineering (e.g., geometric modeling, anal-
ysis), manufacturing (e.g., process planning, scheduling) or business (e.g., cash flow anal-
ysis). However, the transfer of relevant information from one tool to another is sometimes
impossible. Often, the only output of one tool is a piece of paper that is mailed or faxed
to team members in other departments. Those individuals must then re-enter the relevant
information in the format required by their tools. Due to this inefficiency. designers end
up making decisions on the basis of inconsistent or out of date information. Moreover,
only information concerning the artifact is generally available; critical information about
the decisions leading to design choices and their underlying rationale is rarely documented
effectively. For team-oriented product development to advance, the communication must
be improved.

This paper gives an update on the SHADE project [Gruber et al. 1992, McGuire et
al. 1992], a joint effort by the Lockheed AI Center, Stanford Knowledge Systems Lab,
and Enterprise Integration Technologies. The SHADE project is primarily concerned
with the information sharing aspect of the concurrent engineering problem. Qur solution
is to provide a medium that allows designers, through their tools, to accumulate and
share engineering knowledge spanning the functionality of individual tools. This involves
more than networking the tools together (to be practical, the design tools need to remain
distributed due to the complexity inherent within individual design aspects). First of all, a
common knowledge-level representation, that spans the intersection of all the engineering
tools, is required. Second, since the exact information needs of one team meniber cannot
be known by another, there must be a means by which information needs and capabilities
can be exchanged and acted upon. Finally, since the overhead of increased communication
can be large, there must be a set of services that facilitate the communication, off-loading
the burden on the individual team members and tools.

Of course, a communication infrastructure is not useful without a set of tools to
populate it, and a tool must assume certain responsibilities before being capable of in-
teroperating within the SHADE environment. The tool must understand the common
knowledge representation, speak the knowledge transfer protocols, and be able to make
use of the facilitation services. A tool that satisfies these requirements is said to be an
agent. Therefore, the general approach of SHADE is termed agent-based integration.

In fact, SHADE is one project within a larger cooperative community looking at related
issues. PACT [Cutkosky et al. 1993] is a landmark demonstration of both the collabora-
tive research effort and of agent-based technology. Work on federation architectures and
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agent-based software engineering [Genesercth 1992] has served as a basis for nch of the
research in this area. The DARPA Knowledge Sharing Initiative [Neches et al. 1991, Patil
et al. 1992] is a community-wide effort to provide an adequate representational framework
for many projects. The Knowledge Centered Design project [Kuokka et al. 1993] is fo-
cusing more closely on the problem of transforming existing tools into agents that arc
capable of communicating via the SHADE infrastructure. Another project at Lockheed,
called Cosmos [Mark et al. 1993], is focusing on providing support for negotiation and
commitment reasoning within the SHADE infrastructure. Finally, the SHARE project
[Toye et al. 1993] is looking at a wide range of information exchange technologies in order
to help engineers and designers collaborate in mechanical domains.

2 Approach

Three basic components are embodied in the SIIADE approach to agent-base integration,
corresponding to the three requirements outlined above. First a common vocabulary must
be defined to allow tools to express shared dependencies among themselves. Second, a
set of protocols of interaction must be defined that permit advanced knowledge sharing.
Finally, a set of basic facilitation services is required.

2.1 Shared Representation to Bridge Tool Perspectives

The first component of SHADE is a shared ontology: a formal specification of a shared
conceptualization that provides the representational vocabulary with which agents can
communicate [Gruber 1993]. The need for a shared ontology is a direct result of the
multi-disciplinary nature of engineering. There are many different views of a design
(function, performance, manufacturing), each with a largely different language. However,
the various perspectives typically overlap, necessitating the sharing of information if design
is to proceed concurrently and cooperatively. For information to be shared, there must
be a commounly understood representation and vocabulary.

Whereas the language must be demonstrated as being expressive cnough to bridge
relationships among participating agents used in multi-disciplinary design activities, this
does not imply that it must be capable of expressing the union of all distinctions made
by participating agents. Many portions of a design space are of iuterest only to one
agent, while other portions must be common to many agents. The challenge is to support
different degrees of knowledge sharing, from arms-length knowledge exchanges to strong
common models.

