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The intelligent synthesis environment(ISE)represents the integrationof abroad range ofhigh-� delity knowledge
at the design stage to facilitate the product realization process. ISE has the potential of reducing the product real-
ization time by several orders of magnitude. The key characteristics of ISE are integrated evaluation of product
life-cycle stages in a virtual environment, coordination of asynchronous design activities, design con� guration
selection based on multiple design criteria, and interoperability among heterogeneous software and hardware en-
vironments to accomplishan effective collaborativecomputationalsystem. Multiagentdesign architecture (MADA)
is designed to provide a � exible integration framework for ISE. This architecture provides seamless integration
of product realization activities across heterogeneous machines, computing platforms, programming languages,
data, and process representations using distributed intelligent agents. An agent in the context of MADA is an au-
tonomouscomputationalentity that is capable of migratingacross computing environmentsasynchronously.These
agents have intelligence in the form of individual goals, beliefs, learning mechanisms and interact cooperatively to
accomplish overall product design objectives. An application of the MADA information framework for the design
of aerospace components is presented. Speci� cally, the use of integrated design and analysis tools for creating a
high-speed civil transport exhaust nozzle is demonstrated.

Introduction

I N an increasinglyglobalmarket, the need formore ef� cient prod-
uct realizationmethodologies is driven by the requirement to in-

troducenew, cost-effectiveproductsquickly into the market. This is
especially true in the aerospace industry, where shrinking defense
budgets and international competition are forcing manufacturers to
signi� cantly reduce the concept-to-delivery time for products. To
achieve these objectives, intelligent synthesis environments, which
incorporatedesign tools, high-� delity analysis, manufacturing,and
cost information, have been proposed for reducing product realiza-
tion time. The term product realization, in the context of this dis-
cussion, is de� ned as the description, design, manufacture, testing,
and life-cycle support of a product.

The general concept of an integrated environment for product
realization has evolved steadily over several decades. In the past,
product realization occurred in distinct phases, such as require-
ments de� nition, design, manufacture, and product support. Each
phase involved activities by distinct engineering disciplines, such
as � uid dynamics, material science, structural analysis, machine
design, electrical design, and process design. Each phase and engi-
neeringdisciplinewas characterizedby differenttimescales,ontolo-
gies, data formats, analysis techniques, and communication media.
The differences among project phases and engineering disciplines
resulted in inef� ciencies in the product realizationprocess, the fun-
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damental cause of the resulting inef� ciency in the process being the
lack of communication and coordination among various product
realization phases and engineering disciplines.

In recentyears, increasingattentionhasbeenpaid to a total system
approach in the management and engineeringof large and complex
developmentprograms.The techniquesof system programmanage-
ment introduced the organizational concept of a dedicated, cross-
disciplinary matrix of people and resources, drawn from the tradi-
tional engineeringand supportdisciplines.As the systems approach
to the engineering of complex products evolved, the disconnects
between the project phases, most notably between design and man-
ufacturing, proved to be a major impediment to ef� cient product
development. This observation led to the development of project
management and systems engineering approaches that have been
referredto as life-cycledevelopment,totalpackageprocurement,de-
signformanufacture,andconcurrentengineering.Theseapproaches
enhance the probability of creating high-quality products, without
cycling through the product redesign iterations. The use of mul-
tidisciplinary knowledge at the product development stage, early
in the product life cycle, presents opportunities for signi� cantly
impacting the product cost and performance. When design errors
are caught early, downstream reengineering costs can be greatly
reduced. Proper communication and technology transfer can also
result in cost saving innovations or infusion of new technology in
the designs.

Although these practices have improved the product design pro-
cess, the communication and coordination among project phases
and engineering disciplines still needs considerable improvement.
In response to recent business pressures on the product realization
process, a re� nement and extension to the systems approach has
been proposed, referred to by several names, such as virtual product
development, integrated design environment, or intelligent synthe-
sis environment. The fundamental goal of the new approach is to
improve the design of complex systems by improving communi-
cation and coordination among the various project phases during
early stages of the product life cycle. Implementation of this new
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approach involves several elements: 1) immersive virtual engineer-
ing environments, wherein the entire product team has access to
all of the product and process information needed for each team
member to complete their task; 2) common user interfaces, such as
a web browser interface, to coordinate access to project informa-
tion gathered from diverse sources; 3) common data formats, which
permit the integration and translation of different information from
different disciplines; and 4) integrated analytical and process man-
agement tools for collaborative engineering.

Several prototypes of integrated design environment are being
developedin the aerospace industry.Lockheed Martin Tactical Air-
craft Systems has developeda comprehensive integrateddesign en-
vironment to support their participationin the Air Force Joint Strike
Fighter program.1 The Lockheed Martin Virtual Product Develop-
ment Initiative has developed a virtual modeling, simulation, and
design environment that has the goal of improving competitive-
ness in the initial phases of the affordability-drivenDepartment of
Defense acquisitionprocess.This initiativewas directed toward im-
proved functioning of a multidisciplinary product team. Thus, a
major componentof this system is a central database, a productdata
manager that can be accessed througha common browser interface.
This architecture also includes visualization tools and access to en-
terprise knowledge available at other company locations, such as
company best practices in design engineering.

