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1 Introduction

Distributed project coordinationrequiresinsight in the types of

interactioninvolved in engineeringpractice. In current practice,
well-structuredhierarchicalmanagemenand decentralisedroject

organisation are often combined. Within an organisaterymber
of levels can be found within which responsibility for effective

interactionis delegatedto the engineersthemselves.Engineers
decidewhento exchangepreliminary ideas and partial designs,
when to acknowledgpossibleconflicts andwhento resolvesuch

conflicts, when to questiorequirementset cetera.A combination
of traditional managementstructures and virtual organisations
resultin dynamicstructuresjiable to considerablechangeduring

the life span of a project.

The types of interaction encounteredin such real-life
engineeringsituationsshow how intricate such processesan be.
Within the multi-agent community the problem of distributed
problemsolving hasbeenrecognisedseefor example(Dunskus,
Grecu, Brown and Berker, 1995; Petrie, 1994). In (Jennings,
1995) an informal multi-agent model for cooperative problem
solving is proposed.Essential elementsof this model are the
dynamic organisation and managementof joint activities,
susceptivao changedueto unexpectedvents.As described the
model, however, does not provide enough detail to support
analysis, modelling and implementationof design coordination
systems in specific domains. To acquin@are precisedescription
of this model more detailed analysis is required.

In this paper a real-life desigojectis analysedor a situation
in which traditional managementand virtual organisationsare
combined:the designof partof the interior of a specific aircraft.
The DESIREframework(Langevelde Philipsenand Treur, 1992;
Brazier, Dunin-Keplicz, Jennings and Treur, 19B&azier, Treur,
Wijngaards and Willems, 1995, 1996) is used to model the
coordinationof this cooperativedistributeddesignproject, using
Jennings' model as a frame of reference.

2 Distributed project coordination

Coordination of complex engineering projects often entails
coordinationof individuals but also coordinationof groups, often
somehowrelated to departmentsand/or project groups. These
entities,whetherdepartmentsprojectgroupsor individuals, may
be modelledas agents:eachwith their own responsibilitiesand
autonomy.

2.1 Coordination of engineering projects

Project coordination occurs at many levels: often groups of
managersinteract on a regular basis, to evaluate the current
situation with respect to availability of resour¢esgy., technology,
manpower,material, expertise),planning, integration, et cetera.
This holds for all phases of engineering: during the initial design
a concept, feasibility studies, design definition, full scale
development,validation, et cetera. In essence,design entails

consideration and refinement of requirements, process coordinat

and modification and refinement of a des@pjectdescription(see
Brazier, Langen, Ruttkay, Treur (1994) for a generic model of
design), during each of thepbasesacrossdisciplines.Whenand
how managers really interact, however, naftstn dependson the
design problems encountered,and on their willingness to
cooperate.

In this papera simplified exampleof the coordination of a
routinedesignprojectis usedfor the purposeof illustration: the
design of aircraft interior. Agents refer to individuéds groupsof
individuals) with a specific task in the project. Requirementsare
specifiedat the level of detail requiredfor verification, including
specification of the verification procedures.

A design project manager is assigned the task of coordirelting
designactivities for the interior of an aircraft, for examplethe
design of the toilet unit, luggagebins, wardrobe, gallies, side
panels, and the floors, often in close collaboration with the
financial departmentThe responsibilityfor the designof eachof
the individual units is delegatedo a unit managerwho in turn
coordinateghe designof more specific aspectsof that unit. The
design project managerinteracts with a number of specialists:
financial specialistsstyling specialistsjogistic specialiststooling
specialistsgt cetera,to coordinatethe projectasa whole. At this
level, coordinationis clearly hierarchically organised. Although
relatively well-defined, the frequency and content of interaction a
cooperation is not as easily specified.