SHADE acknowledges this range of knowledge sharing by presupposing an incremental
evolution of language that allows the encoding of progressively richer dependencies across
tools. The language evolution would proceed from an encoding of simple dependencics
among opacuie elements ( “object X is in some way dependent on object Y") to the gradual
introduction of common models (*Y.0 = 2 x X.a + 3”) to explanations of causality (*N
caused Y to fail™). This evolution would enable increasingly sophisticated types of change
notification and interaction among designers. Of course, it also imposes greater demands

247



upon the supporting communications infrastructure.

To better support the development of shared ontologies, SHADE is working on systenis
and techniques for building ontologies, and applying them to construct specific vocabular-
ies for engineering. To establish conventions, promote rigor, and facilitate enhancement
and extensibility, ontologies are defined within a widely accepted, formally defined rep-
resentation, and the related vocabulary is modularized into hierarchical theories. The
representation, tools, techniques, and theories are discussed helow.

2.2 Protocols for Coordination Among Tools

The second major component of SHADE follows from the realization that team members
are inherently distributed in the real world of engineering. A set of protocols is needed
to guide the knowledge transfer within the shared environment, thus cnabling a diverse
user community to work together cffectively.

A major part of the SHADE effort is an ongoing contribution to the evolving Knowl-
edge Query and Manipulation Language (KQML) [Finin et al. 1992] beiug defined by the
External Interfaces working group of the DARPA Knowledge Sharing Initiative. KQML
is an agent communication language whose message types have specific semantics and
impose constraints on the agents uttering the messages. The protocols of interaction are
ernbodied within the semantics of individual message types. That is, agents communicate
effectively by abiding by the constraints imposed upon their behavior by the semantics of
the messages they issue.

KQML only provides a protocol by which agents can communicate their attitudes
(belief, interest, expectation). It makes no commitments to policies such as honesty,
accuracy or completeness. That is, an agent may assert a piece of information without
actually having support for the belief. However, for effective communication to occur, a
collection of appropriate policies will have to be in effect. SHADE is actively investigating
policies, on top of KQML, that support effective communication among agents.

By way of example, consider a design tool interacting with other tools within the
SHADE infrastructure. The elements of the shared design model are actually distributed
among the individual agents. Each individual agent maintains a portion of the shared set
of beliefs (either embedded within tool-specific data structures or contained within the
wrapper’s knowledge base). To be recognized as an information service contributing part
of the virtual knowledge base, an agent would use KQML to advertise its information-
producing potential, or capabilities. Conversely, an agent would use IXQML to declare
its interests in relevant portions of the shared model, thereby enabling notification and
information matchmaking. Advertisements and interests create virtual shared knowledge-
based even though the actual information is distributed.

2.3 Facilitation Agents to Ease the Communication Burden

The third major component of SHADE is an (extensible) suite of core framework services
to facilitate communication and coordination among agents, thereby reducing the burden
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on individual agents. These services are implemented by special facilitation agents con-
nected to the infrastructure much like application agents. Example services include 1)
message routing and nameservice, 2) translating between different (locally opaque) repre-
sentations, 3) subscription and notification services, 4) matching information consuniers to
producers based on descriptions of their information interests and information-producing
capabilities (matchmaking), and 5) providing active constraint management of dependen-
cies spanning several design-tool perspectives.

A representative facilitation service is content-based routing: the intelligent routing
of information among participating tools based on previous subscriptions. This allows
an agent to send a message without having to determine exactly which other agents are
interested. As networks of agents get larger, this becomes a necessity as opposed to a
convenience.

For content-based routing to work, however, agents must post every piece of informa-
tion that they derive (that is translatable into the shared representation). This makes it
feasible for a logically centralized facilitator to check all new information against interest
criteria and route information appropriately. The flaw in this scheme is that an agent can
produce many types of information and (assuming a pay for a service scheme) probably
will not post information unless someone has explicitly requested it. What is needed is a
facilitation service that locates information producers capable of fulfilling outstanding in-
terests and manages subscriptions to these information producing services so that needed
information is posted. This would ease the burden on individual agents since they could
rely on the infrastructure to locate service providers. Such a facilitation agent is called a
matchmaker, and is discussed in more detail below.

