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Abstract: Engineering design is a complex process. Even in designing a simple product, many decisions must be made by a designer.
The problem gets more complex when multiple designers work as a team to design single artifact. In this paper, we take a decision-
based approach to model design process and introduce an agent-based decision network (ADN) to support concurrent decision-making
and collaboration in design. ADN focuses on making designers consider other team members’ decisions when making their own and at-
tempts to achieve coherent design decisions among designers by explicitly representing and enhancing individual design decision-mak-
ing and negotiation processes. ADN is composed of a decision-based design process model (DDPM), an objective-based negotiation
model (OBNM), and a number of intelligent agents, each associated with a human designer. The DDPM was developed to capture indi-
vidual designers’ design processes. OBNM was developed to facilitate objective-based negotiation and to track both dependencies gen-
erated and decisions made at each design stage for downstream negotiation support. In ADN, each designer is associated with an agent
and both the DDPM and OBNM are captured and facilitated by agents and are not explicitly visible to designers. Agents generate and uti-
lize the DDPM and OBNM information to support their designers. This paper describes the ADN framework in detail, points out its advan-
tages, and presents an application example to demonstrate the effectiveness of the ADN framework.

Key Words: design process, group decision-making, design values, coordination, design dependencies, intelligent agents, concurrent

engineering.
1. Introduction

Engineering design is a complex process. Even in design-
ing a simple product such as a gear, many decisions must be
made by a designer. The problem gets more complex when a
group of designers work as a team to design single artifact.
With the increasing competition in time to market and short-
ened design cycle time, concurrent execution of design tasks
is needed, and design teams must exchange information with
each other, find and resolve design conflicts, generate new
ideas and design alternatives, and assess the
manufacturability of at early stage of design. As the com-
plexity of designed artifact increases, maintaining effective
and efficient concurrency becomes a major challenge in team
design.

Researchers in the area of engineering design have done
extensive study on design methodologies. Some examples
are Axiomatic Design Model [19], Systematic Design Model
[14], and Decision-Based Design model [3,4,12,13]. Axiom-
atic Design Model identifies two axioms to be fundamental
(namely independence axiom and information axiom). The
former suggests maintaining independence between func-
tional requirements and the latter suggests minimizing the
information content. Systematic design model is based on
the observation that engineering design must be carefully
planned and systematically executed and that a design
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method must integrate many different aspects of engineer-
ing. Some of the decision-based design models [3,5] take a
decision theoretic approach to engineering design by apply-
ing classical decision theories [22], and others [12,13] try to
define design problems in algebraic forms and solve them
with optimization algorithms.

As much as local design is important and essential in team
design process, the key action that differentiates concurrent
design from isolated design is coordination. Coordination is
needed to manage interdependencies between designers and
to facilitate progress of each individual [10,17]. Researchers
have done substantial research in fields of concurrent engi-
neering, computer support for collaboration work (CSCW)
and distributed artificial intelligence. Some examples are ac-
tion workflow model [11], contract-net model [18], Redux
model [16], distributed problem solving through coordina-
tion (CP&CR) model [9], and generalized partial global
planning (GPGP) model [2].

The action workflow model has been developed in a series
of systems for coordination among users of networked com-
puters. This model characterizes a workflow based on the
identification and construction of atomic “loops” of action in
which a performer completes an action to the satisfaction of a
customer. Contract-net model emphasizes the issues of task
distribution in a distributed problem-solving environment.
Redux model, a centralized decision maintenance Server,
keeps track of decisions made by the team members and
maintains the dependencies between them. CP&CR (Con-
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straint Partition and Coordination Reaction) model is a prob-
lem-solving framework in which a society of specialized and
well-coordinated agents collectively solves a problem.
GPGP model consists of an extensible set of modular coordi-
nation mechanisms. Each mechanism is defined as a re-
sponse to a certain feature in the current subjective task envi-
ronment. GPGP works in conjunction with an agent
architecture and local scheduler. GPGP approach views co-
ordination as modulating local control but doesn’t replace it.