Detailed design at the level of one of the uritsyever,will be
usedto illustrate the value of our approach.The unit manager
consideredreceivesrequirementsfor the aircraft as a whole,
togetherwith technical specificationsfor a specific unit, in our
examplethe toilet unit. He/sheis responsiblefor the integrated
design of the unit, but also for interaction witther unit managers
andthe projectmanagerjn particularwith respectto control and
configurationmanagementThe unit managercoordinatesdetailed
designof the unit: he/sheexamineqpartial) designsproducedby
design engineers,electrical engineers,and systems engineers,
identifies  inconsistencies, and interacts with  the
designers/engineerso find solutions. The unit manager is
responsiblefor the provision of information within his/her unit
group: the most recentversion of the integrateddesign, relevant
guidelines and decisionstaken within the project management
group, et cetera.

The engineersijn turn, coordinatetheir own designprocesses.
Designengineersfor example,interact not only with electrical
engineers and systems engineers, but alsootliér experts,such
as product specialists purchasingdepartmenttooling specialists
and styling specialists,when necessaryWhen and how other
specialists are involved, is left up to the discretibnhe individual
engineers: they themselves 'defend' virtual organisations

For the sake o$implicity, the aboveexampleof designwill be
modelled for onaunit, with one engineerof eachsignature.These
engineerswill most often representa group of engineers
responsiblefor the tasksassignedn this model. The patternsof
communication between engineers are, however, comparable.

2.2 Design process

Four main activities can be distinguished within this design
process: verification, product design, product selection and proc
definition. The sequenceof product design, selection, and
definition is, in principle, an iterative process. Verification
requirementsmposedon the unit (both genericand specific) are
analysed and translatéuto verification means,methodsandtools
for specific elementsof the design product and/or production
i9fbcess during product design.

Product design entails design of (t designproduct,and (2)
the production process: alternative products and processesare
proposedand analysed.The sequencewithin which parts of the
product and parts of the production processare considered,
dependdargely on expectationswith respectto time neededto
acquirematerials,andto designand manufacturetooling. One of
the main requirements on the design process is to make informe
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on both of these aspects available (tooling and supplges)onas
possible.
Product selection involves interaction with one or more

In Jennings' model of cooperation agents are capable of
organising projects. An agent decides to organisj@ctto reach
agiven goal (in the exampleof Section2, the goal of the design

designers/engineers, and specialists depending on the level of dgtedjectorganisedoy the designmanager(DPM) is to designthe

involved, bothfor the designproductandthe productionprocess.
Factors such as intricacy of manufacturing process, cost,
maintainability,standardisatiorweight, are of importancein this
phase. Product definition defines the desifthe productandthe

interior of the aircraft, in particularthe designof the toilet unit).
With respect to the current state of the world, an agent determin
setof activities to reachthis goal and the temporaldependencies
between the activities. The DPM, for instance, considers

production process at the level of detail required for manufacturingependencies between activities such as coordination, degtm o

Effect and efficiency are examined,in particular for recurring

construction, design of electrical systems, design of atystiems,

processes within the production process, and for recurring partsstyling, and tooling. The organisingagentthen identifies other

3 Specification of Multi-Agent Systems

In projects such as the design project sketched above task
coordinationbetweenagentsis essential. As agents, however,
often perform more than one task, (sequentially gairallel),task
coordinationwithin the agentsthemselveds also of importance.
Within the formal compositional framewoBXESIRE (Langevelde,
Philipsen and Treur, 1992; Brazier, Treur, Wijngaards and
Willems, 1995; Brazier, Dunin-Keplicz, Jenningsand Treur,
1995, 1996) task models are used to define compositional
architectures. Task models include knowledge of

(1) atask (de)composition,
(2) information exchange,

(3) sequencing of (sub)tasks,
(4) sub-task delegation, and
(5) knowledge structures,

These five types of knowledge are explicitty modelled and
specifiedat different levels of abstraction.Tasks are defined at
different levelsof abstractionyesultingin a task (de)composition.
Different levels of abstractiorare distinguishedwithin knowledge
structures;for exampletaxonomiesof information types. Tasks
refer to these knowledge structures. Sequencingof tasks and
goals, and information exchangereflect the abstractionlevel of
tasksinvolved. Task delegation, the last of the five types of
knowledge, is also defined at #lvelsof abstractiorwithin a task
model. More abstracttasksmay be delegatedto more than one
party, whereasmore specific tasks are often delegatedto one
particular party.