3 SHADE Technology Elements

The above clements of SHADE have been under active investigation. Several specific,
albeit partial, solutions have been developed so far. This section outlines the major
results to date.

3.1 Representation of Shared Design Knowledge

An ontology is an explicit specification of a conceptualization. A conceptualization is
defined by the objects, concepts, and other cntitics that are presumed to exist in some
area of interest and the relationships that hold among them [Genesereth and Nilsson 1987].
A conceptualization is an abstract, simplified view of the world that we wish to represent
for some purpose. Since the set of objects and relationships in an agent are reflected in
the representational vocabulary, an ontology can be given as a set of definitions for this
shared vocabulary.

The common ontology, and the sentences using that ontology, must be representable
in a implementation- and agent-independent format. The format used in SHIADE is called
KIF (Knowledge Interchange Format) [Genesereth and Fikes 1992], which is a product of
the DARPA Knowledge Sharing Initiative. KIF is a machine-readable version of first order
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predicate calculus, with extensions to enhance expressiveness. KIF is the content language
for the SHADE framework. The KIF specification defines the syntax and semantics; the
ontologies define the problem-specific vocabulary: agents exchange sentences in KIF using
the shared vocabulary.

Since individual engineering tools have specialized internal formats, there is a need to
maintain portable ontologies by providing translation mechanisins into and out of a shared
representation. Consequently, SHADE is using the Ontolingua [Gruber 1992] system to
develop and maintain its ontologies. Ontolingua provides a layer on top of KIF for writ-
ing definitions and translating them into implemented representation systems. Ontolingna
can translate class, relation, function, and object definitions into several knowledge rep-
resentation systems. It specializes in translating to object-centered representations, such
as those used in frame systems and object oriented data description languages.

To ground our efforts in ontology construction, we have focused on the exchange of
knowledge between several key perspectives in mechanical design, such as the exchange
between a controls engineer and a rigid body dynamics specialist. This exchange is quite
general in that it consists primarily of mathematical expressions relating commonly under-
stood variables. Mathematical expressions are the basic language of engineering analysis.
Engineers use mathematical models, such as equations, to analyze the hehavior of phys-
ical systems. While standard notations exist in textbooks and other techuical literature,
these notatious fail to capture much of the meaning intended by the modeler and leave
implicit many of the details required to understand the equations. Much information is
not formally stated in an expression like “a + 10ycos(q) = I, such as which symbols are
variables or constants; whether the numbers are reals or vectors: whether the modeled
quantities are static values, functions of time, or functions of time and space; and if there
are units of measure assumed, what they are. Also distinctions between the symbol »
(i.e. a reference to an attribute of a design feature) and the quantity it deunotes (i.e. the
actual value of the attribute) are almost never apparent.

An ontology written using Ontolingua is modularized into theories to promote sharing.
Each theory formalizes sets of classes, functions, relations, and axioms (possibly in terms
of other theories) to enrich a shared vocabulary. Each theory can serve as a “building
block” by defining terms that can be assumed in derived theories. As an example of how
theory modularity can be exploited, consider the theory inclusion graph of some existing
Engineering Math ontologies developed under SHADE (Figure 1).

A link between theories indicates that the lower theory relies on terms defined within
the upper theory. The Engineering Math ontologies are an evolving set of Ontolingua
generated theories created to provide a language which can declaratively capture the
semantics associated with mathematical expressions describing physical uantitics. The
theories focus on algebras relating engineering parameters. For our discussions, we will
focus on the Physical Quantities theory. The remaining theories deal with algebraic
classification of parameters and the mathematical operators (e.g. addition) associated
with them.

In engineering analysis, physical quantities such as 'the speed of light' are regularly
modeled by variables in equations with numbers as values. While human engineers can
interpret these numbers as physical quantities by inferring dimension and units from con-
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Figure 1: Inclusion graph for Engineering Math Ontologies

text, the representation of quantities as numbers leaves implicit other relevant information
about physical quantities in engineering models, such as physical dimension and unit of
measure. Furthermore, there are many classes of models where the magnitude of a phys-
ical quantity is not a simple real number — a vector or higher-order tensor for instance.
Our goal here is to extend standard mathematics to include unit and dimension semantics.

