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Distributed Coordination of Project Schedule Changes:
An Agent-Based Compensatory Negotiation Approach
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Abstract

In the construction industry, projects are becoming increasingly large and complex, involving multiple subcontractors. Traditional
centralized coordination techniques used by the general contractors becorne less effective as subcontractors perform most work and provide
their own resources. When subcontractors cannot provide enough resources, they hinder their own performance as well as that of other
subcontractors and ultimately the entire project. Thus, construction projects need a new distributed coordination approach whetein all of the
concermed subcontractors can reschedule a project dynamically. To enable the distributed coordination framework of project schedule
changes, the author developed an agent-based compensatory negotiation methodology, which allows intelligent software agents to simulate
negotiations on behalf of their human subcontractors. In addition to this theoretical work, I designed and implemented a prototype to
demonstrate the effectiveness of the framework. Thus, this research formalizes the necessary steps that would help construction project
participants to increase the efficiency of their resource use, which in turn will enhance successful completions of whole projects.

Keywords : Scheduling, Project management, Software agent, Distributed coordination

1. Introduction

1.1 Research Backgrounds

Despite the ubiquity of change in large, complex construction
projects, current approaches to change coordination are mostly
reactive, and therefore lead to less than optimal solutions. If,
however, changes in a given schedule were coordinated prior to
execution, then better solutions could be found. Previous researchers
have explored the various causes of schedule changes in construction
projects. Discrepancies between the needed resources for activities
and the resources available to subcontractors are one major cause of
change. The resource discrepancies occur when the timing of the
activities is not well matched with the available resources, i.e., when
subcontractors have different perspectives of scheduling.

Soon after the general contractor awards subcontracts according to
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the master project schedule, subcontractors often want to change the
master schedule because resource discrepancies cause additional
costs either through over-utilizing currently available resources or
importing new resources (O Brien and Fischer 2000). Therefore, the
subcontractors may try to change the project schedule in order to
accommodate their wishes. Changes are likely to cause schedule
conflicts among subcontractors because any move affects the
activities of other subcontractors in tightly coupled construction
project schedules.

In most cases, these schedule conflicts cannot easily be resolved
simply by delaying the succeeding activities since such delays
would affect the resource profiles of succeeding subcontractors,
which would cause additional costs for them. Delays could also
extend the project completion beyond the deadline. Therefore, there
is a need for a methodology to handle subcontractors resource-driven
schedule changes.
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1.2 Literature Review

Numerous research papers have recognized a major problem in
the Critical Path Method (CPM) network approach, which assumes
unlimited resource supplies, and have provided frameworks to
address various limited-resource issues in construction planning and
scheduling, however, few current frameworks address the
difficulties of gathering information in the coordination of
subcontractors' resource-driven schedule changes. The existing
centralized frameworks are insufficient because the information
needed for centralized resource-based scheduling, such as the
resource constraints, is usually kept private by subcontractors (Choo
and Tommelein 2000). Therefore, subcontractors need a distributed
coordination framework for project schedule changes (DCPSC) that
includes a monetary conflict-resolution methodology, while
maintaining schedule logic and keeping their information private.

Current distributed frameworks in construction and in the broader
project management and Al research literature have inadequately
addressed challenges for distributed coordination of project schedule
changes, They have not provided a monetary conflict-resolution
mechanism, which is their main shortcoming, even though some of
them have provided various conflict-resolution mechanisms for
interactions between participants (Koo 1987; Khedro et al. 1993; Jin
and Levitt 1993). ProcessLink (Petrie et al. 1998) identifies
dependencies among activities and participants but does not specify a

conflict-resolution mecharnism.

1.3 Research Objectives

To overcome past research limitations for DCPSC, the overall
purpose of the research was threefold: (1) To formalize and
generalize a DCPSC framework, (2) to formalize and generalize an
agent-based comperisatory negotiation (ABCN) methodology to
enable the DCPSC framework, and (3) to implement a distributed
subcontractor agent system (DSAS) to demonstrate the DCPSC
framework

1.4 Research Questions

The author poses six research questions intended to fulfill the
research objectives for DCPSC: (1) What formalism and approach
can enable every subcontractor to consider its own activities, but will
also enhance global outcomes? (2) What formalism can enable
agents to compensate other agents for disadvantageous agreements?
(3) What protocols can enable agents to identify and resolve schedule
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conflicts in a tightly coupled network of related activities? (4) What
mechanism can enable agents to maintain work logic and ensure
convergence of distributed coordination? (5) How can a multi-agent
system be developed to implement the distributed agent-based
coordination methodology? (6) What are the impacts on DCPSC of
distributed agent-based coordination methodology?