The model of cooperationpresentedin this paper has been
formally specifiedwithin the DESIRE framework. The semantics
of the formal specificationlanguageare well-defined, basedon
temporal logic; see (Brazier, Treur, Wijngaards and Willems,
1996). By explicitly modelling and specifying the semanticsof
staticand dynamicaspectof a system,a well-defined conceptual
descriptionis acquiredthat can be used for verification and
validation, but also is a basis for reuse. Translationto an
operational system s straightforward;the framework, in fact,
includes implementation generators with  which formal
specificationscan be translatednto executablecode. DESIRE has
beensuccessfullyappliedto designand developboth single agent
and multi-agent systems (Brazier and Trédi994; Brazier, Dunin-
Keplicz, Jenningsand Treur, 1995; Dunin-Keplicz and Treur,
1995).

4 A Model of Cooperation

To successfullydevelop a support systemfor cooperationin a
complex, dynamic and not always predictable environnzengll-
definedandtransparenmodel of cooperatioris required:a model
that is robust andlexible enoughto copewith unexpectecvents.
To this aimin (Jennings,1995)a model for cooperativeproblem
solving using joint intentions waatroduced,basedon experience
in industrialapplications.The model describesboth the phaseof
setting up (organising joint projectandthe phaseof performing
the joint project, including the managementof unexpected
difficulties. In (Jennings, 1995) details tbfis model are described
for an implementationin one specific environment. This limits
possibilities for reuse of the model. In tisisction,the cooperation
model is described in terms of specificationthatconceptualevel
in the compositional framework DESIRE. For detailed
specifications see (Brazier, Jonker and Treur, 1996).

agentscapableof performingthe activities (a unit managetUM, a
design engineeDE, an electricalengineerEE, a systemsengineer
SE, a styling specialistSS, a tooling expert T, et cetera).In
interaction with these agents, the organising agent determines
which agentsarewilling andableto participatein the project. On
the basisof this information, the activities to be performed,the
order inwhich the activitiesareto be performedandthe deadline,
the organisingagenttries to put togethera project team and a
projectschedulg(calleda recipg. The creationof this recipeis an
iterative process requiring interaction with ththeragentson their
own scheduleqrelatedto other projects). When completed,the
recipe is sent to all participants, and the project commences.
Once committed, each participating agent (including the
organiser) receives the final recipe, and is committed teetbeant
time interval in the recipe. Each agent has the same obligation
towardsthe project: each membermonitors the progressof the
project and is equally responsible for its successtdam-member
discoversa problemthat endangershe project, he/sheinforms all
participants. One of the agents (e.g., phgectmanagercanthen
take the initiative to modify the project plan, to createew project
for the samegoal or to inform all participantsthat the goal is
unattainable or that it is no longer necessary to reach the goal.
In Figure 1 a hierarchicaltask decompositiorfor a cooperative
agentis depicted.In Sections4.1 to 4.8 the componentsthat
correspond to tasks in the hierarchy are described in more detai
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Figure 1 Task hierarchy for a generic agent
A cooperative agengerformsa numberof generictasks.Someof
thesetasksdeal with the relationshipof an agentto the world:
maintaining information about the world (world mode), and
managinginteraction with the world (observation executionof
actionsthat change the worldPthertasksconcernits relationship
to other agents:maintaining information on other agents(agent
model3, managing interactiowith otheragents(communicatioj
and managing activities performed jointly with other agents
(cooperation. Furthermore tasksof a more reflective natureare



performed:maintaininginformation of an agent'sown processes
over time history), and managing@n agent'sown processegown
processcontrol). In additionto thesegenerictasks,agentspecific
tasks are distinguished: tasks that may differ betvegemts(agent
specific tasks A graphicalrepresentatiof thesetasksis shown
in Figure 1.

Each of the tasks depictedkigure 1 canbe describedn more
detail. The eight components responsible for the tasks
agent_specific_tasks own_process_control maintain_history  agent_
interaction_management  maintain_agent_information cooperation_
management world_interaction_management and  maintain_world_
informationare presented below.