Some literature on concurrent engineering [15] empha-
sizes bringing the downstream design process to upstream to
avoid conflicts with other designers’ actions. However, in
implementation, the interaction between activities becomes
extremely high when local design processes have to consis-
tently exchange information with team requirements and re-
sources. In the existing literature these interactions are re-
ferred to as interactions between tasks, talents, tools, time,
technology, techniques, and teamwork (7Ts). Coordination
models can give members of a team (whether they are de-
signers or manufacturers) enough support to overcome such
inconsistencies by using negotiation models. In practice
however, design processes often become inconsistent with
each other. A small change in one local design decision can
create several inconsistencies in the overall design and may
require several rounds of conflict resolution among members
of the design group [1,7]. In such cases, the challenge for CE
models is to provide support to avoid, detect or resolve the
conflicts at the stage that they are created, reduce further co-
ordination, and increase efficiency of design process.

This paper is an attempt to develop a framework to support
concurrent design decision-making and group coordination
by introducing an integrated process model for design deci-
sion-making and negotiation. Our objectives are 1) to de-
velop a decision-based model to capture local design deci-
sion making, 2) to develop a negotiation model to support
coordination and resolve conflicts among team members
based on the local design process, and 3) to develop an agent-
based system to support concurrent design decision making.
The basic idea is that group design process has two aspects:
First is local design process where a single designer solves
his/her own design problem. Second is coordination between
members on their design plans and solutions in order to reach
coherent local decisions by considering each others’ deci-
sions. In order to increase the effectiveness and efficiency of
the concurrent design process, these two steps should be exe-
cuted consistently. Hence, the focus of this paper is on how to
develop a framework and mechanisms to support local deci-
sion-making and team coordination dynamically during the
process of design.

In the following sections, we first introduce and discuss
the idea of agent-based design decision network for collabo-
rative engineering design. After that, we present model of de-
sign decision-making and coordination. We then describe
our agent-based implementation of the models and present
an example application. Finally, we summarize this paper
and point out future research directions.

2. Design Decision Network for
Collaborative Design

Large scale and complex design problems require engi-
neers to be able to apply principles and methodologies of de-
sign and collaboration, to efficiently use emergent computer
technologies, and to work effectively in teams. The existing
support methodologies for concurrent engineering are an-
chored around the idea of providing extensive amount of
downstream information to upstream decision points so that
designers can make better decisions. The most prevalent
method to achieve this objective is based on the idea of “data
sharing.” The problem with this approach is that designers
often have trouble using the huge amount of information they
receive effectively, and in most cases are overwhelmed with
information. The second view can be characterized as “group
decision support (GDS).” Here the focus moves away from
information to the process of group decision-making, which
traditionally takes the form of group meetings. Members of
the product development team arrange meeting from the
early stages of the process, and try to forecast and avoid pos-
sible inconsistencies and conflicts.

While group decision-making is one aspect of collabora-
tive design, the existing GDS framework does not explicitly
address concurrent decision making processes and their
various linkages. As a result, most GDS tools fail to provide
engineering design specific solutions and support other than
facilitating mail exchange and telephone or video
conferencing.

To overcome the shortcomings of the existing frameworks
for design process, we propose an “Agent-based decision
network (ADN)” framework. Our principal claim is that col-
laborative design is not merely about data. It is about the pro-
cesses of decision making that are carried out by multiple de-
signers in specific organizational (functional and social)
contexts and involves applications of specific design knowl-
edge. The ADN view is different from GDS in that instead of
focusing only on group meetings, the ADN thinking empha-
sizes the roles of individuals’ decision processes and the
links between those processes. This distinction is crucial for
concurrent engineering because the key contents of concur-
rent engineering are individual designers’ design processes
and their coherent links. Group meeting is only a “snapshot”
of the whole process and may not provide a complete under-
standing of the concurrent design process.

