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In collaborative design, designers work together to identify requirements, explore
design spaces, generate design alternatives, and make agreements. Due to infor-
mation latency and disciplinary differences, it is often a difficult task for designers
to reach agreements when needed. Negotiation has been a method for facilitating
information exchange, mutual understanding, and joint decision-making. Our re-
search attempts to understand how negotiation protocols and strategies may
influence collaborative design behavior. In this paper, an experimental study is pre-
sented that indicates the roles of an argumentative negotiation protocol and a
multi-level negotiation strategy in collaborative design. The results of the experi-
ment have shown both positive effects and limitations of the protocol and strategy.

Introduction

Engineering design is a multi-faceted activity of which a key component is
to achieve tradeoffs between competing criteria in order to deliver quality
products to a demanding market. Designers must constantly explore new
avenues to keep their products up to date with the expectations of the fast-
paced market. To do so, the effective teamwork is essential. Designers
from different technical areas work together to identify requirements, gen-
erate design alternatives, make both interactive and joint design decisions,
and eventually arrive at a final design. Such a process requires not only
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flawless communications but also proper means to facilitate mutual under-
standing, agreement making, and generation of new ideas.

Most collaborative design support systems are developed with the pri-
mary goal of achieving seamless information flows among designers and
engineering systems. Database systems, various communication and
workflow tools have been developed to support information sharing, de-
sign change propagation, and process management. Few systems help de-
signers negotiate decisions for the benefit of the overall design, and little
work has been done to quantitatively assess how negotiation protocols and
strategies may influence collaborative behaviors and design results.

In our research, we take an argumentation-based negotiation approach
[1] to supporting collaborative design. Our goal is to develop a negotiation
framework that links designers and engineering systems together at the de-
cision-level, facilitates understandings among them, and helps designers
expand their search space and subsequently generate better alternatives. In
our previous work [2][3], we developed an Argumentative Negotiation
framework for Engineering Design, called ANED. ANED is composed of
an argumentation model, a negotiation protocol, and a number of multi-
level negotiation strategies. It has been implemented as a computer tool to
support engineering negotiation. As the second step of this research, we
conducted an experiment study to assess the roles of ANED negotiation
protocol and strategy on the process and results of collaborative design.

Negotiation is a process in which a joint decision is made by two or
more parties [4]. The parties first verbalize contradictory demands and
then move towards an agreement through tradeoffs and/or searching for
new alternatives. For collaborative design, negotiation can be a way for
designers to exchange information, learn about others’ perspectives and in-
tents, and identify new opportunities based on the learned information and
knowledge. Therefore, negotiation in collaborative design should not be
merely a way for designers to reach agreements through simple give-and-
take interactions. It should facilitate designers’ exploration of a wider
range of solution space through influencing each others’ understanding of
the problem, knowledge, perspective and judgments.

Negotiation processes can be analyzed from two different perspectives.
The value analysis views negotiation as a multi-party joint decision mak-
ing process [5] and attempts to comprehend the negotiation situation in
more numerical terms such as buyer’s/seller’s true and revealed prices,
preferences, and zone of possible agreements (ZOPA). In this analysis, it is
often the case that the “propose-reject/accept” negotiation structure is as-
sumed and the choice space for each party is relatively clear. By translat-
ing the contents of negotiation into numerical values, the analysis can un-
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cover potential win-win directions, the efficient frontier (or Pareto frontier)
and how compromising or modifying one’s preference can lead to more
desirable agreements.

Another way to understand the negotiation process is linguistic analysis.
This analysis focuses on the structure and process, and attempts to reveal
how the use of the different communication language and domain lan-
guage may vary the process and outcome of negotiation. The communica-
tion language can be modeled as locutions or speech-acts [6] that the
parties use for their negotiation. It defines the structure of interaction and
determines what intentions and information can or cannot be communi-
cated. For example, if only the locutions of propose, reject, and accept are
used for negotiation, then one will not be able to request the other party to
provide justification for a given proposal. The domain language for nego-
tiation determines what concepts and information of the domain can be
communicated and negotiated. In case of design, the domain language may
cover only the design parameters and their values, or it may further in-
clude constraints and functional requirements.

In order to support collaborative design through negotiation, we need to
understand what negotiation structures and processes are most effective in
encouraging designers explore their design spaces and generating good de-
sign alternatives. In this research, we follow the linguistic analysis and
attempt to clarify the roles that our argumentation-based negotiation frame-
work may play in supporting collaborative design. Our research question
hence is: What are the roles of the ANED protocol & strategy (enforced by
ANED tool) in influencing collaborative design processes and outcomes?