4.1 Agent Specific Tasks (AST)

AST is acomposedcomponenthat is mostly domain-specificand
that may differ per agent. It contains a task-hierarchy and
knowledgenecessaryio perform tasksin interactionwith other
components of the same agent.

4.2 Own Process Control (OPC)

The agentcomponentOPCis a composeccomponentresponsible
for determining,planning, schedulingand monitoring an agent's
activities. Furthermore, it is responsible for maintainingedévant
information on the agent's activities andstatus.Thesesub-tasks
are performed by OPC's sub-components:
determine_goals_and_commitmenDPC), assess_ information (Al),
evaluate_own_processes (EOP), plan_and_schedule (PS) and
maintain_own_activities (MOA)

4.2.1 Determine Goals and Commitments (DGC)

DGC determines goals ah agenton the basisof its motivations,
priorities, and deadlines and its role within a system. Selecfian
goal depends on motivation: motivation inecessaryprecondition
for goal selection. Selection of a goal implies individual

commitment to the goal.

4.2.2 Assess Information (Al)

The Al component maintains all relevantormationon an agent's
activities: which information is basedon its own observations;
which on own assumptions;which has been received by
communicationand from which source; and which information
has been derived, and is based on which other information.

4.2.3 Evaluate Own Processes (EOP)

This component is responsible for the evaluation optiogressof
an agent'sactivitieswith respecto its individual commitments.It
involves monitoring relevantactivities (its own and other agents)
andanalysingmonitoring information. During analysisEOP may,
for example, deduce that the motivation fayaal hasdisappeared:
this goal is then removed.

4.2.4 Plan and Schedule (PS)

The componenPS is responsible€or planningand schedulingan

agent'sactivities, upon requestfor participationin a project by

another agent or on the basisinformationreceivedfrom EOP or

DGC. ThecomponenPS usesdomain-knowledgéo find a setA

of activities, called a plan, that meetsthe following criteria: (1)

execution of the plan will lead to the fullfilment of a goal(®), the

plan can be scheduledwithout contradictingprior commitments,
(3) the plan matches the priority and theadlineof the goal. If no

suchplan and schedulecanbe found, not evenby requestingthe

help of otheragents this mustbe communicatedo EOP. Another

be sent taother componentor agents.Informationof this kind is

useful in strategic reasoning. For example, if a gaalbe reached
via differentrecipesand one of theserecipeshas previously been
attempted and failed, another recipe should be attempted.

4.4 Agent Interaction Management (AlM)

The component AIM manages communication with other agients
particularwith teammembersof a project. It receivesinformation
from CM which it transfersto (possible)participantsin a project.
Furthermore,it receives(communicated)information from other
agents which it transfersto other relevant components.For
example, upon receiving new recipe,AIM determinedhe subset
of recipe-elementshat concernits own activities. This subsetis
passed on as "own process" information to OPC. The whoige
is sentto CM.

4.5 Maintain Agent Information (MAI)

Upon request MAI provides othegentsor other sub-components
with namesof agentscapableof performing certain specified

activities. Two sub-components are responsible for the

performance of this task: update_agent information(UAI) and

retrieve_capabilities_informatiofiRCI).

451 Update Agent Information (UAI)

UAI maintains models obtheragentsknown to an agentitself. A

model of another agent consists of statementsthat express
cooperativeness dhe otheragent,its availability (thatit normally
hasno time to help other agents,or normally is able to help),

punctualitywith respectto deadlines,et cetera. UAI storesand
updates its knowledge by maintainindpich activities otheragents
are capableof performing,the projectsin which they participate
and the goals to which they are committed.

45.2 Retrieve Capabilities Information (RCI)

RCI providesfor eachactivity, the namesof all agentsknown to
be capableof performing an activity and the available meta-
information concerning the exhaustiveness of the information.

4.6 Cooperation Management (CM)
The componeniCM is a composedccomponentesponsiblefor all
tasks concerning projects, project commitments and cooperatiot

4.6.1 Generate Project (GP)

Given the goal G, motivation M, priority p, deadline T, all possib
setsA of activities with which goal G can be reached,and an
agent's own capabilities, the component GP has two tasks:to
prepareprojectcommitmentsandto generateand modify project
recipes.