In the Physical Quantities theory, we define the basic concepts associated with physical
quantities. A quantity is a hypothetically measurable amount of something. We refer to
those things whose amounts are described by physical-quantities as physical-dimensions
(following the terminology used in most introductory Physics texts). Time, length, mass,
and energy are examples of physical-dimensions. Comparability is inherently tied to
the concept of quantities. Quantities are described in terms of reference quantities called
units-of-measure. A meter is an example of an unit-of-measure for quantities of the length
physical-dimension.

The physical-quantities theory defines the basic vocabulary for describing physical
quantities in a general form, making explicit the relationships between magnitudes of
various orders, units of measure and physical dimensions. It defines the general class
physical-quantity and a set of algebraic operators that are total over all physical quanti-
ties. Specializations of the physical-quantity class and the operators are defined in other
theories (which use this theory).

The theory also describes specific language for physical units such as meters, inches,
and pounds, and physical dimensions such as length, time, and mass. The theory pro-
vides representational vocabulary to compose units and dimensions from basis sets aud
to describe the basic relationships between units and physical dimensions. This theory
helps support the consistent use of units in expressions relating physical quantities, and
it also supports conversion of units needed in calculations.

As examples of legal informational content, suitable for coutainment within a (KQML)
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nessage (e.g. to convey expression of belief), consider:
(physical-dimension length)
(unit-of-measure inch)
(= (q.dimension inch) length)
(quantity (diameter shaft-a))

(= (diameter shaft-a) (* 3.6 inch))

~
1}

(q.magnitude (diameter shaft-a) feet) 0.3)

The unit-of-measure “inch” and the physical-dimension “length” are introduced in
the first two sentences. The dimension associated with a unit of measure is accessible via
the “q.dimension” relation. Using this relation, in the third statement, the dimension of
“inch” is assigned be equal to “length”. In the fourth sentence, the expression denoted
by “(diameter shaft-a)” is classified as a “quantity”. In the fifth sentence, the value
of shaft-a's diameter is equated with the quantity returned by the product 3.6 * inch.
Quantities are introduced using a specific magnitude and unit of measure, but can be
described via other units of measure compatible in dimension. For example, in the sixth
sentence, the “q.magnitude” relation allows the magnitude of the quantity assigned to
shaft-a’s diameter to be described in terms of the “feet” unit of measure - even though
the quantity was defined in terms of inches.

Other theories under construction (which are derived from the Math theories) include:

o State Spaces: This theory provides a language for describing relationships among
variables which are time dependent. An ordinary differential equation is a typical
relation. (This is the strongest theory of commonality between the controls and
dynamics specialists in the PACT scenarios described below.)

¢ Kinematics: This theory will provide a language for describing the relative orienta-
tion and position of reference frames and points in space.

¢ Rigid Body Dynamics: This theory will provide a language for describing the dy-
namical motion of bodies. Newton-Euler and Kane's formulations will be supported.

Another theory, non-mathematical in nature, which exists is:
e Component Hierarchies: This theory provides a language for describing hicrarchi-

cally connected components, representing component conncetions and part/subpart
relationships.
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3.2 Protocols of Interaction

Sophisticated programs, especially knowledge-based agents, interact in many ways be-
yond the simple query-response paradigm of standards like SQL. Without an effort to
understand and standardize agent communication, there would be a proliferation of in-
compatible, ad hoc agent communication languages. The SHADE project is actively
working toward the establishment of a common agent communication language. Mem-
bers of the SHADE team are key participants within the DARPA Knowledge Sharing
Initiative, which is working on the definition of the Knowledge Query and Manipulation
Language (IKQML). SHADE is also one of the most active users of KQML.