Boeing Space and Communications Division developed an in-
tegrated design infrastructure to provide access to the engineering
tools and processes that support their integrated product teams.2

Their motivationwas to improve design integrationduring the early
conceptual phase, when sensitivity to new technology and design
changesis the greatest. In the Boeing system, the CAD toolprovides
a master solid model database, which is accessed by all other ele-
ments of the system. The component geometry data is expressed in
the InternationalStandardsOrganization(ISO) standardISO 10303,
commonly known as the Standard for Exchange of Product (STEP)
model.3 A virtual reality tool provides the capability of accessing
the geometry database for � y-through inspections to check clear-
ances, form, � t, and function. This system also provides a product
data management system, with access to legacy databases such as
material and parts libraries.

Boeing Information, Space, and Defense Company, through its
participation in the Defense Advanced Research Projects Agency
Rapid Design Exploration and Optimization program, has devel-
oped an integrated design environment that emphasizes standard-
ization of database and data exchangeformats. The objectiveof this
program was to demonstrate integration of diverse analytical tools,
including CAD, � uid mechanics, and structural analysis, as well
as nonanalytical information, such as requirements traceability and
manufacturability, into a standards-compliant, application-neutral,
object-orienteddesign environment.The operationof the system in-
volves translationof the applicationspeci� c outputs of various tools
into a neutral, object-orienteddata format, called units of function-
ality, that resides in a common database.

The National Institute of Standards and Technology (NIST) De-
sign Repository project focuses on developing a modeling frame-
work for the representationof artifacts in a designdatabase.4;5 Their
emphasis on an object-oriented, application-neutral representation
scheme for product data in an integrateddesign system is consistent
with the central importance of the product and process information
base. The NIST project provides an object-orientedmodeling lan-
guage that transcends the traditional geometric modeling format to
includeform, behavior, and function.Their work acknowledgesthat
the standard for geometry representation,STEP Application Proto-
col (AP203), is much further advanced than standards for nongeo-
metric information.The NIST development also includes a suite of
tools for implementingcommercialobject-orienteddatabases,an in-
formation browser for a user interface, and visualizationcapability.

In response to the changing needs of the aerospace product de-
velopment community, NASA has recently launched the intelligent
synthesis environment (ISE) program to foster research in the vir-
tual product development area.6 This program has identi� ed � ve
large-scale applications, including 1) the International Space Sta-

tion, 2) the space shuttle, 3) a reusable space transportationsystem,
4) an advanced Earth observation system, and 5) the integrated ex-
ploration of science applications, as potential domains for the tools
developedin the ISE program.The primaryemphasisof ISE is on the
distributedcollaborativenature of large-scaledesigns.This require-
ment forcesthe ISE researchersto addressthe issuesof geographical
separation,heterogeneouscomputingplatforms, and diverse design
goals.

However, in all of the systems discussed in this section, as the
tools in the integrateddesign environment increase in both numbers
and sophistication,the ability to use these tools effectivelybecomes
increasingly dif� cult.7 To use high-� delity analysis and manufac-
turing tools at the design stage, designersneed to communicatewith
domain experts and their analysis tools, which may be geographi-
cally dispersed over heterogeneous computing platforms. The de-
signers also need to be able to locate the right tools dynamically
during a design iterationbecausedifferent tools may be appropriate
at different stages of design, or a tool may be unavailable due to
machine failure or excessive load. Furthermore, in the case of large-
scale systems, it is essential to be able to decompose the problem
into smaller subproblems that are tractable.

The ability to effectively communicate between diverse tools is
strewn with technical dif� culties and ontological issues that im-
pede the integration process. A major dif� culty is the number of
proprietary software systems and data formats. With the advent of
the world wide web and related technologies, the barriers to data
transferhavebeen signi� cantly reduced.Data interoperability,how-
ever, still remains a major roadblock in any large-scale design ac-
tivity. The ability to transfer information, not just raw data, from
one analysis domain to another is complicated by differences in se-
mantics and timescales. From the design perspective, we need to
ensure semantic interoperability, which includes design rationale,
ontological issues, and other metadata. These data are either not
captured by present systems or are often lost in data translation.
Network collaboration is an important part of the integrated design
and analysis process. Currently, commercial software products are
available that overcome many technical barriers of multilocation
collaborative design. However, these tools provide only the basic
communication channels and point-to-point connectivity between
speci� c applications, which are not suf� cient to meet the complex
requirements of an integrated design architecture. As the product
design process becomes more decentralized and there is prolifera-
tion of new software and hardware systems, the need for a � exible
solution,capableof handlingthevarietyand changes,for integration
is acute.