The ADN view of concurrent engineering design recog-
nizes two key actions each performed or exercised at differ-
ent levels. These actions are 1) decision-making by individ-
ual designers using decision-based design process model,
and 2) coordination between designers on dependent activi-
ties.

Design decision-making: Design starts from the need to
find a solution for a design requirement (e.g. to design me-
chanical components for a car headlight). The process of
moving from the initial requirement to the final solution
could involve hundreds, or thousands decisions. We are con-
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cerned with decision-making aspect of design because deci-
sions of a designer have to be coordinated with others.
Inspired by Petrie [16], we view the local design decision-
making process composed of a set of tasks, decisions, and so-
lutions, as shown in Figure 1.

A task can be decomposed into sub tasks, or single solu-
tion of the task can be found, by a making a decision. A de-
sign task represents a requirement, which could be functional
or physical. Designers arrive at and make their decisions, by
applying a systematic process [8] of defining design
objective, generating design alternatives, evaluating the al-
ternatives, and selecting the best alternative. To develop a
framework to support concurrent decision-making, we must
explicate knowledge for alternative generation, formalize
procedures for choice analysis and selection, and develop a
framework for decision-making dependency management.
The focus of this paper is on developing representation con-
structs of the various elements of the decision-making pro-
cess.

Coordination: Design coordination is defined as interac-
tive actions between designers. Although designers try to
make sub-tasks independent, they have to coordinate the
outcomes of their decisions with downstream designer or
manufacturers. These coordination activities in different
design stages are for different purposes (conflict resolution,
constraint satisfaction, dependency identification, etc). In
concurrent engineering design, dependencies are the links
that bridge individual design decision processes to each other
and create the design dependency network as illustrated in
Figure 2. This figure illustrates a design scenario where three
designers (A, B, and C) are collaborating on a design prob-
lem as adesign team. Each designer is responsible for several
design tasks; i.e., s/he has control of generating alternatives,
realizing the consequences, and evaluating the alternative
with respect to the requirements of these tasks. We define the
union of these tasks as responsibility boundary of that de-
signer. Thick lines between design tasks represent the de-
pendencies among them. We refer to the complete graph of
all design tasks with the links as design topology. Design to-
pology graph can be used to illustrate how tasks are depend-
ent on each other and to find solutions for tasks, which
dependencies should be considered and satisfied. In real de-
sign practice, obtaining the design topology graph at the
early stages of design process is difficult.

‘i:,_,&_, Sub-Task

Figure 1. Design decision-making process.
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Figure 2. Distributed, partial, and total aggregation of design
tasks.

In order to achieve efficient coordination, designers have
to go beyond coordinating design activities and coordinate
their design values through considering and aligning each
others’ design objectives. Design value is what a designer ul-
timately cares about in a decision situation. Based on this
idea, we introduce the concept of value level coordination.
The basic idea of value level coordination is that designers’
design values determine how design will proceed and how
design results will be generated. If designers can coordinate
and agree on their values first, they will most likely proceed
with their designs in compatible ways, and consequently
their design results will be compatible. As a result, adequate
value level coordination can significantly reduce the need for
task level or result level coordination. Design values are gen-
erated by designers through a systematic decision making
process, based on the design objectives of the current deci-
sion problem. Hence, our focus is on aggregating design val-
ues in order to achieve effective collaboration. We recognize
three levels for value aggregation: zero aggregation, partial
aggregation and complete aggregation as illustrated in Fig-
ure 2.