To address this question, we conducted a design experiment study in
which human subjects were engaged in solving collaborative design prob-
lems with and without using our ANED tool. In the following sections, we
first review the related work in Section 2 and then provide a brief overview
of the protocol, strategy, and other key concepts of the ANED framework
in Section 3. After that the method of experiment study and the perform-
ance measures are described in Section 4. The experiment results are pre-
sented and discussed in Section 5 & 6, and conclusion remarks drawn in
Section 7.

Related Work

Extensive research on negotiation has been done in diverse areas from so-
cial psychology and social sciences where the focus is on human interac-
tion [4][7][8][9], to distributed artificial intelligence whose goal is to
achieve collaborative work between computer systems [10][11][1][12].
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Decision theorists proposed normative models of negotiation based on de-
cision and game theories [5].

Gulliver [7] proposed an eight-phase model of negotiation process that
describes the progress of negotiation from the initial recognition of the
dispute to some kind of outcome. The eight phases are: search for arena,
agenda setting, exploring the field, narrowing the difference, preliminaries
to final bargaining, final bargaining, ritual affirmation, and execution.
Pruitt [4] proposed a strategic choice model of negotiation, stating that par-
ties involved in negotiation must make strategic choices at every point in
time. The choices include conceding unilaterally, standing firm, or collabo-
rating with other parties in search of a mutually acceptable solution. Toul-
min [8] introduced a simple model of argument structure for negotiation
based on the exchange of “claims”, “data” and “warrant” amongst the par-
ticipants to assert and justify their negotiation stance.

Researchers in the distributed artificial intelligence community have in-
vestigated the issue of negotiation by creating agent-based support system
that collect data from the participants and reconcile their disparities to
achieve optimal decisions. Sycara [11] proposed a negotiation process that
uses case-based reasoning mechanism together with a restricted protocol to
support agents resolving their goal conflicts. Jennings et al [13] proposed
argumentation-based negotiation to support negotiation among distributed
agents. Through argumentation, the parties can exchange various informa-
tion pertaining to the negotiation situation, explore mutual option spaces
and eventual arrive at an acceptable solution.

Raiffa et al [5] proposed taxonomy of group decision-making and sug-
gested negotiation as a way to make joint decisions. Extending the multi-
objective decision theory and game theory, he examined the dynamics of
win-lose, win-win and multi-party negotiations and proposed novel ap-
proaches for successful negotiation.

While the advances of the above-mentioned negotiation research have
been applied in business management activities and networked computer
systems, few have been introduced to the field of engineering design.
Some researchers treated the problem of negotiation in design as an issue
of information imprecision and developed formal mathematical models to
incorporate the imprecision into design computations [14][15]. Others
formulated collaborative design problems as games and treated negotiation
as a process of conflict resolution [16] or playing various types of games
[17][18]. One common feature of the existing approaches to negotiation in
engineering is that they treat negotiation as a process of single level infor-
mation exchange and conflict resolution and attempt to reduce the negotia-
tion problem into a multi-objective optimization problem so that a conver-
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gent solution can be found. Because these approaches usually require prior
knowledge of evaluation criteria and available alternatives, they have only
limited use for the early stage of engineering design where defining prob-
lems and exploring alternative spaces are part of the negotiation process.

There have been experiment studies of negotiation in the literature but
few of them are specific to the engineering design field. Some experiments
conducted in the fields of social and management sciences study the im-
pact of personality on the negotiation outcome [19] and others explore the
difference between individual vs. group negotiators [20]. Kirshmann et al
[21] tested the influence of groupware on a design project.

Overview of ANED

ANED was developed based on the argumentation-based approach to ne-
gotiation [13]. It is composed of three key components: 1) an argumenta-
tion model, 2) a communication language composed of specific speech-
acts, and 3) a number of multi-level negotiation strategies.

Argumentation Model

Following Toulmin [8] we model argument as a structure depicted in Fig.
1. In this model, negotiation starts when a designer makes a “Claim”, e.g.,
“Hinge position h, should be 20cm < h, < 25¢cm.” If the claim is challenged
by another designer, then the designer is required to provide “Data”, e.g.,
“Door size D=60cm”, to defend it. If the challenger is still not satisfied
with the data, then a “Warrant”, e.g., “If sports car, then h, < 0.5 D;”, can
be supplied by the designer, either voluntarily or at the request of the chal-
lenger. A “Warrant” can be a rule that states the relation between a “claim”
and “data”, as shown in Figure 1, or a related higher-level concept, such as
a function requirement. In the latter case, if the challenger starts to chal-
lenge the “warrant”, the negotiation moves to a higher-level in which the
“warrant” becomes a “claim” and negotiation continues.