This paper presents a multiagent design architecture (MADA)
model that provides an information framework for an ISE by en-
listing the use of mobile software agents. The paper is organized as
follows: The next section introduces agent-based systems and pro-
vides a rationale for using agent-based architecture for design sys-
tems. The following section describes the MADA system architec-
ture in detail by describingthe functionalityof each agent in MADA
and giving details of the software implementation.The next section
presents an implementation of the MADA model for a high-speed
civil transport (HSCT) aircraft exhaust nozzle. Each of the domain
speci� c tools and their integrationin the multiagent architectureare
described.We also presentcomputationalresults for the HSCT noz-
zledesignunderdifferentoperatingconditions.The paperconcludes
with a discussion of plans for future enhancements to MADA.

MADA
Agent-based architectures are being increasingly used to con-

trol and coordinate complex systems. Several applications of agent
architectures have been reported in the areas of robotics, manu-
facturing, and distributed computations.8¡10 In our context, agents
are de� ned as autonomous entities, either hardware or software,
that perform tasks to achieve an overall system objective.11;12 These
agents possess intelligence in the form of individual goals, beliefs,
and/or learningmechanisms.Intelligencein an agentpermits it to be
proactive in performing tasks and communicatingwith other agents
instead of beingpurely reactiveto the systemstate.The autonomous
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characteristicof an agent refers to the self-containedcomputational
capability to carry out tasks without external support. Thus, the
design of an individual agent can be changed without propagating
the changes to other agents. The asynchronousnature of the agents
allows them to run simultaneously with other agents in their own
environment or context. The agents may be mobile, allowing them
to migrate to different locations to perform the tasks. Mobile agents
can move from one context or operating environment to another,
performing their tasks locally while maintaining their identity. Mo-
bile agents provide speci� c advantagesover traditionalsoftware by
providing the ability to query intelligently the information directly
at the data storage location, thus allowing high bandwidth commu-
nication between the data source and the agent. This dramatically
reduces network load and query times. Agent mobility also allows
distributionof computing requirementsby of� oading tasks to other
machines. The distributed nature of multiagent systems provides
advantages, both in terms of performance and fault tolerance, over
traditional architectures. Mobility also allows the agents to gather
information and provide services across inter-, intra-, and extranets
spanning several organizations.

Rationale for Agents in Design Environments
In the design context, agents provide a means for developing

a � exible, intelligent architecture for integrating design, analysis,
and manufacturingtools. Agents provide customizableinterfaces to
largeanddiversedatasources.Theyalsoprovideways to standardize
data access by placing a software layer between the user and the
data. The need for proprietary interfaces to information sources can
thus be avoided by abstracting the user from the data. By the use of
network-based agents, the information residing on a remote host or
a server can be accessed by multiple users.

The main idea behind the MADA is to provide an automated and
distributed approach to solving a wide range of parametric design
problems. The focus of this research is on the distributed nature of
the solution generation, that is, to develop a system that not only
decomposes the problem into distributed tasks, but also searches
the design space in a distributedmanner by taking advantageof the
underlyingstructure of the decomposedproblem. By the placement
of the focus on distributing both parts of the design problem, the
design tasks and the solution search, the resulting system should be
both robust and scalable to large design projects, such as the space
station or the next generation space shuttle.

MADA provides a research platform to study novel approaches
for distributed product realization. The overall architecture can be
divided into three broad stages. The � rst stage involves decomposi-
tion of a design into a parametric form, whereby a design instance
is completely de� ned by a � nite set of parameters. The second task
focuses on the integration of the design, analysis, and manufactur-
ing tools to provide an automated system for repetitive analysis of
design alternatives. Finally, the third task focuses on the develop-
ment and analysis of distributed search methodologies to evaluate a
large number of design alternatives.

We now present an overview of the three stages of the MADA
environment,using HSCT nozzle design as an example. The HSCT
nozzle design scenario requires multidisciplinary analysis, such as
aerodynamics analysis, structural analysis, and material selection.
The design objective is to select a nozzle design that minimizes the
cost while meeting the performancecriteria,which are related to the
Mach number at the exit, maximum allowable stress, and limits on
the dimensions of the nozzle. The design variables in this case are
the shape of the nozzle (we consider axisymmetric and rectangular
geometries), geometric dimensions, and material.

The overall HSCT nozzle design task is initiated in MADA by
representingthe designas a set of parameters.Theseparametersrep-
resent the constituent dimensions, tolerances, materials, and other
information required to de� ne the nozzle completely. Information
related to the performance of the design is also expressed in this
form. In the HSCT nozzle scenario, parameters that de� ne a nozzle
design alternativeare the type of geometry, length, thickness,outlet
area, and nozzle material, along with performanceinformationsuch
as exit temperature,weight,maximum stress, and cost. The relation-

Fig. 1 Parameter map for HSCT nozzle design.

ships between design parameters are derived from parameter maps,
which show the sequencingof design and analysis tasks for a given
domain. These maps also encode the conversion of one parameter
to another by analysis tools and are used extensively throughout the
system. The parametermap for the HSCT nozzle design is shown in
Fig. 1. Note that the � nite element analysis and the manufacturing
analysis tools can be executed in parallel once the information is
available in the product data repository.The details of the data � ow
in a section of the parameter map are shown in Fig. 2.