Zero aggregation refers to situations where multiple de-
signers carry out design tasks among themselves without
sharing their design values. Zero aggregation of design val-
ues is similar to situations where designers work separately
and don’t consider the impacts of their decisions on other
team members. In such cases, conflicts are only recognized
after decisions are made. Hence, designers have to backtrack
from their decision and reevaluate other design alternatives
in order to resolve conflicts. With zero aggregation, design-
ers are sharing their activities at the result level. Partial aggre-
gation, which is represented by centerlines in Figure 2, refers
to situations where design values are shared between parts of
dependent design tasks. These activities might not necessar-
ily belong to one designer’s responsibility boundary. We use
the term partial because it applies to situations where design
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dependencies between design tasks are not completely estab-
lished (either because design process is not completed or de-
signers don’trecognize the dependency). Complete aggrega-
tion represented by dash lines in the same figure is a case
where design dependencies among design tasks are com-
pletely identified. In both partial and total aggregation, de-
signers move away from result level sharing to value level
sharing which is desirable, since value level sharing can not
only increase the overall design values, but it also reduces the
need for result level coordination, and consequently reduce
the total need for coordination.

To provide support for effective coordination, we must de-
velop protocols for coordination and identify knowledge that
can be applied to coordinate decisions. As discussed in the
next section, we have developed an objective-based negotia-
tion protocol (OBNP) to support coordination of design ac-
tivities.

The important feature of our ADN framework is that it ex-
plicitly captures decisions and coordination links in the sense
that it provides a structured representation of the concepts
and actions as well as the mechanisms to support the actions.
It also facilitates objective sharing among dependent design
activities and provides further insights for designers in gen-
erating alternatives compatible with other designers’ values.
The main challenge we face to realize the framework is: how
can we develop effective models for agents to capture and
support decision-making, objective sharing, and coordina-
tion? The following section presents our current model.

3. Modeling Design Decision Making
and Negotiation

We aim at developing a formal design process model to
provide unambiguous representation of the required infor-
mation and operations so that the mechanisms for supporting
those can be defined. We introduce decision-based design
process model to serve the following needs: 1) to formalize
design process information so that it can be recorded for later
usage; 2) to define a design process information structure
that can be used to identify and deal with dependencies be-
tween designers’ objectives and tasks; and 3) to provide
needed concepts and basis for composing a negotiation pro-
tocol. In the remaining sections, we begin by presenting main
concepts of the decision-based design process model
(DDPM), and objective-based negotiation model (OBNM).
After that, we show how these two models are combined to-
gether in the ADN framework.

4. Elements of DDPM

In a very general term, design is a process of generating in-
formation. To capture the design process, we should record
the related and useful information. We recognize that design
tasks, alternatives, decisions, and solutions represent the key
concepts of a design process. We define design process as
follows:

4.1 Definition 1: Design Process

A design process denoted by DP(t) is defined as:
DP(t) ={T, Alt,D, S}
where

T={t),0,15,13,13 ... 1"} : Tasks
Alt ={alt', alf*, ... alt*}:
Alternative set AS' = {Altf s Alté s Altg .
D={d},dy,d} d} ...}:Decisions,
0 ={o|, 0}, 03, 03} : Objectives,
S ={s,5,,55...}:Solutions.

t? represents the initial task.
(This task is not decomposed from any other task.)

4.2 Definition 2: Tasks

A Task, denoted by ¢, is associated with a set of objectives
O and attributes A and is defined as

' ={0,A}=1oy,..,0,.q,....a,}

where , 0; € O, and q; € A, and m is the task number of the
original task from which the task is generated, and #» is a
unique identification number for task.

Task objectiveis the objective function of a task. Task at-
tributes are measures to verify which alternative meets the
requirements of task objectives. In order for an attribute to be
useful in decision-making process, it should be comprehen-
sive and measurable. Comprehensive attribute is an attribute,
which by knowing the level of it in a particular situation,
there is a clear understanding of the extent that the associated
objectives can be achieved. Measurable attribute is an attrib-
ute, which a) is reasonable to obtain a probability distribution
for each alternative over the possible levels of the attribute
and b) is reasonable to assess the designer’s preferences for
different possible levels of the attribute [7].