Data - > so: Claim

(Door side size since: (Hinge position should be
D.=60cm) | 20cm<h,<25cm)

Warrant
(If sports car, then h, < 0.5 D,)

Fig. 1. ANED Argumentation Model (Adapted from Toulmin [8])
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Communication Language

Communication language determines the structure of negotiation in terms

of what actions can be taken in the process. The speech-acts of ANED,

shown below, were chosen from Ballmer and Brennenstuhl’s speech-act

dictionary [22] based on our analysis of engineering negotiation needs [3].

* Propose <claim>: introduce <claim> and initiate negotiation process.

* Counter-Propose <claim>: introduce a new <claim> going against
another claim proposed by the other party earlier.

* Compromise <claim>: proposed <claim> that is a compromised versi-
on of the previous one.

* Critiqgue NOT <claim>AS <data> (or SINCE <warrant>): introduce a
negated <claim> followed by <data> and possibly a <warrant> to ju-
stify the negation.

* Defend <claim> AS <data> (or SINCE <warrant>): introduce <data>
and/or <warrant> to defend the <claim> challenged by the other party.

* Agree <claim>: declare that an agreement is reached on the <claim>
and the party is committed to the agreement.

* Refine <claiml> WITH <claim2>: introduce a new <claim2> whose
contents build upon the last <claimI> passed on to the other party.

Multi-Level Issues and Negotiation Strategies

In collaborative design, negotiation usually starts from identification of
conflicts. The conflicts can be task related, such as entity conflicts and
constraint conflicts, or they can be value judgment related, such as objec-
tive conflicts and preference conflicts. Conventional negotiation begins
from identifying ZOPA (Zone Of Possible Agreements). If there is no
ZOPA between the two participants, then the negotiation can be dead-
locked. In our research, we propose a multi-level argumentation approach,
as shown in Figure 2. The basic idea is that, most issues being negotiated
belong to a hierarchy of related issues. Usually, a “super issue” governs the
“range” and “behavior” of its “sub issues”. If two participants cannot agree
at the level of certain “sub issues”, then they should be able to move to a
“higher level” and negotiate about the related “super issues”. The agree-
ment at the level of “super issues” may lead to an innovative and unfore-
seeable agreement at the “sub issue” level. We call this process multi-level
integrative negotiation.

Given the model of argument and communication language, the efficacy
of negotiation depends on how the participants decide on strategic actions,
proposals and arguments. The question is related to negotiation strategy:
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whether to explore the solution space of the current issue, or identify new
issues at the same level, or to move to a higher level of relevant issues. In
ANED, four generic strategies are devised based (Figure 2).

Sub Issue Level

Designer-B

Initial alternative space
explored by DM-A

A ‘e/e et —— Initial alternative space
Al No agreement — explored by DM-B

Fig. 2. A Model of Multi-Level Issues & Negotiation

* Solution exploration: Try to stick to the current issue and explore its so-
lution space extensively.

* Issue exploration: Try to move to, or create, new issues at the same level
in order to avoid conflicts.

* Hierarchy exploration: Try to move to a higher level of the design entity
hierarchy in order to resolve conflicts. The hierarchy includes (from
lower to higher level): parameter-value 2 parameter = parameter con-
straints = functional requirements 2 design objectives (evaluation cri-
teria).

Method

The objective of this experiment study is to investigate how ANED proto-
col and strategy influence the collaborative design process and results. In
this section, we describe the experiment design, the test problem, and the
measures devised to evaluate the outcome of design results and processes.

Experiment Design

The experiment involved 24 subjects who were divided into 3 treatment
groups: a control group (CG), a protocol group (PG), and a protocol plus
strategy group (PSG). Each group had 4 teams, and each team had 2 par-
ticipants working together to solve a common design problem. All 12
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teams worked on the same design problem and were given the same infor-
mation.

To make sure that all communications between the two subjects of a
team are correctly monitored and there is no unmonitored communication,
such as those through voice volume, body language and gestures, we di-
vide the two subjects into two rooms, and they can communicate only
through a keyboard-and-text based computer connection that we provide.
All communication logs are saved and used for analysis.

The CG, PG and PSG groups were different in the following ways.