The second phase of the design process involves integrationof all
of the tools required to traverse completely the parametermap. This
phase has three elements, incorporatingdesign and analysis tools in
an information architecture,coordinatingthe design tasks speci� ed
in the parameter map, and transferring information between tools.
MADA uses different types of agents to accomplish these tasks.
There are three broad categories of agents, as shown in Fig. 3: tool
agents that interfacewith an analysis tool at a speci� c location, such
as a tool agent that interacts with a CAD tool; facilitator agents that
are responsible for sequencing the different tasks in the parameter
map, hence, each facilitator agent coordinates the design process
of a speci� c object; and worker agents, which are responsible for
transferringinformationbetween different tool agents and the facil-
itator agents. The design of each of these agents will be discussed
in detail in the following section.

The third phase of the HSCT nozzle design process involves
searching through the feasible design space to identify a good al-
ternative. MADA uses a constraint satisfaction and search tool to
identify feasible design alternatives. Multiple design instances can
be evaluated in parallel by creating independent facilitator agents
that manage parameter maps for each alternative.

The key features of MADA that differentiate it from other inte-
grateddesignsystemsare theability to decomposethe overalldesign
probleminto orderedsequenceof tasks, the capabilityof addingnew
tools in the systemwithout affectingthe entire system, the � exibility
of using new resources introduced in the agent environment, asyn-
chronous operation of different tools, and the distributed problem
solving capability of the design search process.

The computationalenvironment in MADA differs from other in-
tegrated design systems in the methods used to integrate design
tools. The integration and automation is accomplished by using a
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Fig. 2 Details of the data � ow for a section of the HSCT nozzle parameter map.

Fig. 3 MADA model.

community of agents to perform the necessary tasks to complete the
design process. Agent-based systems offer advantages in terms of
� exibility and fault tolerance over point-to-point integration meth-
ods. Another important distinction between MADA and other inte-
gration architecturesis in the underlyingparadigmfor accessing the
product informationreservoir. In most systems describedbefore, an
intelligent database contains the common information reservoir for
a product design. In MADA, the information remains distributed
in the analysis tools and the environment in which it is generated.

The exchange of information is not conducted through a central
database,but is brokered among distributed tools by worker agents.
Thus, MADA provides an open and scalable architecture in which
the details of application programming interfaces and application-
speci� c data formatscan bemade transparentto theenduser.MADA
providesseamless integration,coordination,and cooperationamong
diverse analytical tools, which can be changedwith minimal impact
on the systemoperation.MADA also presentsa single,user friendly
interfacefor accessing the entire range of designprocessesand data.
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System Architecture
The overall functioning of MADA is shown in Fig. 3. MADA is

a community of agents residing in a multiagent facility13 (MAF),
which represents a collection of tools, knowledge, and procedures
required for collaborativedesign and analysis tasks. The MAF pro-
vides an environment in which the agents exist and perform all of
their tasks. The MADA framework contains four distinct software
entities: 1) facilitator agents, 2) worker agents, 3) tool agents, and
4) application program interfaces (APIs), in addition to the appli-
cation or analysis software. The facilitator agents and the worker
agents provide means of converting overall design goals into man-
ageable and coordinatedtasks, whereas the tool agents and backend
APIs provide an abstraction layer that allows the application pro-
grams to consume and produce information in a common data and
command/communicationinfrastructure.Specializedfacilitatorand
worker agents interact with multiple tools based on the parameter
map for a speci� c design, thereby providing the means for multi-
disciplinary collaboration.

An applicationsoftware may conduct analysis that requires input
information from multiple sources. For instance, the manufactur-
ing analysis tool in the HSCT nozzle example needs both material
and geometric information. The tool agents provide the necessary
intelligence to ensure complete and valid data before the analysis
is initiated. The tool agents present information to the rest of the
MADA agents though a common agent communication language,
KQML. The tool agents reside at a particular node or application
location and manage the input/output requirements of application
software to accomplish tasks required by the design process. The
tool agent resolves any missing data by utilizing the services pro-
vided by the worker agents and the product data repository. Once
a data set is complete for a speci� c input/output combination, it is
cached and is availablefor retrievalor future use. If any other agents
have requested the information, they are noti� ed when the informa-
tionset is complete.Each toolagent is concernedonly with a speci� c
instanceof informationand its internaldependencies.The tool agent
does not contain any design knowledgeor rationale.The tool agents
interactwith analysis tools via standard wrapper interfaces, thereby
isolating their proprietaryrequirementsfrom the multiagentsystem.
Thus, tools with similar analysis capabilities, such as different � -
nite element analysis software, can be interchanged with minimal
system redesign.