4.3 Definition 3: Alternatives

An Alternative is a set of possible sub-tasks and/or solu-
tions, which can satisfy the objective(s) of a certain task.
Each alternative set, AS¥, represents one possible course of
action to satisfy a design task. The complete set of alternative
sets creates an alternative space.
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AS ={alt', alt*, ..., alt*} = ([alt], alty, alt} .. ],

lalt}, ali3, alt3 .. )[alty, alts, alts .. ]}

Alternative generation is a creative process of human de-
signers. Our on-going research attempts to develop better un-
derstanding of this process. Generally, alternatives in ADN
can be generated using one of the following three methods:

1. Based on designer experience (creative alternatives). De-
signers use their knowledge to generate required steps to
satisfy the design objective(s).

2. Alternatives can be selected from a Pre-recorded set of
alternatives. Designers use library of previously recorded
alternatives to find the proper alternative, which suits the
assigned task. A suitable method for such cases is to use
group technology in order to find similar design cases.

3. Designers can generate alternatives by using alternative
generation tools. Software tools can assist the designer in
generating solutions. We are currently developing models
and tools to assist alternative generation.

4.4 Definition 4: Design Decision

A Design Decision, denoted by “d” links a task 7, to a set
of subtasks {#]', 75 ...} or a single solution s, found in the al-
ternative space O.

The process of decision-making has three steps, 1) genera-
tion of design objectives, 2) evaluation of design alternatives,
and 3) selection of one alternative. In our DDPM model, we
represent decisions as follows: d}.

1ol 2 2
D={d,,d,,d;.dy ...}
“i” represents the task for which decision is made and “j”
represents the alternative to which the decision leads.

4.5 Definition 5: Solution

A solution, denoted by s, is the result of a decision made on
an alternative set AS of task ¢.

Solutions can be either decomposable or non-decompos-
able depending on the extent of the knowledge of the de-
signer. If further decomposition of a solution is possible, it’s
an intermediate solution and it becomes a new set of tasks for
the next level of decomposition. If it’s non-decomposable,
it’s afinal solution and no further decomposition is possible.

Some examples of solutions are catalogue references,
physical dimensions, product models, and shifting design re-
sponsibility to another designer.

5. Objective-Based Negotiation Model (OBNM)

The DDPM model so far captures the local decision-based
design process. In order to cope with the collaboration as-

pects of design, local design processes of individual design-
ers should be coordinated coherently and consistently. In
previous sections, we argued that designers have to consider
other designers’ values and objectives to achieve consistent
overall design outcomes. Hence, a coordination model is re-
quired to facilitate the value sharing among design teams.
“Objective-based negotiation model (OBNM)” was devel-
oped to cope with this requirement.

Negotiation is the process of interaction between two (or
more) parties to reach a mutual agreement to resolve con-
flicts and/or dependencies. Specifically in team design con-
text, negotiation is required between designers to find out
whether the outcome of a design task affects other design
tasks. Consider the following example from car manufactur-
ing industry. A harness-wiring designer needs 3 cm? space
between engine and body frame to pass the headlight cables.
If this designer is responsible of the whole system, s/he could
change other requirements (based on the priority of this re-
quirement) to accommodate this need. However, in most
cases, another designer is responsible for structural design
and components arrangements, and the wiring designer can’t
change parameters of other designers’ parts without prior co-
ordinating with the structural designer. Such negotiations are
potentially time consuming and require structural designer to
realize the harness designer’s values in order to generate a
suitable common alternative.

In OBNM, coordination activities are classified into two
types: 1) Value level coordination, 2) Result level coordina-
tion. For each type, several coordination actions are possible.
The coordination primitives corresponding to each class are
identified as shown in Figure 3. The collection of all coordi-
nation primitives presents the “coordination taxonomy.”

As illustrated in Figure 3, OBNM recognizes two families
of coordination actions, namely value level and result level.
Value level coordination actions are required for negotiating
the design objectives, task proposals, and task assignments.
In this type of negotiation, designers coordinate their “ap-
proach” to design process and convey their design rationale
to other team members. It will help other designers to under-
stand local designer’s values and objectives. Consequently,
another member will work with local designer to reach a
common solution. Result level coordination actions are re-
quired for negotiating design results. It refers to coordination
actions that contribute to consistency of design outcome, for
example, the allocated space between engine and frame for
harness wiring assigned by the structural designer.