KQML is a language for programs to use to communicate to the recipient what the
sender’s attitude is toward the informational content, where the content is encoded in a
specified ontology. Examples of attitudes on content are:

¢ believing/disbelieving the information content

¢ indicating interest in the class of information described by the content

¢ advertising a capability to produce the class of information described by content
e expecting that the class of information described by the content will be promised

fulfilling with the informational content some past commitment (i.e. a reply to a
query)

KQML is also an enabler of information-flow architectures, through forwarding, broad-
casting, and brokering messages. That is, an agent need not send every message directly
to the final destination. Often an agent does not know exactly who should process a mes-
sage, or even if an appropriate recipient exists. Forwarding and broadcasting allow the
sending agent to use intermediaries to facilitate transport. Brokering allows the agent to
be unconcerned with exactly who can process the message, The broker facilitation agent
is responsible for finding an appropriate recipient for the request.

To enable agents to use KQML, the SHADE project has defined an initial API (appli-
cation programmer interface) through which agent programs can scend and receive moes-
sages. The API supports sending and receiving of KQML messages as either strings
or “s-expressions”. The API is currently available for C, and a LISD version is nnder
development. :

When an agent expresses an attitude in the form of a KQML message, there must be
some understanding of exactly what the message means. The elaboration of the semantics
of KQML attitude types [Genesereth et al. 1992] is an area of collaborative research by
SHADE. To provide a semantics, an agent's internal state is abstractlyv modeled by its
beliefs and goals. The scmantic meaning of KQML message types are then modeled by
the constraints they imposc on the sending agent’s abstract model of internal state. A
recipient agent's internal state can potentially be affected by the attitudes of a sender
(e.g. the recipient agent may choose to believe knowledge content hecause someone else
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The KQML semantics elaboration effort is also characterizing how the abstract internal
state of an agent constrains externally visible behavior (in the form of attitnde utterances
in messages) of the agent. Other examples of semantic constraints are:

e when an agent asserts a belief in some content, the internal state of the agent should
refleet that bhelief.

e when an agent accepts the respounsibility of providing a nceded picce of information,
the agent’s internal goal state should reflect the desire to meet the respousibility,
and consequently the agent’s future (externally visible) behavior should live up to
the promise.

¢ when an agent expresses the attitude of fulfilling the informational request of another
agent, it should be the case that the agent believes that the othier agent wanted
sonieonc to provide the information.

3.3 Message Transport

Message-passing is the glue that builds large software systems out of multiple smaller
component systems. There are many new standards and toolkits that support the traus-
port of messages among programs (e.g. OMG CORBA, OSF DCE, ISIS, BSD Sockets,
etc). Even though the SHADE project is not focused on increasing this set, a reliable,
easy-to-use transport mechanism is an important prerequisite of inter-agent communica-
tion. To satisfy our specific needs, the SHADE project has produced the EIT ServiceMail
(tm) toolkit, which enables the creation of engineering services (rendering, layout, etc.)
that are accessed using multimedia electronic mail.

The idea of ServiceMail is that of sending e-mail to programs in order to request some
automated or semi-automated service. There have been several applications along this
line accessible through electronic mail, including services for archival searches, mailing
list manipulation, conference information, etc. Each of these applications use electronic
mail in the following way: users send their requests in the headers and/or bodies of e-mail
messages, including any relevant data files (e.g. a semiconductor layout representation).
These applications have been very popular, largely due to the ease of e-mail access and
simplicity of usc. SHADE has experimented with several new applications of ServiceMail,
including:

¢ a semiconductor fabrication process simulator service at Stanford

¢ a mechanical part checkplot/milling service at the Univ. of Utah

¢ a means of enabling corporate (e.g., Lockheed) participation in SHADE experiments,
Mauny big companies disallow bidirectional TCP/IP internet access, for scenrity
reasons. E-mail is often the only bidirectional transport mechanisiu available.

SHADE has been fostering ServiceMail by freely distributing a toolkit that helps
service providers get their services on-line. The current toolkit provides software to take
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care of the overhead in establishing a service from scratch, including: connecting to
the e-mail system, parsing incoming messages, multiplexing multiple services under a
single mail address, and generating outgoing messages. Current work on the toolkit is
addressing other issues such as: integrity checks on message contents, authentication
of users, auditing of service requests and responses, directory services to locate service
advertisements.