The component Prepare Project Commitments (PPC)
determines a preferred set A of activities withich goal G canbe
reachedUsing domain-knowledgehe dependenciebetweenthe
activitiesin A are determinedusing critical path methods. This
(partial) ordering of the activities in A is important in the
developmenbf a recipeR for goal G. Given this dependency-
graph PPC determines which agents can and are widlipgrform
activitiesto help reachgoal G. The dependency-grapfor A, the
information (G, M, p, T), the relevantcapabilitiesof the willing
participants(including the agent'sown relevant capabilities) and
the corresponding names of the agents, are sent to GMR.

Using PPC's information, the component Generate and
Modify project Recipe (GMR) designsa recipe R that
conforms to the interdependencies betweerattigitiesin A (thus

goal can then be selected by DGC. If an agent cannot reach the deadtling to G's fulfilment). The recipe R is interactively designed

G itself while respecting the priority and deadline, but the gesl
possibly be reachedwith the help of others, then all relevant
information is sentto CM, which will try to createa project to
reach the goal.

4.25 Maintain Own Activities (MOA)

This component stores agent'sown schedulewhich actionsan
agent can perform (domain dependemtyl which commitmentsan
agenthasmadeto which goals. Commitmentscan be madewith
respect to other agents and projects.

4.3 Maintain History (MH)

The component MH is responsible for the storafjthe sequences
of internal and externgdrocesse®f an agent,for which purposes
and with which results. Upon requegért of this informationcan
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iteratively generatingand sending proposedrecipe elementsto
agentsinterestedin participation.A recipe elementconsistsof a
taskof A, awilling participantcapableof performingthat task, a
priority p anda deadlineT for that task. The willing participants
accept, adapt or reject the proposecipeelements Acceptanceor
adaptation of aecipeelementimplies that the agentcommitsitself
to this element.GMR adjuststhe partial recipe dependingon the
repliesfrom participatingagents.A recipe may be found that is
acceptableo all participantsandthatwill reachgoal G beforeits
deadline. The duration of threcipeandteambuilding is estimated
on the basisof the numberof activities involved, the numberof
willing participants and the time needed for communicating
requestsand responses.The time required for communication
(depending on the situatioi§ assumedo be known. In addition,



communication is assumed bbe error free. The resultingrecipeis
communicated to all participants.

4.6.2 Monitor Project (MP)

The component MP is responsible fbe detectionof the needfor
alterationsto the project or the needto stop the project. MP
monitorsthe progressof the project.In order to perform its task
MP  has two  sub-components: assess_viability and
determine_consequences

Assess Viability (AV) monitors the viability andvalidity of the
recipe. To checkthe validity of the projectrecipe, AV usesthe
same consideratiores the sub-componenévaluate_own_processed
the componenbwn_process_controlT0 monitor the processit uses
information received from OPC, WIM and MWI (its other
components). It can also actively formulate requests for

observational information from WIM, MWI or information of other

agents via MAI and AIM.

Determine Consequences (DC) interpretsAV's monitoring
results. The componetC issuesrequestdo find new recipesor
to adapt existingecipes,to the componenproject_generatioof CM
and issuescorrespondingnessageso the participants.DC also
determinesvhen a goal G should be withdrawn (for example,
becausehe goal is unattainable the goal has beenreached,or
because thenotivationfor the goal no longer exists)and prepares
and issues a message to that effect to each participant.

4.7 Maintain World Information (MWI)

MWI contains the current world state lasown to the agent. MWI
storesall information obtainedby monitoring the world (also the
material aspects of all agents including the agent itself).

4.8 World Interaction Management (WIM)

The component WIM is responsible for the execution of
observations and actions. An important sub-tagkisfcomponent
is the observation of the effeats the world of the tasksexecuted
by the other agents and by the agent itself.