1.5 Research Methodology

To answer the reserch questions, the research methodology had
four major components: (1) Theory building, (2) system building,
(3) verification through testing, and (4) evaluation.

The author built a theory about distributed coordination of
subcontractors' resource-driven schedule changes through the case
example and a survey of background literature on Al planning,
Cooperative Distributed Problem Solving (CDPS), and Multi-Agent
Systems (MAS) research. Using the developed theory, I built an
agent-based distributed decision-making system, in which the author
tested and analyzed several case examples, with changing resource
profiles to prove the concept in the theory and verify the system.
Finally, the author evaluated the results of my research according to
its contributions.

The author identified six specific tasks corresponding to the
research methodology as follows: (1) Build up research background,
(2) devlop a DCPSC framework, (3) develop an ABCN
methodology, (4) develop and implement the DSAS, (5) verify
DCPSC, ABCN methodology, and DSAS, and (6) evaluate the
research results.

The next three sections describe the DCPSC, ABCN
methodology, and DSAS.

2.DCPSC

2.1 Formalization of DCPSC

In order for subcontractors to consider their own activities, and
also enhance global outcomes, the author developed the distributed
coordination framework for project schedule changes (DCPSC),
based on the social welfare function (Feldman 1980).

To increase individual utility and social welfare together, therefore,
the author set the objective of distributed coordination of project
schedule changes so as to lower E, ie., the sum of subcontractors
costs associated with their resource constraints, subject to the

precedence relationship among project activities:
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lower E = i i Cost,

i=l j=1

subject to:

Vx, Finish, < min {Starty - 1}

Yes,

where E and Cost(i, j) = the sum of the subcontractors extra costs
for all m activities of n subcontractors and the jth activity, which
belongs to the ith subcontractor, respectively; Finishx = finish date of
activity x; Starty = start date of activity y; and Sx = set of activities
which must succeed activity X.

2.2 Two Cumrent Centralized Coordination Methodologies

DCPSC is different from centralized coordination methodologies
used in current practice. Under the centralized coordination
methodologies below, the general contractor (GC) is obligated to
coordinate the subcontractors. It is reasonable to assume that the
information needed for coordination, such as the preferred schedules
of subcontractors and resource information, is not available to the
GC but is kept within subcontractors (Choo et al. 2000). The author
examines two methodologies of centralized coordination tight and
loose and set practical challenges for DCPSC to set up the criteria
against which the author will measure goodness of a new
methodology for DCPSC.

Under Tight “Iron-Fist” Centralized Coordination (TCC), the
objective is to finish the project on time and the subcontractors are
instructed to finish their activities before the latest finish date of each
activity respectively. Under TCC, the GC can coordinate the
subcontractors to finish the project on time. However, some
subcontractors might experience cost overruns when their available
resources differ from their resource

requirements. For the GC, the cost overruns could be  regarded as
faults of subcontractors for poor management of their resources.

Under Loose “Laissez-Faire”Centralized Coordination (LCC), the
objective is to match the resources available to  produce a workable
schedule. Under LCC, activities are finished when enough resources
are provided. Without knowing subcontractors'resource availability,
the GC instructs subcontractors to start their activities when the
preceding activities have been finished and when enough resources
are available; ie., the job is ready for it and its work can proceed
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unimpeded (Clough and Sears 1991). LCC usually delays the project
and some subcontractors might experience cost overruns due to
delays of preceding activities as well as their resource deviations. The
GC also incurs liquidated damages due to the project delay.

From the shortcomings of two current coordination
methodologies, the author set practical challenges for DCPSC to set
up the criteria against which the author will measure goodness of a
new methodology for DCPSC. The first criterion is whether a new
distributed coordination methodology can enable subcontractors to
compensate the affected subcontractors for disadvantageous
agreements. The second criterion is whether a new methodology can
allow subcontractors to identify schedule conflicts, consider
alternatives, and resolve schedule conflicts in a tightly coupled
network of related activities. The third criterion is whether a new
methodology maintains work logic and ensures convergence of
distributed coordination.

Thus, DCPSC reveals three important issues: distributed
coordination by competitive subcontractors, socially rational

decision-making, and maintaining the logical sequence of the work.

2.3 Agent-Based Negotiation Approach

The author introduces an agent-based negotiation approach to
overcome the difficulties stemming from these issues. In the context
of this paper, the author defines agent-based negotiation as the
process of resolving conflicts among affected agents by increasing
knowledge about others intentions through the structured exchange
of relevant information (Glossary 1999).