3.4 Facilitation Services

The SHADE infrastructure is designed to include facilitation agents that provide commu-
nication support to agents. One of the first nccessary services that has been identified is
content-based routing, where messages sent by an agent are routed automatically based
on interests asserted by other agents. To achieve this, agents must be able to express
their interests in terms of a general subscription. In the simplest case, a subscription
looks like a syntactic pattern that must be unified against the message. More generally,
it looks like an arbitrarily complex first-order logic condition which must be evaluated
for satisfiability. An agent subscribes to information by posing a persistent query within
the vocabulary of the common ontology. When relevant information is published by some
other agent, it is picked up by the routing agent and forwarded on to the requesting agent.
In this way, the SHADE environment is able to determine the routing of messages based
upon the content of the message, rather than a wired-in prearranged address.

However, as mentioned above, content-based routing assumes that agents voluntecy all
information, an assumption that cannot be supported as the network grows and financial
issues are considered. To overcome this problem, we developed the notion of matchmak-
ing. Instead of routing individual messages sent by other agents, a matchmaker actually
matches up advertisements and interests. This allows the matchmaker to establish cou-
nections between the producer and consumer.

For example, consider the following scenario. Agent Al has an interest in a class of
information, which it wishes to have fulfilled by another agent. It posts to the shared
environment a request to monitor all future changes in the specified class of information.
The shared framework, itself composed of facilitation agents, records Al's interest and
determines whether the message is of interest to any other agents. A matchmaker service
agent has posted an interest in other agents’ interests (i.e. it wants to know what other
agents want to know) and consequently is notified of Al's interest. The matchmaker
service attempts to match the interest with any advertised capabilities. A match is found,
the facilitation service subscribes to the relevant capability to enable notification. The
capability provider, agent A2, schedules a goal to provide the service. Later, when a
change occurs to the interesting class of information, the interest is incrementally fulfilled
and Al is notified.

The intention is to support knowledge based relevance reasoning to infer matches
between specifications of information interests and information producing capabilitics. In
our experiences, it is easier to specify an interest (which looks like a knowledge base query)
than it is to precisely characterize an agent’s capabilities (which needs to account for all
possible interest requests). Even if it were possible to precisely characterize all conditions

255



on capabilities, prudence dictates that the specification be overly general to allow for the
development of tractable algorithms that infer matches on interests.

As an example of the progression toward knowledge-based relevance determination,
counsider the case where several tools exist — each capable of producing simulation results
for the aspect of the design modeled from their perspective. Also assume that the shared
language supports a representation for time varying data in the form:

(= (val ?component ?port ?time) ?value)

Within this format, all of the simulation agents characterize their capabilities via an
extremely over-generalized specifications (*I can tell you the values of all ports of all
components at any time”):

(advertise :content ’(= (val ?component 7port ?time) ?value))

Conversely, some information consuming agent asks to monitor all simulation results
for a specific port:

(monitor :content ’(= (val cl pl ?time) ?value))

In order to satisfy the request, the matchmaker would infer matches with all of the
overly-general capability specifications and would then request subscriptions with each
simulation agent in turn until one accepted the subscription. That subscription would
then be forwarded to the requesting agent.

Another possibility would be for each agent to enumerate every component-port pair
for which it was capable of producing simulation results. This strategy could lead to overly
verbose capability specification on large designs with many components, If, however,
the common vocabulary introduced a rich inheritance language, agents could announce
capability patterns annotated with type restrictions on the individual arguments. This
would allow simulation agents to partially describe their capabilities without referring to
specific instance identifiers (object references) contained within a design. For example,
a simulation package with access to a rich model library would describe the types of
components it could simulate (not the component instances themselves). Thus, there
would be a natural separation between design-specific instance identifiers and persistent
types that are instantiated across many designs. This would allow for more precision
in capability specifications and better matchmaking, while remaining in the realm of
tractable algorithms (i.e. classification using taxonomic reasoning [MacGregor 1991]).