4.8.1 Prepare Action Execution (PAE)

This componentpreparesthe executionof actionsdeterminedby
AST by communicatingto the world which actions should be
taken.

4.8.2 Prepare Observation Execution (POE)

WIM prepares specific observations. The observational
informationis sentvia DOI to thosesub-componentthat analyse
this information.

4.8.3 Distribute Observation Information (DOI)

Upon request, observational informatiorsentfrom DOI to other
componentgincluding MWI). DOI can also take the initiative to
inform othercomponentgincluding MWI) of (domain-dependent)
important changes in the world.

5 Communication between agents

Interaction betweenagents is modelled by information links,
controlledby the agentfrom which the links originate. Different
types of information are exchanged through lirdath objectlevel
information suchasinformationon the designobjectdescription,

the designof a unit is describedrom the perspectiveof a design
engineerin Section5.2, part of which is presentedn a system
trace.

5.1 Communication during project creation

In this sectiona scenariofor project creationis described.The
communicationpatternsare depictedin Figure 2. A trace of a
process of project formation is shown in Table 4.
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Figure 2 Communication during project creation

Project creation scenario
The component OPC of the desigmjectmanagei(DPM) hasthe
goal to design an aircraft (1). To reatiis goal, DPM needshelp.
Thus, hiscomponeniGP (partof CM) is activatedto generatehe
project.Immediately,PPC (part of GP) is activatedto determine
which activitiesare neededto reachthe goal and which possible
teammemberdor the project(2) canbe found. For this purpose
DPM requests possible participation from design engineers,
electrical engineers,systemsengineers,unit managers,styling
specialistsandtool experts.The requestsare handledby DPM's
AIM component(3). Each of theseagentsreceivesthe request
through its own AIM component (4), and considéasrequestfor
possible participation in its own component O Eachagent's
AIM componentreturns an answer to the request (6). DPM
receivesthe agents'responsegin his AIM component)(7). The
replies ardorwardedto the PPC componentwhich continuesthe
preparation of project commitmentsimteractionwith the possible
participants(iterating steps3 through 8). The information on the
projectactivitiesandthe willing participantsis sentto GMR (part
of GP). This component is responsilibe the creationof the final
recipe. This task involves frequent contact with the willing
participants. Again this contactisndledby the AIM components
of the agents(10,11). The OPCsof the willing participantscheck
to seeif the activitiesassignedo themfit in their own schedules
(12). Information on the successor failure of their schedulingis
sent by their AIM componer{tL3) to the AIM componenbf DPM
(14), which forwards it to GMR (15). By iterating steps 10
through 15, GMR createsa final recipe. The resulting recipe
includesthe global goal (i.e., aircraftto be designedgiven global
requirementsand specifications)and recipe elements.A recipe
elementrelatedto the designof a unit includes the following
information:
- the specific requirementsand specificationsfor the unit to be
designed (based on the initial design of the whole aircraft),
- one unit manager (UM),
- one design engineer (DE),
- one electrical engineer (EE), and
- one systems engineer (SE).
The resultingrecipeis sentto eachof the unit managersby AlM
(16). The CM componentof DPM makessure that the resulting
recipe will be monitored by its subcomponent MP (16).

After the unit groups have been formed the unit managers

the initial cable routing, switch dimensions and positions, the initigichedulethe design processof their unit, following a similar

design, product information, and meta-level information i.e.,
requestsfor information, evaluation information on the design
object description, conflicts betweenrouting of cables and the
initial design, and information on the design process (e.g.,
planningand scheduling).The double-arrowedines in Figures2
and 3 depict the information links that specify the exchangeof
these types of information between agents.