By adopting agent-based negotiation approach, the author can
model the subcontractors as software agents performing a task on
behalf of human subcontractors, while modeling the interactions
among subcontractors as agent negotiation protocols based on agent
communication Janguage. Software agents can communicate rapidly
with each other over the Internet, which allows subcontractors to
coordinate project schedule changes with the agent-based
compensatory negotiation methodology to be summarized in the

next section.

3.Agent-Based Compensatory  Negotiation
Methodology
In this section, the author formalizes three main  aspects of the
agent-based compensatory negotiation (ABCN) methodology: (1)
The compensatory negotiation strategy based on utility to the agents;
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(2) the multi-linked negotiation protocols by which agents interact
with other agents; and (3) message-handling mechanisms for agents
to evaluate altematives and simulate the decision-making.

3.1 Compensatory Negotiation Based on Utility
Each agent calculates the utility for each activity k using the

> DC,

xeall suceeding activitieg

following function:

Utility, = AC,

where ACk is the extra  acceleration cost for accelerating the
kth activity; DCx is the extra delay cost for delaying the
succeeding. activity x. Note that the agent, which has activity k,
knows ACK, but does not know the summation of DCx until gefting
DCs from the succeeding activities.

By calculating utility of timing, agents can evaluate the impacts of
its schedule changes and compensate other agents for
disadvantageous agreements through a utility transfer scheme. After
getting DC through negotiation, if AC is more than DC, i.e., there is
positive utility, the agent decides to make an extension, and transfers
the DC portion of the utility to other agents for compensation of
disadvantageous agreements.

3.2 Multii-Linked Negotiation Protocols

Negotiation protocols governthe interaction among agents by
constraining the way the agents interact. In this research, agents need
negotiation protocols to get DCs from succeeding agents and transfer
utility to other agents for compensation of disadvantages agreements.
This is simple when agents can reschedule their activities without
affecting others or the counterpart agent is one, which is the case of
pair-wise negotiation (Smith 1980). In a more complicated case, an
agent needs to negotiate with another agent, which in tum need to
negotiate with a third, and so on, until the last agent. the author calls
it multi-linked negotiations.

Multi-linked negotiation protocols are needed because of the
tightly coupled nature of construction project schedules. The multi-
linked negotiation differs from multilateral negotiation (auction)
protocols (Sandholm 1993) because multi-linked negotiation allows
agents to negotiate with other agents within precedence
relationships rather than restricting them to negotiate solely with an
auctioneer. The negotiation protocols provide the performatives,

which are shared primitive message types for agents to use in
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negotiation, and conversation sequence, which decides who to talk
with and how to initiate and maintain the communication.

The multi-linked negotiation performatives fall into three classes:
human interaction, negotiation control, and negotiation. The human
interaction performatives allow a human

subcontractor to provide input data to its agent and an agent to inform
its subcontractor of the current status of negotiation (see table 1).

Table 1. Human interaction performatives

Performative Description
the action of providing its agent with agent information
input and activity informationcalling
for a proposal to perform a given action
the action of informing its agent that input is finished on
ready i -
the specific activity
final the action of informing the subcontractor of the final result
of negotiation

The negotiation control performatives manage the states of

negotiation processes (see Table 2).

Table 2. Negotiation control performatives

Performative Description
read the action of informing the preceding activity that the
Y activity is ready for the negotiation
hand- the action of passing control to the succeeding activity,
over informing it of starting a new negotiation
done the action of informing the preceding activity that the
activity has finished all the negotiation

The negotiation performatives facilitate the actual compensatory
negotiation processes (see Table 3).

Conversation sequence decides who to talk with and how to
initiate and maintain the communication. It is important to note that
the project activity precedence relationships govern the agent
message exchange. Since the author developed the multi-linked
negotiation protocols for the distributed coordination of project
schedule changes, agents should exchange messages according to the
project schedule.

The author can guarantee that our protocols will converge,e from
the succeeding activity reject-alithe action of rejecting the cost
response from the succeeding activity confirm-all the action of
confirming the “accept’” from the preceding activity renege-all the
action of reneging the “accept” or “reject” from the preceding

activity which use static activity precedence relationships in the
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project schedule for message passing among agents. The author
describes the conversation sequence for the multi-linked negotiation

and compare it to the conversation sequence of pair-wise negotiation.