* Control Group (CG): The CG teams are given an ordinary chat tool so
that they can chat freely using any language and design information.

* Protocol Group (PG): The PG teams are asked to use the ANED tool so
that they are forced to use the ANED communication protocol.

* Protocol and Strategy Group (PSG): The PSG teams use the ANED tool
and apply the “Hierarchy Exploration” strategy described above.

The 24 subjects who participated in this study were recruited amongst
the students attending a senior level design class AME410 (Engineering
design theory and methodology) offered at the University of Southern Cali-
fornia. Participation was strictly on a voluntary basis. The twelve 2-person
teams were created randomly, and the different treatments administered to
each of them were also the product of a random process. The students were
all undergraduates in their senior year, majoring either in mechanical or
aerospace engineering.

Each experiment sample lasted about an hour and proceeded as follows:
* t = 0-15 min: Subjects sit through an automated PowerPoint slideshow

of the design exercise that explains the their tasks and responsibilities.

* t = 15-25 min: Brief practice time for the subjects to familiarize with
the problem, data, use of ANED tool for design and communication.
* t =25 min — 1h: The subjects collaborate to solve the design problem.

Design Problem

The design problem for the experiment should be simple enough so that
the subjects can comprehend and solve it within the allowed time frame.
On the other hand, the problem should also be rich or complex enough so
that the effect of applying the ANED protocol is observable. We created a
problem of designing a manufacturing line for the production of a water
filter composed of a grid and a filter body., Each subject is responsible for
a part of the process: Designer 1 is in charge of the fabrication of the filter
body, while Designer 2 is in charge of the grid production and assembly
processes.
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The task of each subject is to select (1) the required operations for fabri-
cating the water filter and (2) the needed machines to carry out the selected
operations. All possible operations for producing and assembling Partl and
Part2 are predefined. Each operation has 3 alternative corresponding ma-
chines. Each machine as two attributes: the cosr ($) of using the machine
and the space (m’) the machine occupies. Table 1 summarizes the design
objectives, tasks, and the design information for each designer.

Table 1 Design Tasks, Objectives and Information

gszlsgn Objec- Design Tasks Information Provided
> Drawing of Part 1

> Select operations > Table of operations for

and machines to pro- | Part 1

duce > Partial table operations for
> Ensure full .
compatibility of Part 1 Part 2 (no cost & space info)

> Lay out machines > Compatibility, issue, op-

machines se-
lected

> Minimize the
cost of use of
machines

> Minimize the
space occupied

according to the rules | tion list

> A list of rules

> Drawing of the Part 2

> A table of operations for
> Select machines to | Part 2

produce Part 2 & as- | > A partial table of opera-

Designer 1

b hi semble it w/ Part 1 tions for Part 1 (no cost &
~ y machines > La hi o
» y out machines space info)
2 according to the rules | > Compatibility, issue, op-
%’3 tion list
2 > A list of rules

To add needed complexity to the manufacturing line design problem, we
framed the following concepts as part of the problem definition.

* Local incompatibility: Two machines may be locally incompatible so
that they cannot be applied simultaneously by one designer in one ma-
nufacturing process. For example, M;, and M,; are locally incompatible,
so Designer 1 cannot select both in his solution set.

* Global incompatibility: Two machines may be globally incompatible so
that they cannot be applied by the two designers in a team simultaneous-
ly in the overall process. For example, M, and My, are globally incom-
patible; Designer 1 cannot select M,; in his solution set if Designer 2 se-
lects My;, and vice-versa

* Issue: Two machines may have a shared issue. In this case, they can be
simultaneously applied only if the issue is addressed by selecting an op-
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tion. For example, M,, and My, have an issue (#2): “Cut grid must be

checked dimensionally to match NC high quality”

* Option: An option is an item that can be selected from the option list to
resolve an issue encountered by the subjects during their machine selec-
tion task. For example, Option #11 in Designer 2’s options list “Dimen-
sional Control Station”, which costs $3 and takes up two blocks of
space addresses the aforementioned issue #2.

The incompatibilities and issues were arbitrarily chosen to prevent the
subjects from selecting the cheapest or the most compact set of machines.
This way, the subjects are forced to make decisions over local and global
tradeoffs. Each of the two team members had different list of options. The
lists were designed to provide the subject with some of the solutions to
his/her own issues and some of the solutions to the issues of his/her team-
mate. Therefore, the only way to properly resolve some of the issues was
to discuss them, and collaboratively search for suitable solutions.