To describe the interaction between agents two scenaitiolse
sketched.First the creation of a project is sketchedfrom the
perspectiveof a designprojectmanageiin Section5.1. A system
trace is presentefdr the creationprocess sketchingthe activation
of agents, components of agents and the information
communicatedhroughtime. As an exampleof project execution,
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pattern.For example the unit manageresponsibleor the design
of thetoilet unit (i.e., toilet basin, countertop, sink and cabinet
combination,et cetera)decidesthat the designengineerinvolved

should make an initial designfor the electrical engineerand the

systemsengineer.To ensurethat the electrical engineerand the

systems engineer can start as quicklpessible,the unit manager
initially givesthe toilet basinthe highestpriority comparedto the

top counter, the sink and the cabinet combination.



time agent agent sub subsub-
point component component component
1. DPM OoPC
2. DPM c™M GP PPC
3. DPM AM
4. other AlM
5. other OPC
6. other AlM
7. DPM AM
8. DPM c™M GP PPC
9. DPM c™m PG GMR
10. DPM AM
11. other AM
12. other OPC
14. DPM AM
15. DPM c™M GP GMR
16. DPM AM
Cc™M MP

Table 3 System trace: project creation

5.2 Communication during project execution

The unit manager receives requirements and specificationgtieom

designprojectmanagerThis informationis forwardeddirectly to
the design engineer, the electrical engineer and the systems
engineer.The communicationpatternsbetweenteam membersis
depicted in Figure 4.

um
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Figure 4 Communication patterns between design agents

The communicationbetweenteam membersincludesinformation
suchasthe position of the unit within the aircraft, the position of
the door, supply lines, et cetera,but also customerrequirements
suchasthe sizeand numberof towels that mustfit in a cabinet.
Requirementsuchas (fire) safetyrequirementsare not specified
explicitly but are assumedto be known to the managersand
engineersln addition, the unit managerprovides each engineer
with relevantguidelinesand planninginformation (e.g., deadlines
and priorities). Guidelines,such as, "Use aluminum instead of
stainlesssteel if at all possible”, may evolve during the design
processat unit managementevel. Such guidelinesare forwarded
immediately to the engineers- often causing modifications to
existing (partial) designs.

The design engineerfirst analysesthe information on the
position of the unit. The initial contoursof the unit and planes

reasonds the fact that the requirementdiffer considerablyfrom
previous designs, implying that extensive interaction with
suppliers,product specialistsand tooling specialistsis required.
The unit manageragreeswith the argumentatiorand informs the
other engineers of the change in priority.

The design engineer designs and positions the cabihetsink
andthe countertop. Different options are explored: propertiesof
material, appearancefunctionality, et cetera, are analysedin
interaction withspecialists An exampleof the typesof interaction
involved s illustratedfor the requirementhat the overflow in the
sink should not be immediately visible. This requirement
mandates, in our example,

(1) interaction with the purchasing departmentto determine
whethersinks exist for which the overflow is closerto the user
than to the wall (so that it cannot be seen),

(2) interaction with the product specialistdeterminewhetherand
how a sink can be made to fulfil this requirem@hpossibleusing
standard components),

(3) interactionwith the tooling specialistto determinewhether
specific tooling is required in the production process.

The designengineerdiscusseghe different options with the
systemsengineer(position of the drainis of importance)and the
electricalengineer(the position of the sensorto activatethe water
flow is of importance),and proposesa solution. If the unit
manager agrees, the solution is accepted.

A similar patternof communicatioris requiredfor the counter
top andthe cabinetsjn which casethe styling expertis consulted
for input on the preciseshapeof the combination. The process
sketchedaboveis describecbelow in more detail, with a system
trace as shown in Table 5.

Project execution: design scenario

During thedesignprocesdor the countertop andthe cabinetsthe
componentAST of the design engineermakes a partial initial

design(1) which is sentby its AIM component(2) to the unit

manager(UM), the electrical engineer (EE) and the systems
engineer (SE).

The AIM components dfhe electricaland systemsengineen(3)
forward the initial designto their own AST componentg4). The
AIM components (5) of these agents then send the initial design
their systemdo the unit managerand the designengineer.Their
AIM componentg6) transferthesedesignsto the respectiveAST
componentg7). The electricalengineersendsan initial designof
the electrical cable routing, the system design sends an initial
design of all other systems.