Table 3. Negotiation performatives

Performative Description
ask-cost the action of askingthe succeeding activity to find out any ost,
which is incurred by the delay with the proposed start date
reply-cost the action of replying to the preceding activity with the cost,
Py which is incurred by the delay
the action of accepting the cost response from the succeeding
accept -
activity
) the action of rejecting the cost response from the succeeding
reject L
activity
. the action of confirming the “accept” from the preceding
confirm -,
activity
the action of reneging the “accept” or “reject” from the
renege ) .
preceding activity
the action of accepting the cost response from the succeeding
accept-all .
activity
) the action of rejecting the cost response from the succeeding
reject-all i,
activity
) the action of confirming the “accept” from the preceding
confirm-all .
activity
the action of reneging the “accept’ or ‘reject’ from the
renege-all ) -
preceding activity

Figure 1 shows a conversation sequence diagram that includes the
multi-linked negotiation performatives represents his negotiation
process. For his multi-linked negotiations, loops represent recursive

sequences of conversation.
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Figure 1, Diagram of mufti-linked negotiation protocols
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3.3 Message-Handling Mechanisms

The negotiating agent reacts according to what message it gets.
Therefore, the negotiating agent should have the functionality of
handling messages for each type of multi-linked message protocol.
When the agent handles a message, it should also make a decision
accordingly.

Message-handling mechanisms use the Critical Path Method
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(CPM) for coordination of message passing among agents so that
agents exploit the sequence logic in the project schedule for
coordinating message passing and to ensure successful completion
of distributed computation. the author assumes that project schedules
have fixed work logic and precedence relations among activities.
Therefore, the message-handling mechanisms

do not allow agent to change the work logic in project schedule,
but only to find a better schedule within the fixed work logic.

3.4 Summary of ABCN Methodology

Therefore, agents can accomplish four crucial procedures: (1)
calculating utility with a utility function from the predefined
schedule-change options; (2) exploring feasible alternatives by
collaboration with other agents using multi-linked negotiation
protocols;

(3) evaluating the impact of their alternatives; and (4) making
appropriate decisions based on the evaluation. When the decisions
affect other agents' activities, agents transfer utility to compensate
other agents that are forced to make disadvantageous agreements,
and, as a result, agents cooperatively enhance the overall project
schedule in a distributed manner.

The author concludes that the proposed ABCN methodology
facilitates the distributed coordination of project schedule changes by
meeting practical challenges as follows: (1) by using schedule-
change options based on utility of timing, an agent can compensate
other agents for disadvantageous agreements; (2) by employing
multi-linked negotiation protocols, agents can identify schedule
conflicts, consider alternatives, and resolve schedule conflicts in a
tightly coupled network of related activities; and (3) by directing
message-passing based on the CPM, agents can maintain work logic
and ensure convergence of distributed coordination.

4. Distributed Subcontractor Agent System

To test the effectiveness of the DCPSC-based ABCN
methodology, the author needs to build a multi-agent system,
wherein all of the concerned subcontractors can

reschedule a project dynamically through negotiations with help of

software agents.

4.1 Requirements for DSAS
The requirements for developing the multi-agent system called
distributed subcontractor agent system (DSAS) are as follows: (1)
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Subcontractor agents should have the functionalities of ABCN
methodology, (2) Human subcontractors can interact with their
agents to provide them with the needed information for negotiations
and to get the negotiation results that needed to reschedule the
project, which the objective of the DCPSC.

4.2 DSAS Architecture

In order to test the agent-based compensatory negotiation
methodology for the distributed coordination  of project schedule
implemented a multi-agent system called the Distributed
Subcontractor Agent System (DSAS). DSAS consists of multiple
subcontractor agents, multiple Graphic User Interfaces (GUIs), and
an Agent Message Router (AMR), as shown in Figure 2.

Agent

[Bockkeeping
Agent
Negonanng
Agent

Internet

Agent
Message
Router

Figure 2. DSAS architecture

In DSAS, subcontractor agents negotiate with other subcontractor
agents for distributed coordination of project schedule changes
exchanging messages over the Internet using the Knowledge and
Query Manipulation Language (KQML) (Finin et al. 1994).
Through GUIs, human subcontractors can interact with their
subcontractor agents to provide options and get negotiation
results. The AMR provides a robust message-passing

infrastructure. We implemented the subcontractor agents in the
Java-based JATLite agent development tool (Jeon et al. 2000).

Figure 3 shows a screen shot of DSAS.

Subcontractor \_ AMER
Agent

Figure 3. DSAS screen shot
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5. Evaluations

This section demonstrates the effectiveness of the ABCN
methodology for BCPSC through evaluation tests. It compares two
centralized coordination methedlogies used in current practice to
DCPSC-based ABCN methodology in terms of extra costs and
project duration. the author conducted charrette tests of the DSAS to
test the effectiveness compared to manual centralized processes. The
author also conducted a series of experimental tests with different
schedules to measure the system performance of DSAS.