A machine layout tool is given to each of the subjects during the design
session. Besides the computer based communication tool, each subject can
also see the other team member’s machine layout screen. The following
guidelines were given to the subject:

* The space is shared between the two sets of machines selected by each
designer and machines cannot overlap.

* Machines must be laid out left to right following order of operations.

* Designer 1 must position machines in the top half of the factory, and
Designer 2 in the bottom half.

These guidelines were enforced to give the subjects another opportunity
to collaborate about the layout, explore possibilities and possibly create
some win-win situations.

Performance Measures

One task of this research is to develop meaningful performance measures
to assess the effectiveness and efficiency of the collaborative design proc-
ess. Following indices are introduced as performance measures.
Score-based Design Performance Index (SDP): This index is com-
puted using two metrics: cost performance S. and space performance S,.
The maximal score S,.=100% was assigned to the cheapest design observed
(m,), while the score of S=0% was assigned to the design with the highest
possible cost (M,). A linear grading scheme was used. We have cost score:

g 1 HAe—m

T M, -m, (1)
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where A_ is the cost of the machine set selected by the team.
Similarly, the space score is computed as:

o Amms
s
M.-m
S S (2)
where M. maximum number of cells used; mg minimum number of
cells used; Ag: number of cells used in the experiment evaluated.
The SDP index is computed using weighting factors:

SDP = 0.8x S, +0.2x S, 3)

Design Space Exploration Index (DSE): When there is an issue associ-
ated with an incompatibility, resolving the issue may need new solutions or
options. DSE index measures the “exploration” quality of the design proc-
ess and is computed by counting the number of issues discussed (A;) and
the number of options considered (A,) to resolve these issues. For each of
these two measures the highest number recorded throughout the experi-
ment (M; and M,, respectively) are considered as full scores and scaled to
100%. The lowest values for each were both 0. We have:

A
1+ 0) : where I:i and ():ﬁo
M, o )

DSE =

Negotiation Content Distribution (NCD): This term refers to the occur-
rence of each speech-act (Figure 2) in a given experiment. For each team,
the numbers of occurrence of the following utterances are collected: (1)
plan proposals (propose/counter-propose), (2) solution proposals (propose
/counter-propose), (3) arguments (critique, defend, dissent) and (4) infor-
mation requests (acquire-info).

Tracking the speech-acts used provides an overview of the negotiation
contents that can be used to assess dominant communication activities.

Negotiation Process Distribution (NPD): In this study, a collaborative
design process is divided into 3 consecutive phases. They are:

* Planning: During the strategic planning phase the subjects strategize
about how to address the design problem.

* Resolution: During the design resolution phase the subjects generate so-
lutions for the common design problem.

* Optimization: During the design optimization phase, the subjects try to
improve their design.

For each team sample, NPD index measures the ratio of utterances de-
voted to each of the phases. For example, for the planning phase, we have:
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Z Ulter mxces
Planning
NPD =
Flaming Z Utterarces
Experiment (5)
Similarly, we can calculate NPDy,, i, a0d NPD g i0i-ation-

Roles of Argumentative Negotiation Protocol

In the course of this research we developed the following hypotheses re-
garding how our argumentative negotiation protocol may influence col-
laborative design results and processes.

* Hypothesis #1: ANED protocol can help designers generate more de-
sign alternatives, because better understanding of others through argu-
mentation and insisting on one’s own stance may lead to searching for
more alternatives.

* Hypothesis #2: ANED protocol can improve design results, since more
design alternatives lead to better design.

* Hypothesis #3: ANED protocol can increase the efficiency of collabora-
tion, since the communication is more focused and targeted.

One-way analysis of variance (ANOVA), equivalent to a t-test in this
case, was performed with the negotiation type (two levels: ad-hoc (-1) and
ANED-protocol (+1)) as the independent variable and performance meas-
ures as dependent variables. Level of significance was set to p = 0.05.
Pearson’s correlation coefficient was also used to support a number of ob-
servations. Table 2 summarizes the experiment results

Protocol and Design Performance

From the data shown in Table 2, the average SDP of the Control Group is
81.38% versus 85.66% for the Protocol Group. While the difference is
subtle, the tendency of improvement from using Protocol can be seen. Be-
cause the standard deviation is relatively large in both groups, the analysis
did not yield a significant result (F,,= 1.05, p = 0.344), hence could not
conclusively validate our Hypothesis #2.