In order to further illustrate the coordination actions, the
three cases are selected from the value-level coordination.
Assuming communication protocols are already established,
consider a design team 7m consisting of n designers is col-
laborating on finding a design solution for a particular design
task. Initially (at time T = t), each designer has a set of Tasks
T;, Design Objectives (¥, and Alternatives AS/.

1. Propose design task: At time T = ¢, designer 1 (D') pro-
poses the design task Ti] to the dependent designer(s) or
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Figure 3. OBNM coordination taxonomy.

broadcasts the task to the team to find a dependent de-
signer. Dependent designer (D?) checks if the proposed
task is consistent with local knowledge. If so, it accepts
this dependency and adds it to its task list:

T2[,j =T,; v Ti1 if and is consistent.

If the proposed task is inconsistent with local tasks, D? re-
jects the proposal and possibly another round of negotia-
tion is required (Figure 4).

. Propose design alternative: After receiving the accep-
tance of task from designer D?, designer D' provides its
objectives and alternatives to designer D? (Figure 4).

Vassertion (AS") -. AS] U ASJ, and

Yassertion (0]) . 0" =0J L O]

. Objective alignments: Happens where design objectives
of dependent designer are inconsistent with objectives of
proposing designer (Figure 5).

if Oy is inconsistent with O] = retrack O,

request new(O{ )

V assertion(0]) = O} =0} U 0}

In ADN, OBNM is used in conjunction with DDPM. At
each stage, during the evaluation of an alternative in DDPM,
if the designer finds a conflict or need of negotiation with an-
other member, s/he uses OBNM as a framework for commu-
nication. Depending on the nature of the design problem,
s/he can control, exchange information or negotiate with
other designers.

Figure 4. Task proposal state diagram.
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Figure 5. Objectivealignmentstatediagram.

6. Agent-Based Implementation of
Design Decision Network

In this section, we will present our implementation of
ADN framework. Current research on agent-based support
tools for concurrent engineering are mostly concerned about
consistently issues of concurrent product development pro-
cess [20, 21, 23], although some recent works tried to address
the issues on dynamics of task distribution [7]. In our re-
search, we adopted the agent-based approach to provide sup-
port for distributed decision-making process. Agents act as
supporting tools to maintain the local design values and their
dependencies with other team members’ values. Our imple-
mentation of an agent-based system uses JAVA' language. In
the following sections, we present a detailed view of the
ADN agent architecture and an example case that was used to
verify the implementation.

7. ADN Architecture

In ADN framework, each design station consists of a de-
signer, a CAD system, and an agent associated with the CAD
system as illustrated in Figure 6. Designers interact with both
local CAD system and their associated agent. Agents com-
municate with both local CAD system and other agents using
KQML message passing language.

Each agent has six major components. They are: user-in-
terface module, design process-capturing module, rule based
engine and conflict detection module, negotiation module,
alternative space storage module, and finally the communi-
cation module.

User-interface module is in charge of all the interfaces
with the designer. User will interact with the user interface in
each step of design process, receive results of negotiations
with other designers, and store the design decisions to the
agent.

Design process-capturing module is in charge of captur-
ing the DDPM steps. Throughout the design process at each

'http://www.javasoft.com

=1 Wrapper |]
Other J, i
Agents Cad System
< P Agent .
Interface

Internet

X

Designer

Figure 6. InteractionsdbetweerdesignegrADN agentandthe CAD
system.

decision point, designer may generate one or more alterna-
tives. The alternative space storage module is in charge of
storing these alternatives. Once an alternative is selected, the
process of evaluation and negotiation will be started. The de-
cision making process for this task will be finished when
evaluation process is done and one of the qualified alterna-
tives is selected. Design process-capturing module has a
viewer tool to view the recent decisions. It also maintains the
information about dependency links between local tasks and
global design process in case there is a change in the selected
alternative in future (Figure 7).