Once a design instance information is introduced in the agent
environment, it must be managed and transferredbetween different
applications.A class of agents, called worker agents, are created to
handle the information transfer. The worker agents contain speci� c
information about individual tool agents and can transfer informa-
tion between two or more applicationpackages.The worker agents
also provide simple data translation services, such as unit conver-
sion. The worker agents monitor any design con� icts or errors that
occur within the tool agents. These agents possess knowledge only
about information dependenciesof different domains.

The job of sequencing and assembling design tasks so that the
result is a valid product design is accomplished by the facilitator
agent.The facilitatoragent takesdesignrequestsand translatesthem
into individual worker tasks to accomplish an overall design. The
facilitatoragents contain speci� c design knowledge about the prod-
uct being created. This knowledge is obtained by coding parameter
maps that determine the sequencing of the analysis tasks to be un-
dertaken.For example, to do the � niteelement analysison the HSCT
nozzle, the geometric information must � rst be produced. The fa-
cilitator agents creates worker agents to transfer data from one tool
agent to another. The facilitator agent controls the life cycle of the
workeragents.Basedon thedatadependencies,the facilitatoragents
can also spawn worker agents in parallel to take advantage of the
distributed nature of the MADA framework. The facilitator agents
collect the necessary informationfrom the worker agents, including
the design con� icts and failures. Thus, a facilitator agent produces
a single design instance from the input information given by the
user or prescribed by the design search process, characterizedby a
set of input parameters and design constraints. Because all of the
design knowledgeresides in the facilitatoragents, the agent creation

Fig. 4 Execution logic � ow in MADA.

represents a crucial task in the MADA framework. The facilitator
agents are created by the user input interface if only one iteration
is needed. In the case of multiple iterations, the constraint satisfac-
tion and search routine can create multiple facilitator agents with
different input parameters to explore the design space.

Figure 4 shows the execution logic in MADA. The user initiates
a design cycle by specifying the parametric de� nition of the object,
parametermap of theanalysesto be conducted,and thedesignobjec-
tive. The design optimizationroutine then created several facilitator
agents to explore the design space, with different attribute values.
Each facilitator agent in turn creates worker agents that manage in-
formation transfer between speci� c tool agents. The performance
or analysis results are compiled by facilitatoragentsand used by the
optimization routine to select the next set of design alternatives to
be evaluated.The design search process terminateswhen the design
constraints are satis� ed and a desired performance level is reached.

Computational Framework
The MADA computational environment is composed of domain

speci� c tools, agents, and the environment in which the agents re-
side. The agent system has been designed using object-orientedand
layered programming techniques. Close attention is paid to con-
forming to standards and isolating proprietary system requirements
where possible.This gives the environmentthe ability to adapt to the
changes in speci� c implementation technologies without affecting
in other areas. MADA needs to operate in heterogeneous comput-
ing networks and, therefore, must utilize technologiesthat facilitate
interaction between diverse operating platforms. The MADA envi-
ronment uses JAVA as its core programming language and inherits
many key features from it, including the ability to execute the en-
vironment any operating system that has a JAVA virtual machine
(JVM).14 The architecture uses remote method invocation (RMI)
protocol, which enables JAVA applications to invoke methods re-
motely through a lightweight API. This technology provides the
basis for agent subsystems to be mobile in nonproprietary ways.
JAVA and RMI by themselves only provide the means with which
heterogeneous,mobile agent systems can be built. An agent man-
agement system or MAF, on the other hand, provides a common
set of resources and services for mobile agents, such as mobility
tracking, data persistence, message passing, naming services, and
life-cycle support. Individual agents exist in the MAF environment
and rely on it for life-support services.

The MADA agent system uses an agent communicationlanguage
called KQML.15 All interagent communications are accomplished
using KQML. This provides MADA agents with the ability to in-
teract with third party agents, if necessary.To cooperate, the agents
must interact with each other in a meaningful manner, or, in other
words, interact socially. Therefore, it is not suf� cient just to have
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Fig. 5 MADA layers and agents.

communication pathways provided by the MAF between agents,
but the agents need to be able to convey intent and goals. KQML
provides a means to transfer this information between agents. This
is an instance of the layering approach used in the MADA environ-
ment. As long as the MAF provides the basic messaging capability,
the underlying technology used in MAF is transparent to the user
and does not have signi� cant impact on the rest of the architecture.
Message passingbetween agents is accomplishedthougha message
bus or blackboardsystem using the KQML protocol.Worker agents
broadcast information to be used by the tool agents and wait for up-
dates on that data. The tool agents wait for data inputs and analysis
requests from worker agents and perform necessary calculations to
meet the requirements of the worker agent.