The insignificance might be due to the definition of the design problem.
Further analysis of the design problem revealed that the problem was cre-
ated such that the score differences between the good solutions and the bad
ones are small comparing with the total scores. Therefore the chance for
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the subjects to achieve significantly better scores by uncovering win-win
situations was relatively low.

Table 2 Summary of Experiment Results (CG vs. PG)

Control Group (CG) Protocol Group (PG)
Tl T2 T2 T4 TT T2 T3 T4
SDP (%): 73.  83. 79. 89. 87. 8. 90. 78.
9 4 3 0 6 6 4 0
Score-cost (%) 77. 79. 77. 86. 84. 100 96. 8lI.
9 3 6 2 5 5 0
Score-space(%) 66 100 66 100 100 33 66 66
DSE (%): 37. 87. 87. 62.
5 0 0 0 5 5 75 5
Issue-discussed 7 0 0 0 4 3 4 3
Option- 2 0 0 0 3 4 2 2
discussed
NCD:
Proposals-plan 8§ 4 15 11 6 0 0 2
Proposals-other 6 2 10 9 14 12 21 12
Agreements 14 3 15 13 25 14 19 9
Info-request 21 5 37 29 6 5 9 5
Issue-discussed 7 0 0 0 4 3 4 3
NPD:
Planning 05 02 00 00 00 00 00 00
6 0 9 9 2 0 0 0
Resolution 02 02 06 06 09 08 08 08
1 0 4 2 1 3 6 8
Optimization 02 06 02 02 00 01 01 0.1
3 0 7 9 7 7 4 2

Protocol and Design Space Exploration

Using DSE as the response and the CG/PG as the factor, the ANOVA re-
sult shows that the ANED protocol has a significant effect on design space
exploration (F;s= 38.21, p = 0.001), supporting our Hypothesis #I. An-
other interesting analysis can be done by looking at the correlation be-
tween the experiment type (with or without protocol) and the number of
issues discussed. Pearson’s coefficient value computed is r = 0.961 (p =
0.000), indicating a very strong correlation.

When ANED was developed, one of the initial postulates was that nego-
tiation is not merely a communicative process but also a stimulating and
hence creative one, during which the parties not only exchange informa-
tion but also argue with, and attempt to influence, each other. Conflicts
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between two parties are not only problems to deal with but opportunities of
finding new solutions. This principle is adopted by TRIZ [23]. Our results
indicate the potential to apply the principle to collaborative design.

Protocol and Negotiation Content Distribution

By analyzing the negotiation content distribution (NCD) data shown in
Table 2, we notice a significant difference between the two treatment
groups in the type of activities dominating the negotiation process.

The one-way ANOVA for the total number of non-planning proposals
(“Proposal-other” in Table 2) shows that the protocol has a significant im-
pact on subjects’ proposal making behavior (F, 5= 821, p =0.029). Using
ANED protocol leads the subjects to generating more resolution and opti-
mization related proposals. This result was expected because proposals and
counter-proposals are the locutions introducing possible agreement points:
generating more proposals expands the range of the possible agreements.
This supports our Hypothesis #1 .

The analysis of the number of information request utterances indicates
that the protocol reduces the need for information request (F; s =590, p =
0.051). This can be explained as the result of two combined effects. First,
higher number of proposals is balanced by a lower number of information
request/passing loops since proposing and arguing assume the information
passing function in the form of data and warrants (see Section 3.2). Sec-
ond, the efficiency of argumentative negotiation enhances mutual under-
standing of their stances and reduces the need for information requests.

The analysis of the number of planning related proposals shows a con-
clusive result (F; s = 7.58, p = 0.033): the ad-hoc group does more plan-
ning related exchanges than the protocol supported group. We will discuss
this interesting result in the following subsection.

The average amount of utterances used by each group validates our Hy-
pothesis #3, i.e., the protocol improves collaboration efficiency, as the
teams in Protocol Group used an average of only 69 utterances to complete
the design task whereas Control Group teams needed an average of 118.

Protocol and Negotiation Process Distribution

Besides negotiation content distribution, we assessed the impact of the pro-
tocol on negotiation process distribution (NPD) by counting the numbers
of utterances used in each of the three phases, planning, resolution, and
optimization. The experiment results are shown in Table 2.
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The statistical analysis supports the observation from Table 2. Although
the significance is not as strong for the resolution phase (F,s = 4.25, p =
0.085), the data leads to significant results for planning (F,, = 13.33,p =
0.011) and optimization (F, ;= 6.45, p = 0.044).