Alternative space storage module is in charge of storing
the alternatives for each local design decision. In our current
implementation, the alternatives are generated by the de-
signer and are captured by the system, but one can easily re-
place this implementation with an alternative generation tool
or an agent, which stores pre-recorded alternatives (Figure
8).

Rule based engine and conflict detection module is in
charge of finding the possible conflicts amongst the selected
alternatives. This module will act whenever designer evalu-
ates a new alternative or when another designer in the team
proposes a new task. In our implementation we used JESS©?
inference engine for this purpose. JESS is an implementation
of CLIPS®? expert system for Java language. The rule-based
files for each designer have two parts (i.e. general rules and
discipline-based rules).
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N 1
z
| 15
g o
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process- and Negotiation 2
I capturing Conflict detection module | 3
module module I =
| AN =3
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I (I
p Z
| Alternative space Communication
storage module module I
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B e G S s e M e G e s e e s omem oml

Figure 7. ADN agentarchitecture.

2http://herzberg.ca.sandia.gov/jess/
3http://www.ghg.net/clips/CLIPS .html
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Figure 8. Design process capturing window for mechanical de-
signer.

Negotiation module is in charge of initiating negotiation
with other designers. Once a conflict is detected by the rule
based engine and is reported to the negotiation module, this
module will find the corresponding designer and create an
appropriate message. Depending on type of conflict reported
by the inference engine, appropriate message is generated. If
there is a change in the local design process, the module will
create a proposal message for the corresponding designer(s).
Proposals received from another agent will be delivered to
the inference engine for evaluation.

Communication module is in charge of connecting to the
network, sending, and receiving messages. We used “knowl-
edge query and manipulation language (KQML)"* as lan-
guage for our agent communications. The communication
module converts the messages sent by the negotiation mod-
ule to a KQML message and sends it to the proper agent. At
the same time, if the communication module receives a mes-
sage from another agent, it will extract the information and
report it to the negotiation module for interpretation.

The above-described architecture is a general architecture
for the ADN model agent that was implemented for this re-
search. In the following section, we will present a case study
that was developed in order to verify the proposed conceptual
framework and to test its performance in a design team.

8. Case Example

In order to check the validity of ADN model, we devel-
oped a case study to understand the feasibility and implica-
tions of our model in solving real world problems. In this ex-
ample, our objective is to design and manufacture a car
headlight for a new model of a car. The project manager in

“http://www.cs.umbc.edu/kqml/

charge of the front section design lays out the basic require-
ments and constraints to the design team consisting of four
members (i.e., mechanical designer, electrical designer,
style designer, and manufacturing engineer). The top-level
task for each designer is to design the corresponding compo-
nents of the headlight and for the manufacturing engineer is
to take the product models (CAD drawings) and design the
appropriate process plan for the designed components. To il-
lustrate the applications of the ADN framework, let us con-
centrate on the manufacturing engineer for the time being.
One of the major problems in traditional design processes is
that manufacturers are not involved in the design until final
stages of design and hence the manufacturability issues are
not considered.

Task 1: Decide on structure: The mechanical designer has
to make a decision on the structure of the headlight as a task
assigned to him/her (Figure 9). Two alternatives that are
available to the designer are 1) parabolic and 2) spherical ge-
ometry.

ASyp =1{0',0%},
0" = {Parabolic geometry},

0% = {Spherical geometry}

The mechanical engineer’s design decision is closely de-
pendent on the manufacturing engineer’s decisions. Since
the spherical geometry is most common geometry in design-
ing a car headlight, let us assume that the mechanical de-
signer starts his evaluation with this alternative. His corre-
sponding agent sends a message to the dependent designer
(manufacturing in this case) informing him about this selec-
tion. The manufacturing engineer’s agent receives the infor-
mation and adds it to its knowledge.

t’ _ t t
ASyre = ASyer Y Oy

Manufacturing engineer may agree to the proposal since
the manufacturing facilities are capable to manufacture such
geometry. In this case, the proposal will be asserted to the ex-
isting alternative set and the corresponding agent sends back
the agreement to the proposing agent. No further negotiation
is required.