The architecture is designed using a multilayered approach, iso-
lating the complexities of the application domain from the integra-
tion framework. This approach gives the system the � exibility to
change tools and applications without disrupting other parts of the
system. The MADA framework can be decomposed into multiple
layers, with differentagents embodyingone or more of these layers.
The details of MADA software layers are shown in Fig. 5.

The � rst layer is the application software layer. This layer con-
tains the majority of the domain-speci�c analysis codes. Currently,
in MADA, this layer consists of software packages such as Pro-
Engineer for CAD, MARC for � nite element analysis, Oracle for
databases, and several proprietary analysis packages for aerody-
namics analysis, acoustics, constraint satisfaction and search, and
virtual reality rendering.

To interface the application programs with MADA, they must
have a direct connection to the JVM (not shown in Fig. 5). This
is accomplished by creating dynamic scripts or linking shared li-
braries, which connect the applications to the JVM. In the case of
dynamic linking, the connectionis accomplishedby using the JAVA
native interface.16 This interface is shown in the dynamic shared ob-
ject portion of Fig. 5. This connection is the pathway along which
commands and data � ow occurs. The direct connectionprovides an
ef� cient and � exible way to communicate with application pack-
ages. Several commercial application packages provide developer
libraries that can be used to invoke the application’s functionality
through the use of public APIs. Pro-Engineer, for example, has Pro-
Developer libraries that allow data access.

Once the data connection is established, a JAVA API (JAPI) is
used to standardize the method in which the agents store the design

instance data. The design instance data represent the parameters or
data related to a speci� c design alternative.The JAPI also provides
a standardized method by which application procedures can be in-
voked. For example, the parameters involved in producing a design
geometry, such as the length and thickness of the HSCT nozzle,
would be used by the JAPI to interact with the CAD tool to gen-
erate detailed geometric speci� cations. These product independent
interfaces are designed to facilitate the plug and play capability of
MADA. The agents interact with each other, using the KQML mes-
sage bus, via this layer.Thus, the interactionamong different agents
is notdependenton the speci� c applicationsoftwareused to perform
the analysis.

The software tools are wrapped by a JAVA class to provide both
the agents and the software tools with a set of services. These ser-
vices provide information about a running software tool and its
information requirements such as the relationships between input
and output parameters. The JAVA wrapper stores data related to a
speci� c run of the software for use by the workeragentsor other tool
agents. The tool agent only manages requests for access to design
instance data it creates. If the application software tool has its own
set of APIs, this class is used as a transferand storagepoint between
the JVM and the software native operating systems libraries.

Design Example
We now discuss the use of the MADA framework for a speci� c

product. The design of an exhaust nozzle operating at supersonic
Mach numbers, reminiscent of a HSCT nozzle, is chosen as an ex-
ample. The individual tools used in the integrated design system
are kept simple enough to run ef� ciently on desktop computers
with low cycle times. However, the MADA framework is capableof
accommodating more complex tools, such as computational � uid
dynamics, NASTRAN advanced � nite element analysis products,
etc. Even with the simple product chosen, the communication and
coordinationbetween different tools remains signi� cantly complex.
The issuesof scalabilityof theMADA architectureto complexprod-
ucts and assemblies, such as the space station or the next generation
space shuttle, are currently being examined.

The different tools used in the integrated system for the HSCT
nozzle are 1) the aerodynamics tool, 2) the geometric design tool,
3) the � nite element analysis tool, 4) the manufacturing tool, and
5) the constraint satisfaction and search tool. The following sec-
tions outline the functioning of the speci� c tools in the MADA
framework.

Aerodynamics Tool

The purpose of the aerodynamic tool is to determine the changes
of � ow propertiesinside the nozzle.A simple one-dimensionalisen-
tropic � ow analysis that describes with reasonable accuracy the
global characteristicsof the � ow inside the nozzle is used. Assump-
tion of sonic � ow at the throat gives rise to to an area/Mach number
relation that relates the Mach number at any location in the nozzle
to the ratio of the local nozzle to the sonic throat area. An ideal
expansion at the nozzle exit is also assumed in the analysis. The
ambient conditions, nozzle pressure ratio [(NPR) stagnation pres-
sure/ambient pressure] and the temperature ratio [(TR) stagnation
temperature/ambient temperature)] are speci� ed as the initial nozzle
parameters. In practice, the turbine outlet conditions are typically
known before the design of a nozzle is initiated.The performanceof
the nozzle is then characterized in terms of the NPR and TR. For a
given throat area and exit nozzle angle, the length of the nozzle was
calculated. Two different exit geometries, axisymmetric and rect-
angular,were considered for the design.Although the aerodynamic
analysis carried out here is relatively simple, the values of most of
the important � ow parameters inside the nozzle such as the pressure
and temperature on the nozzle walls are captured adequately. This
is the � rst tool used by the nozzle design facilitator agent.