The data analysis revealed two interesting results. First, the teams in the
PG teams spent little effort of their communication on planning, while the
CG teams devoted almost a quarter of their effort in planning. Planning re-
lated communications are needed when two designers try to decide on their
strategy and process to solve a problem. The ANED protocol was designed
with a focus on the argument exchange, and the exchange process is prede-
fined. This restriction to some extent relegates the need for planning: the
subjects first identify their stances and then go directly into the argumenta-
tion process. In the ad-hoc CG teams, however, after the subjects get to-
gether, they spend a long time on deciding what needs to be done and how
to do it. In other words, they try to “optimize” the way to solve the prob-
lem. This planning “optimization” often leads to an “easy way out” to
solve the problem. As a result, the solutions found from the “easy ways”
are considered the solutions. Few more explorations are pursued. The dis-
cussion in the following paragraph further supports this observation.

The second interesting result is that the Protocol Group had twice the
resolution related communications than the Control Group. Without the
guidance and restriction of the protocol, the ad-hoc teams tend to find solu-
tions and then stick to the found solutions, rather than try to argue for and
maintain their own stances. As a result any solution is a good solution,
leading to less effort in resolution phase.

Roles of Multi-Level Negotiation Strategy

The PSG treatment group was exposed to the “hierarchical exploration
strategy” described in Section 3.3. Prior to the test, the subjects were given
a number of case examples of how to apply the strategy. Our intent was to
assess how effective this exposure to the strategy can be. Two hypotheses
are postulated:

* Hypothesis #4: Following the “hierarchical exploration strategy” can
improve the thoroughness of design space exploration, since moving to
a higher level provides a better view of sub-issues in the lower level.

* Hypothesis #5: The strategy support leads to more proposals and
agreements, since having the options of moving into higher levels pro-
vides more opportunities to find proposals
The experiment results of PG vs. PSG teams are shown in Table 3.
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Strategy and Score-based design performance

We can draw a number of conclusions based on the raw costs and space re-
sults from Table 3. First, the average cost scores vary (PG-90.52% vs.
PSG-97.03%) between the two treatment groups. Furthermore, the teams
from the PSG did not get as high space scores (average 49.5%) as the
teams of the PSG (average 66.25%) which reveals a more thought-out
process focusing on high cost score and compromising on the space score
(consistent with Hypothesis #4). The strategic support has thus been in-
strumental in keeping the design effort in line with the design requirement
shown in Eq (3).

Table 3 Summary of Experiment Results (PG vs. PSG)

Control Group (PG) Protocol & Strategy

Group (PSG)
TI T2 T2 T4 Tl T2 T3 T4
SDP (%): 83. 90. 83. 9I.
876 866 904 780 3 4 3 s
Score-cost (%) 96. 96. 96. 98.

845 100 966 81.0 6 6 6 3

Score-space

(%) 100 33 66 66 33 66 33 66
DSE (%): 464 473 393 330 0 19 %010
Issue-discussed 4 3 4 3 5 2 6 8
Option-
discussed 3 4 2 2 ! 7
NCD:
Proposals-plan 6 0 0 2 6 5 5 10
Proposals-other 14 12 21 12 32 16 27 29
Agreements 9 10 16 8 17 11 18 17
Info-request 6 5 9 5 16 8 17 43
Issue-discussed 4 3 4 3 5 2 6 8
NPD:
Planning 00 00 00 00
0.02 0.00 0.00 0.00 0 0 0 0
Resolution 05 07 06 07
091 083 086 0388 ] p 6 0
Optimization 04 02 03 03

007 017 0.4 0.2 9 3 4 0

The analysis indicates, however, that the cost difference shown in Table
3 is not statistically significant (F=1.97, p=0.21), fending off any conclu-
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sion. Nevertheless, the standard deviation drops from 0, =2.66 to G ; =
0.25, denoting a higher consistency of the design results among the PSG
teams. This observation corroborates the average number of issues selected
by teams of each group in their final design (2.25 for PSG vs 0.75 for PG).

The SDP values follow comparable trends, as they are based on the
scores along the cost and space performance measures. The average SDP
shows a progression from PG to PSG. However, the statistical significance
is not clearly established. Therefore, the contribution of the strategy on the
design outcome quality is important but not as far-reaching as expected ac-
cording to this experiment. The reasons can be the limited exposure to the
strategy received by the subjects of PSG. It can also be the limitation of the
problem definition. Further research is needed.