Task 2: Decide on material: in order to make decision on
the material type for the casing, mechanical designer should
generate alternatives. In this case, designer generates two al-
ternatives: 1) plastic, 2) glass.

The material selection has a significant impact on the man-
ufacturing process. So there is a dependency between this
task’s outcome and manufacturing engineer’s preferences.
Now suppose the mechanical designer starts his design task
by evaluating the “glass” alternative for the headlight. S/he
uses his/her agent to propose this alternative to the manufac-
turing engineer.
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Figure 9. Example of the negotiation process in ADN (car headlight design).

ASyr =105, 03}
Oé = {Plastic}, 032 = {Glass}

The manufacturing engineer receives his/her proposal,
evaluates it, and rejects this selection because the manufac-
turing department isn’t equipped with machinery to build the
headlights from glass with the required constraints.

Assert(ASypp3) = ASypg3 U 011.45!3 is inconsistent.

At this point, the mechanical designer should evaluate an-
other alternative and this time s/he proposes the plastic,
which the manufacturing engineer agrees to use as the mate-
rial for the headlight casing. The mechanical designer has
finished with this branch of the design process but s/he still
needs a report from the manufacturing engineer on the status
of the manufacturing process.

9. Discussion

Several observations can be made from the above discus-
sion. First, an essential requirement for effective design col-
laboration is to properly establish, maintain, and satisfy the
dependency needs among design tasks of different designers

in various stages of product development. For example, in-
volving manufacturability objectives in designing front-end
car structure reduces downstream design iterations and in-
creases the design efficiency. In this paper, we took a deci-
sion-based approach to model the local design process and
represented the dependency links as connections between
those design decisions. This approach is different from other
decision-based design models [4,5,12,13], since it provides
understanding of the potential dependencies while designers
are framing their decision problems. Moreover, it provides a
global decision network that captures the effects of every
decision made by a single designer on the total design pro-
cess.

Second, the importance of identifying two distinct levels
of coordination was illustrated. In value level coordination,
designers coordinate the collective approach to the design
problem by considering each others’ values and preferences.
In result level coordination, designers coordinate the details
of a specific design alternative to select a common solution
from a set of possible solutions for a connected problem.
Once value level coordination is properly executed, the need
to result level coordination will be minimized, since each de-
signer has a relatively clear picture of dependent designers’
values and strives toward generating design alternatives, to
maximize the overall gain of the design team.

Third, agents play a critical role in facilitating
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concurrency and maintaining dependency links among team
members. As shown in above example, mechanical designer
initiates coordination with the manufacturing engineer by
proposing one alternative for designing the casing. Once the
proposal was received by the manufacturing designer, two
agents worked together to overcome the dependencies and
propagate status of changes or updates among team mem-
bers.

10. Conclusions and Future Work

In this paper, a decision network framework (ADN) for
concurrent engineering design was introduced. The notion of
design values was presented and the significance of early co-
ordination of design values to achieve efficient collaboration
was illustrated. Two major aspects of collaborative decision-
making process [i.e. local decision-making (DDPM) and ob-
jective-based negotiation (OBNM)] based on design values
were discussed. ADN framework was modeled and simu-
lated using an agent-based design environment and a case
study was created to examine the validity of the proposed
framework. The results indicated that ADN framework in-
creases the efficiency and effectiveness of the design process
and reduces downstream design iterations comparing with
traditional collaborative design processes. Further investiga-
tion is required to study the impacts of using different alter-
native generation methods and selecting the best alternatives
from the alternative set. The tradeoff between selecting an-
other alternative if a conflict arises and negotiation until the
conflict is resolved needs to be investigated.
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