Geometric Design Tool

Pro-Engineer is used as the geometric design module. After the
CAD tool agent receives the nozzle parameters from the facilitator
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agent, the data are used to generate part geometry. The geometry
is generated using Pro-Engineer trail � les, which give a parametric
de� nition for each of the two nozzle exit geometries. The output of
the geometric design tool is stored in the initial graphics exchange
speci� cation format.The part geometry � le providesthe base model
for all other analysis tools.

The geometric description of the nozzle is also stored in a three-
dimensionalVRML format, therebypresentinga standardizedview-
ing platform. To enhance the platform-independent nature of the
environment, the VRML2.0 three-dimensional standard was used.
All visual data to be presented to the user are converted from their
native representation into VRML.

Materials Database

To achieve an optimal product design, the selection of materi-
als plays a crucial role. In the context of current design practices,
this important step is carried out largely from the experience of
the materials engineer in consultationwith the engineering mecha-
nist and the manufacturingengineer.This poses a major threat to the
rapiddeploymentof evolvingbut promisingcandidatematerialsand
manufacturing methods. The materials system can be chosen from
a range of metals, ceramics,and plastics in monolithicor composite
form. They are largely chosen based on the physical, chemical, ther-
mal, and mechanical properties apart from cost and manufacturing
considerations. In the context of MADA environment, we have es-
tablished a material database, called MATDAT, comprising a wide
range of materials relevant to the design of aerospace components
operatingunder elevatedtemperatureand severe loadingconditions.
MATDAT, when accessed through JAPI, is able to locate the right
material in addition to providingall of the required thermomechani-
cal data (Youngs modulus,Poisson ratio, thermal conductivity,ther-
mal expansion,yield strength, and inelastic constitutivelaw) and al-
lowable limits, for example, maximum von Mises stress, allowable
fracture toughness, and maximum strain limits. These data are not
only essential in the analysis stage but also in driving the iterative
design solutions based on cost and weight considerations.

Finite Element Analysis Tool

In the present case, where two different geometric con� gura-
tions are considered, several iterations may be undertaken for each
geometry with different parameters. The � nite element analysis
tool uses the analysis software MARC and its graphical front-end
MENTAT. When the facilitatoragent triggers the MARC tool agent,
the preprocessor MENTAT accesses the geometric data generated
by Pro-Engineer. MENTAT discretizes the domain using bilinear
thick shell elements. This element is speci� cally chosen because it
can model variations of thickness and pressure loading along both
the x and y directions. The element is based on membrane, and
the formulation captures both displacement and curvatures essen-
tial for nonlinear analysis, but is still inexpensive compared to full
three-dimensional elements. About 800 elements are used in the
analysis, and the pressure loading is directly input from the aerody-
namics module. Though automaticmesh enrichmentand remeshing
are essentialfor capturingsharp stressgradients,they are not needed
for the current problem. The � nite element code MARC is invoked
automatically once the mesh generation and boundary conditions
are available. MARC analyzes a given design con� guration and
evaluates the maximum stress, strain, displacement, and the spe-
ci� c location. The actual stresses in the nozzle compared to the
allowable stress supplied by the MATDAT tool then determines the
next design iteration based on the goals speci� ed in the constraints
module.

Manufacturing Tool

The manufacturing planning tool in Pro-Engineer is used in the
current implementation of MADA. The manufacturing tool agent
receives the geometry and material data from the facilitator agent.
The outputof the manufacturingmodule is a set of numericalcontrol
tool paths for generating the required geometry and an estimate of
the total manufacturing time. In case of manufacturing errors or

infeasibilities, the tool agent alerts the facilitator agent, which can
initiate a new design instance with proper corrective actions.

The manufacturing module provides a time estimate, which, in
addition to the material selection module, can be used to estimate
the manufacturing cost for the design instance. This information is
used by the constraint satisfaction and search tool to determine the
quality of the solution generated.

Constraint Satisfaction and Search Tool

The constraint satisfaction and search routine contains global
knowledge of the system. This information is not as detailed as
the knowledge contained in the facilitator agents because it per-
tains to the critical performance metrics for evaluating the design
instances.The constraint satisfaction and search routines create the
facilitatoragents with speci� c parameters and evaluate the resulting
designs. The designs are re� ned via an iterative process, based on
the design goals and search routines used. A specialized subgradi-
ent search procedure is used to guide the iterations in the present
implementationof MADA. The asynchronous,distributednature of
the MADA agents allows several design instances to be created si-
multaneously. Thus, the constraint satisfaction and search routines
drive the entire system. They manage both design con� icts and con-
straints. The search routines monitor the facilitator agents and the
design instances. If a speci� c design instance violates a constraint,
it is removed from consideration.However, this information is used
to initiate another design instance that is within the feasible region.
Thus, by monitoring intermediate data, the constraint satisfaction
and search routines can also detect con� icting design goals and
alert/query the user for explanation.