The matchmaking service also allows for more efficient communicatiou by alleviating
message traffic bottlenecks through a centralized facilitator. Since information sources
and sinks find each other during a preprocessing phase, they can communicate directly
with each other thereafter. The alternative is to continually infer relevance based on
subscriptions during actual information exchanges. A precompilation of message traf-
fic dataflow is extremely important in some engineering design scenarios. Experiments
were conducted based on distributed simulations over the Internet hridging several tool
perspectives. Performance was considerably slowed in those cases where relevance deter-
mination was performed on each message (via a unification-oriented subscription service)
and routed based on content by a centralized facilitation mechanism.
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4 Applications

To drive our research, SHADE is focusing on specific design domains and scenarios. This
section describes these.

4.1 PACT

SHADE's initial application focus was on PACT (Palo Alto Collaborative Testhed), a sct
of experiments in exercising knowledge sharing techniques among four existing concurrent
engineering tools [Cutkosky et al. 1993]. The experiments involved four geographically and
organizationally distributed engineering teams (Lockheed, Stanford, Enterprise Integra-
tion Technologies, and Hewlett-Packard) collaborating on scenarios of design, fabrication,
and redesign of a planar robotic manipulator. Each team modeled a different aspect of the
manipulator from a different engineering discipline: controller software (N'Visage [Weber
et al. 1992]), rigid body dynamics (NextCut [Cutkosky and Tenenbaum 1992]), circuitry
(DesignWorld [Genesereth 1991]), and sensors and power system modeling (DME [Iwasaki
and Low 1993]). Several collaborative design tasks were performed including dynamics
model exchange between the controls agent and dynamics agent, fine-grained coopera-
tive distributed simulation exercising each aspect supported by the four tools, and finally
design modifications suggested by the simulation.

The challenge in PACT was to take four existing systems, each already a specialized
framework, and to integrate them via a flexible, higher-level framework. To ground the
experiments, design scenarios that would be thwarted by tool isolation were proposed.
The developers of the various tools identified the information exchange necessary to enable
the design scenarios. As a result of these interactions, an implicit ontology was created
reflecting offline agreements. Next, each tool was wrapped up as an information agent
available as a service to other agents. Over the course of the PACT experiments, the
ontologies were explicitly encoded in KIF. After the form and semantics of the knowledge
content had been agreed upon, KQML was used to allow expressions of attitude toward
knowledge content such as belief, disbelief, and interest. Each team was supported by its
own computational environment linked via the PACT framework over the Internct.

The PACT experiments demonstrated a wide variety of advanced variety of inter-
agent communication. The PACT framework utilized an infrastructure postal service
to allow agents to delegate all message delivery responsibilities [Genesereth 1992, Singh
and Genesereth 1992]. The postal service is capable of handling “forward” messages
addressed to any registered agent, and agents can query the postal agent to determine
all other online registered agents. Other message traffic was permitted in the form of a
point-to-point package between agents to reduce the overhead of a centralized hottleneck
(e.g. during a distributed simulation).

Since the PACT experiments were meant to represent a concurrent engineering ap-
proach, it was critical that all affected parties of design changes be notified so they may
assess the impact. Consequently, heavy use was made of the “subscribe” message type
to convey the conditions triggering a notification. As a simple example of the utility of
“subscribe”™ within PACT, one agent (NextCut) posts a persistent interest in the type
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of motor applying torque to the manipulator arms. This way if the motor changes, the
consequences of the change in the motor's features can be evaluated.

The flow of information was also subject to control in the experiment. Some tools in
the PACT experiment were able to handle asynchronously transmitted partial informa-
tion (one answer at a time) by while other tools required entire sets of answers bundled
together. To provide flexibility in the packaging of transmitted knowledge, message types
were devised to convey differing requirements on the form of the answers to requests.

The PACT experiments show how heterogeneous systems can exchange information
and services as if through a shared knowledge base, even though tnost of the knowledge
resides in the internal representations of individual tools. However, the experiment was not
a complete demonstration of SHADE. The PACT architecture did not provide advanced
facilitation services, such as matchmaking or sophisticated routing of information based on
content. Instead all such facilitation sophistication resided directly within each individual
design agent’s wrapper, making wrapper development onerous. Future PACT experiments
will shift functionality into the infrastructure to provide mechanisms for locating registered
agents with capabilities suited to fulfilling specific information interests.