5.1 Comparison Tests

The author examined two methodologies of centralized
coordination -- TCC and LCC -- to DCPSC-based ABCN
methodology in terms of extra costs and project duration.

Table 4 summarizes the comparison among three different
coordination methodologies on a case example, which has seven
activities assigned to three subcontractors.

Table 4. Summary of comparison test resuits

Extra cost($) Duration
Coordination § ~ ~ (days)
methodology Sub-a | Sub-g | Sub-¢ | GC | Total
Distributed| ABCN +480 |+1,024| 0 0 [+1504 12
TCC +480 (41920 © 0 |+2400 12
Centralized
LcC +512 | +960 | +768 | +4,000| +6,240 14

After comparing the results, the author found that DCPSC-based
ABCN can find a solution that is better than or equal to any of the
results from the centralized coordination methodologies. Kim (2001)
shows the generalization of these evaluation results with

mathematical proofs.

5.2 DSAS Charrette Tests

In order to test the effectiveness of DSAS, the author used the
charrette test method (Clayton et al. 1998), whichFigure 4. Test
results in terms of no. of messages the Center for Integrated Facility
Engineering (CIFE) at Stanford University has used to test the
effectiveness of software systems. The author conducted the charrette
centralized

coordination process and another was a computer-aided ABCN

tests to compare two processes: one was a manual

process on DSAS. The propositions to be tested are whether a
computerized DSAS coordination produces the lower cost solution
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faster than a manual centralized coordination. The task of the
participants was to find a better project schedule from schedule
options, which were given to participants, in terms of costs and time
taken. The reason why the author used the charrette test method was
that it could test the effectiveness of the prototype system from the
human perspective.

After two sessions of charrette tests, computerized DSAS
coordination produced a lower cost solution faster than any of the
manual centralized coordination efforts by two groups.

The reason for finding a soution faster is that computerized DSAS
coordination used software agents that could communicate rapidly,
and reasoning mechanisms inside software agents made decisions
automatically. If the number of subcontractors and activities in
schedules grows, the power of DSAS to produce a solution quickly
will be more evident.

The reason for finding a lower-cost solution is that computerized
DSAS coordination considered more schedule-change options than
manual centralized coordination because humans bounded
rationality limited them. However, the author did not conclude that
computer agents always perform better than humans in any case
because the human rationality is required in negotiation over soft
issues that cannot be reduced/translated to mathematical models and
discrete numerical values.

5.3 System Performance of DSAS

The author also measured DSAS system performance on the five
CPM schedules from various sources, ranging three to twenty-
seven activities; with zero to maximum changes. A change means
that an activity does not have enough resources for the initial
schedule.

Figure 4 shows the test results in terms of the number of messages
in graphical form. The test results showed that the number of

messages exchanged among subcontractor agents does not grow

2
300 0 change

1 change

2000
2 changes

3 changes

1500
4 changes

1000 5changes

6 changes

-\
+ & X X > H o

No. of Messages

500 = 7changes

: : i
jzé/.-——* - Max changes
0 T T T T ——— Linear {0 change)

—— Quadratic (3 changes)
—— Cubic (Max changes)

-500

No. of Activities

Figure 4. Test results in terms of no. of messages
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exponentially with the number of activities or with the number of
changes. The author estimated that the worst-case computational
complexity of DSAS is O(n3), where O is the approximate running
time of DSAS, measured as a function of the number of activities, n,
in a schedule. However, under three problems, which is common ata

time in real cases, the common computational complexity is O(n2).

6. Conclusions

The paper shows a distributed approach to coordination of project
schedule changes and demonstrates agent-based compensatory
negotiation as a vehicle for enabling this approach. The author
conclude that the agent-based compensatory negotiation
methodology facilitates the distributed coordination of project
schedule changes by enabling subcontractors to compensate the
affected subcontractors for disadvantageous agreements; by
allowing subcontractors to identify and resolve schedule conflicts in
a tightly coupled network of related activities; and by enabling
subcontractors to maintain work logic and ensure convergence of
distributed coordination. This in itself is a significant departure from
prior and recent research, particularly in the area of construction
project planning and scheduling, which has traditionally attempted o
centralize the coordination process.

In addition to this theoretical work, the author designed and
implemented a new Java-based DSAS to demonstrate the
effectiveness of the DCPSC framework through a series of
comparison tests, charrette tests, and measurements. This research
formalizes, implements, and tests the necessary steps to help
subcontractors coordinate schedule changes in order to increase the
efficiency of their resource use, which in tum enhances successful

completion of whole projects.
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