Designhistoryis preservedby storinginputandoutputparameters
in the persistent datastore. Any data that cannot be recreated by
invoking tools are stored here along with the resultant outputs and
actions.This way thedesigners,as well as the search routine,can use
the information to review and search the previouslyexploreddesign
space. This reduces the need to process the data again. Designers
can annotate design instances to provide design intent information.

As the design evolves, the related information is fed into a virtual
environment,where the user can monitor the progress and, if neces-
sary, modify or halt the process. This environment provides a user
friendly interface to the product data and allows the user to control
the design process.

Figure 6 shows the screen capture of MADA in operation. The
example shown in Fig. 6 is of a square nozzle con� guration. The
� rst window shows the input worker. The following images show
the MAF environment, the nozzle geometry in Pro-Engineer, the
numerical control tool path simulation, � nite element analysis in
MARC, and, � nally, the VRML realization of a feasible nozzle
design.

Computational Results

We now present computational results for a supersonic nozzle
design. Table 1 shows the inputs and outputs of the system for the
nozzle design. To control the search of the design space, MADA
allows the speci� cation of various input parameters and constraints.
The parameters that determine the performance characteristics of
the nozzle are listed in the input section of Table 1. The thick-
ness parameter has the additional capability of specifying a range.
Two nozzle input speci� cations were selected from Ref. 17 and are
listed as cases 1 and 2 in Table 1. These two cases produce a to-
tal of four resultant con� gurations, axisymmetric and rectangular
geometry for each case. The design search for these con� gurations
was constrainedby the material selection and thicknessparameters.
Once additional information is known about the design domain, it
can be included in the constraints to accelerate the search process.
The results of the design search by MADA are summarized in the
output section of Table 1.

The metrics listed in the output section of Table 1 are a subset of
the design details and performancemetrics generatedduring the de-
sign cycle.Thickness,length,and materialare the outputparameters
for eachcon� guration.The costcoef� cient is themetricused to drive
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Table 1 Design instances generated by MADA for a supersonic nozzle

Case

Speci� cation 1 2

Input
Nozzle pressure ratio 3.4 4.5
Ambient pressure, Pa 1.00EC05 1.00EC05
Ambient temperature, K 294 294
Temperature ratio 3.0 3.45
Mach number at exit 1.46 1.66
Starting area, m2 0.125 0.125
Thickness upperbound,m 0.01 0.01
Thickness lowerbound, m 0.005 0.005

Output
Geometry Axisymmetric Axisymmetric
Thickness, m 0.005 0.0075
Length, m 0.1652 0.3206
Material Aluminum Aluminum
Cost coef� cient 7.2684 7.2702
Number of iterations 9 75
Av. run time for failed runs, ms 4.78 4.42
Av. run time for successful runs, ms 91,444.25 15,198.4
Geometry Rectangular Rectangular
Thickness, m 0.005 0.005
Length, m 0.1652 0.3206
Material Aluminum Aluminum
Cost coef� cient 13.4896 24.3036
Number of iterations 150 75
Av. run time for failed runs, ms 4.91 4.68
Av. run time for successful runs, ms 110,353.7 115,578.3

Fig. 6 Screen capture of MADA environment for HSCT nozzle.

Fig. 7 Axisymmetric nozzle design instance.
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Fig. 8 Rectangular nozzle design instance.

the search routine. Note that the cost coef� cient is a dimensionless
metric. Actual cost values depend on the manufacturing equipment
used and the raw material costs. The � nal three outputs in Table 1
are performancemetrics of MADA as a design system. The number
of iterationsis the numberof individualdesignattemptsmade by the
search routine. This number does not re� ect the number of invalid
designsimmediatelyrejectedby the facilitatoragent.The processing
time of these invalid designs is listed as failed runs. The time for
successful runs represents the instances when the design cycle was
completedand resulted in a feasibledesign.The � nal con� gurations
for the axisymmetricgeometry for case 1 is shown in Fig. 7 and that
for the rectangular geometry for case 2 is shown in Fig. 8.

Summary
The current implementationof the MADA environmenthas static

knowledgeencodedin the layersandagents.Learningsystems,such
as neural nets, expert systems, or other arti� cial intelligence tools,
can be used to enable the agents to obtain knowledge dynamically
and learn intelligentlyabout the environmentas the system evolves.
Software utilities could be created to reduce the work needed in
making the data connectionbetween the tool agent and the applica-
tion programs.The additionof a strong link between the tool agents
and the application programs would increase the implementation
domain for MADA.

The current methods used to implement the transfer of informa-
tion from the application to the JVM involve scripts and proprietary
library interfaces. As the JAVA matures, object interface products
can be used to connect JAVA to existing applicationdata communi-
cation protocols. These technologies include N-OLE by Microsoft
and CORBA by the Object Management Group.

The future extensions of the MADA environment will address
the scaling and communication issues for complex products and
assemblies.
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