4.2 MACE

As a more complete demonstration of SHADE, and to flesh out issues not covered in
PACT, the SHADE project has been working on a more in-depth incarnation of the
PACT scenario. The scenario is based on the Mid-Deck Active Controls Experiment
(MACE), a research prototype intended to be flown inside of the Space Shuttle Mid-
Deck to study the use of active body members on vibration control in satellites. The
scenario is built around the interaction of three real enginering tools: SDRC's I-DEAS
(structural dynamics analysis), ISI's Matrix-X/SystemBuild (controls), and a rigid body
dynamics analysis tool based on Mathematica. By focusing on real tools as applied to
a real problem, SHADE will be able to validate current concepts and will be driven to
enhance concepts were most needed.

43 VT

The idea of using formal ontologies as specifications of common conceptualizations is
also being applied in an experiment by the knowledge acquisition community called Sisy-
phus/VT [Linster 1992]. Sisyphus is the name of of an ongoing experiment in which
participants from several research groups are building knowledge system architectures
and knowledge acquisition tools for specific problems in order to compare their methods,
architectures, and results. The previous year’s problem was a simple office-assignment
task. This year's problem is elevator design, a configuration problem with many pa-
rameters and constraints. This domain is well understood, and has been the subject of
research such as VT [Marcus et al. 1998}, an expert system for elevator design, and the
SALT system for knowledge acquisition [Marcus and McDermott 1989]. The task and
domain have also been analyzed and a thorough English-language description has been
published [Yost 1992]. For the purposes of the Sisyphus/VT experiment, the domain is
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complex and large enough to preclude simplistic approaches (brute-force search or simple
optimization techniques).

The SHADE teani, in collaboration with colleagues from the knowledge acquisition
community, is developing a set of formal ontologies that describe the configuration design
problem and the elevator design domain. The ontologies will serve as a formal problem
specification for the experiment (some participants will build agents that commit to the
ontologies; i.e., will be able to accept inputs and provide outputs using the formal vocab-
ulary and theory of the ontology). From early analysis it appears that the much of the
theory underling the VT ontologies can be inherited as a specializatiou of the engineering
math ontologies produced by the SHADE project for the exchange of behavior models
and data. The design task adds the additional requirements of representing structure and
design constraints declaratively.

5 Summary and Future Work

The SHADE project is creating technologies to promote information sharing among de-
sign tools within multi-disciplinary design environments. Our strategy is to provide
a knowledge-based medium by which designers, through their tools, share engineering
knowledge. There are three key ideas to central to the SHADE vision. First, individual
design tools will communicate in a common ontology realized in a declarative representa-
tion. Second, agents will make use of knowledge transport protocols to coordinate their
information needs and capabilities. Finally, the shared environment will be populated
with facilitation services to ease the burden of inter-agent communication. Because the
shared knowledge is expressed in a formal, declarative language, the shared environment
can use deductive mechanisms to answer queries, route information, perform translations,
and otherwise facilitate knowledge sharing and software interoperation.

SHADE continues to work on fundamental ontologies and support tools. In addition,
we have started work on ontologies and facilitators aimed at design rationale and decision-
maintenance [Gruber and Russell 1992, Petrie 1992]. SHADE also continues to be ouc of
the driving forces behind the KQML effort. ServiceMail is gaining increased recognition,
and additional enhancements are expected. Finally, SHADE is increasing its efforts toward
implementing useful facilitation agents.

Work up to this point has been motivated by experiments in multi-disciplinary desigu
settings such as PACT. This inter-project approach will continue. The SHADE group is
now interacting with Lockheed’s Space Systems Division to explore application of SHADE
technology to support collaborative spacecraft design activities involving dynamics anal-
ysis and controls design. These activities are real-world examples of the design scenarios
explored in the PACT experiments. SHADE is also being applied to the VT domain to
broaden the test of the concepts.

Finally, the community of SHADE users is growing (e.g., KCD and COSMOS), but we
are actively pursuing ties with other efforts in the research community to further validate
the generality of our approach. The success of SHADE depends largely on the degree to
which we can support coordination among numerous, heterogeneous agents,
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