The designengineer'sAST componentpositionsthe electrical
cablerouting in her currentdesignand discoversa problem: the
cablerouting directly crosseamounting points of the cabinet(7).
Using her AIM component(8), the designengineerinforms the
electrical engineerand the unit managerof this problem. The
information arrivesn their AIM componentg9) andis senton to
their AST componentg10). The AST componenbf the electrical
engineer solves the problem by re-routing¢hble.Thesolutionis
sent by the AIM component (11) to the design engineer and the
managerthey receivethe solution in their AIM component(12).
With the solution, the ASTomponenf DE canresumeits work
(13).

To finalise the design of the counter top, sink and cabinet
combinationthe AST componentof the design engineer needs
more detailedinformation on switches, light points, sensors,et
ceterafrom the electricalengineer thus a requestis sentby the
design engineer's AIM component (14).

The designengineeralso needsmore detailed information on
pipesanddrains(size, mountingspecificationsscrews, et cetera)
from the systemsengineer,againa requestis sent by the AlM
component (14). In both cases the unit manager is informed as

within the unit are identified. This initial sketch is given to the othe(l4). The AIM componentsof the EE, SE and UM receive the

engineers.This sketch roughly indicates where electrical, air-
conditioningand water systemscan be positioned.The electrical
engineer and the systerasgineerstartworking on afirst draft of
their systems, roughly following the priorities providegthe unit
manager.

Expectationsof the time involved in manufacturingguide the

design strategy and thus scheduling of sub-tasks. The unit man

had initially given the toilet basin highest priority. The design
engineer, however, expectsthe counter-top, sink and cabinet
combination to be more complex. Shéorms the unit managerof
her intention to work on the counter-top, sink and cabinet
combinationfirst, and the reasonsfor this decision. One of the

5

agey,

request (15).

The AST componenbf EE hasto reschedulesomeof its sub-
processego provide this information as soon as possible (16).
This is importantfor the ordering of the necessarymaterialsand
tooling. After rescheduling, the information is sent by EE's AdM
the design engineer (18).

n the meantime, the AST componentof SE (16) is able to
provide the information immediately, SE's AIM component(17)
sendsthe information to DE. The design engineerreceivesthe
information from EE and SE, and via AIM (19) and AST (20)



proceeddo designthe toilet basin, requiring interactionwith both
the electrical engineer and the systems engineer.

time agent agent time | agent agent
point component point component
1. DE AST 11. EE AM
2. DE AM 12. DE AlM
UM AM
3. EE AM 13. DE AST
SE AM
4. EE AST 14. | DE AIM
SE AST
5. EE AM 15. EE AM
SE AM SE AM
UM AM
6. DE AM 16. EE AST
uMm AM SE AST
7. DE AST 17. SE AlM
umMm AST
8. DE AM 18. EE AM
9. umMm AM 19. DE AM
EE AM
10. EE AST 20. DE AST
umMm AST

Table 5 System trace: project execution

6 Discussion

Collaborative,concurrentengineeringprojects are complex. The
coordination of these projectsvirtual environmentsin particular
the coordinatiorof conflicting (partial) designs,interestsmodels,
requirementge.g., new requirementsmposedduring design), et
cetera, requires extensikaowledgeof the designprocessof the

available expertise and skills, of dependencies and, in partiofilar,

the consequences ofodification. Recentlya numberof tools and
serviceshave been designedto support specific aspectsof the
coordinationprocess;for example,(Bahler, Dupont and Bowen,
1994; Cutkosky, Engelmore,Fikes, Gruber, GeneserethMark,
TenenbaumandWeber,1993; Klein, 1995; Petrie,1994). In this
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Multi-agent literature focusses onodellinginteractionbetween
agentsmostfrequently basedon informal modelsof interaction;
see(Wooldridge and Jennings,1995). In this paper one of the
modelsof agentcooperation(Jennings,1995) has beenformally
specified, specialised and instantiated an examplescenarioof a
cooperative design project in which interactisinstantiatedvhen
necessaryThe genericspecificationsof the modelcanbe usedin
other project coordinationsituations,instantiatedfor the specific
domain of application. By formally specifying not only the
knowledge involved, but also the types of interaction and
coordination patterns required during thegeesof projects,more
detailedinsight is acquiredin the required type of support (for
example, types of verification and validation).
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