Strategy and Design space exploration performance

For design space exploration, Table 3 shows a progression in the average
numbers of issues and options discussed from PG to PSG teams (consistent
with Hypothesis #4), even though the statistical significance is not reached
due to large standard deviation values (F; s =1.49, p = 0.269).

A careful examination of the date indicates that although T2 of PSG did
not exhibit significant efforts to explore the design space thoroughly, they
achieved a high scoring design. This “singularity” may be due to the de-
sign problem’s insufficient intricacy to require extensive and thorough de-
sign space exploration to achieve a good design. In a real-world design
task, the complexity stems from the fact that the solution space is continu-
ous and not discrete as in the problem used in this experiment. There are
virtually thousands of solutions for each task leading towards a design
solution, and the likelihood of achieving a good design by chance is essen-
tially annihilated. Further study is needed to include more real and com-
plex design problems.

Strategy and Negotiation content distribution

The analysis of the negotiation content distribution data of the PG and PSG
teams in Table 3 reveals conclusive results of the impact of the negotiation
strategy. PSG teams generated a significantly higher number of strategic
proposals (F;s = 5.93, p = 0.051) and the total number of other proposals
(F;5= 840, p = 0.027). In addition, the increased number of proposals is
echoed by a direct increase in the number of agreements reached as visible
in Table 3 (F, 5= 6.79, p = 0.040).
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The results are consistent with our Hypothesis #5. The implication can
be drawn that the hierarchical exploration strategy has a distinct effect on
the types of utterances employed by the subjects. The density of the total
argumentative content does not change; however, more proposals are ex-
changed. The subjects are conscious that the discussion should not be lim-
ited to the machine selection and machine layout, but should spread over
the higher levels of machine issues and incompatibilities. This way, they
can generate proposals over a larger scope, leading to more proposals and
agreements.

Strategy and Negotiation Process Distribution

The NPD data in Table 3 indicate that PSG teams share the same behavior
in strategic planning with those in the PG teams: the planning phase is to-
tally missing for the same reasons described in Section 5.4. Nonetheless,
the distribution over the other two phases, i.e., resolution and optimization
is appreciably different. One-way ANOVAs over the ratio of utterances
used for resolution and optimization yield both F,; ;= 13.37 and p = 0.011.
The PSG teams spent an average of 66% of their communication efforts
over the design problem resolution phase and the remainder 34% optimiz-
ing the design solution. This redistribution of the two activities is synony-
mous of a more effective problem resolution phase, since the total amount
of utterances used is comparable in the two groups. This observation
agrees with the higher efficiency of collaboration for PSG teams observed
through the number of agreements reached. The team members, who ad-
here to the same strategy, achieved better understanding of each other’s in-
tentions and negotiation stances.

Concluding Remarks

This experiment study yielded several results backing up our initial hy-

potheses and showed that negotiation outcomes in a collaborative design

process can be significantly affected by the ANED negotiation protocol
and strategies. The findings can be summarized as follows:

* The use of ANED’s argumentative negotiation protocol and hierarchy
exploration strategy affects the dynamics of the negotiation/
collaboration process positively and has the potential of improving
the results of collaborative design. Future research is needed to link the
process benefits to the improvement of the design results.
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* By imposing argumentative interaction, the protocol leads the subjects
to making more efforts on design space exploration and alternative ge-
neration, avoiding general human tendency of “plan, quick solution, and
finish.”

¢ Furthermore, the restrictive exchange of information of the argumentati-
ve negotiation protocol makes the overall collaboration process more ef-
ficient because the communication is more focused and well guided.

* Little planning occurred in protocol- & strategy-supported teams implies
that the designers should have a good understanding about the design
problem and the design process when they come to work together. Futu-
re research is needed to verify if adding more speech-acts may help
planning interactions.

* The hierarchical exploration strategy propels the designer to explore a
wider range of design space more thoroughly, both vertically over diffe-
rent issue levels and horizontally across each issue level.

* The hierarchical exploration strategy provides a larger space and more
opportunities for designers to generate more proposals and thus more
agreements. As a result, the number of arguments exchanged being
equal, the strategy-supported teams are able to reach a final design faster
and spend more time optimizing their results.

The experiment study described above has two major limitations. First,
the experiment study was not set up to address the issue of multi-
disciplinary collaboration. Although it can be speculated that being able to
enhance design space exploration can be positively linked to being able to
facilitate better understanding between the designers of different disci-
plines, further study is needed to verify this link. Second, the results ob-
tained thus far are limited to the type of the design problem tested. Future
experiment research is needed to test various types of design problems and
to include professional designers as subjects.
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