S A P R YR AT

putomation and Robotics in Construction XVI © 1999 by UC3M

MACIV - A MULTI-AGENT SYSTEM FOR RESOURCE MANAGEMENT ON CIVIL
CONSTRUCTION COMPANIES

José Manuel Fonseca’
jmf@uninova.pt

Eugénio de Oliveira*
eco@garfield.fe.up.pt

Adolfo Steiger-Gargiio’

asg@uninova.pt

"FCT/UNL - Faculdade de Ciéncias e Tecnologia
Universidade Nova de Lisboa
2825 Monte de Caparica — Portugal

¥FEUP - Fuculdade de Engenharia
Universidade do Porto
Rua dos Bragas - Porto - Portugal

Abstract: Motivated by the interest of a civil construction company and the very attractive
scenario characteristics for the application of Distributed Artificial Intelligence techniques,
we are developing MACIV, a Multi-Agent System for Resource Management in Civil
Construction Companies (CCC). This system is based on Distributed Artificial Intelligence
techniques that allow a completely decentralised managing of the different resources on a
CCC. In this paper, the general system architecture is presented and explained. In order to
achieve good quality management solutions special coalition formation and negotiation
techniques were developed and are also presented. In order to enhance the clarity of the
presentation an application example is developed and explained in the final section of the

paper.
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1. INTRODUCTION

The increasing business globalisation caused by
the easier communications introduced by the Internet
is pushing companies to a harder competitiveness in
a more exigent global market. In order to survive in
this highly competitive scenario the adoption of state
of the art information technology is essential and can
make the difference. This is true in almost all
business sectors and civil construction companies are
no exception to this rule.

The correct resource selection and price
estimation for each task is certainly a very important
part of a managing system for civil construction
companies. To achieve such system a centralised or a
decentralised solution can be adopted. The
centralised solution has the advantage of simplicity
and the possibility of easily getting a global view of
the problem allowing easier optimisation. The
decentralised solution has some drawbacks such as
the difficulty on getting a global optimisation and the
dependency on communications but it also has
important advantages. The possibility of a detailed
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modelling by representing each physical entity as a
software agent, the distribution of the work load for
different machines, the failure tolerance by keeping
some nodes working even if some others fail and the
possibility of locally processing the local events are
some of the advantages that can be pointed out to a
decentralised solution. This was the approach
adopted on the design of MACIV project that aims to
the development of a distributed system for resource
selection and price estimation for civil construction
companies using distributed artificial intelligence
techniques. In the last years, Distributed Artificial
Intelligence (DAT) techniques have been successfully
applied to a large number of different problems.
Distributed Vehicle Monitoring [4], Manufacturing
[15], Process Control [9], Telecommunications [7],
Air Traffic Control [20], Transportation Systems [5],
Information Management [11], Electronic Commerce
[18, 3, 8], Business Process Management [10] and
many others are examples of well known
applications of this kind of techniques. The
increasing number of users of the World Wide Web
and the tremendous business around it (see [1, 26]
for more information about Internet statistics) is also



attracting the attentions for automated negotiation
and user assistance systems mainly based on DAL
techniques.

Civil construction companies are typically a good
and promissory scenario for studying and developing
multi-agents systems. In fact, they are usually
geographically distributed because all medium and
large building companies have many different
building, storing and managing places distant from
each other. The high number of tasks involved in
building and road construction are often easily and
almost linearly decomposable. The great diversity of
resources gives the possibility of a rich and
interesting modelling. The function multiplicity of
many of the resources creates different alternatives
that are a potential optimisation problem and the high
dynamics of this kind of scenarios, with a large
number of unpredictable situations due to weather
changes, machinery failures, etc, often leads to the
necessity of complete replanning. All this factors are
challenging for the application of DAI techniques
and can constitute an ideal scenario for the
demonstration of their validity.

2. MACIV GENERAL ARCHITECTURE

The goal of the MACIV Project is the
development of a computational system for the
resource management on civil construction
companies. In order to achieve an adequate solution
and take into account the specific characteristics of
the problem, it was decided to adopt a decentralised
solution based on distributed artificial intelligence
techniques. The system’s conceptual model is
depicted on next figure.

Edification

Figure 1 — General system architecture.

As it can be seen, the system is hierarchically
organised as a collection of macroagents
interconnected by communication link that can be a
local area network or the Internet. A macro-agent is
considered to be a functional grouping of one or
more computers interconnected trough a local area
network and devoted to local resources managing.
Because communication problems are always
possible in such a geographically distributed system,
the macroagents are prepared to work both on local

mode and global mode. When communication
problems occur the macroagents automatically enter
the local mode that allows the managing of the local
resources without any intervention of external
entitics. When the communication with the rest of the
network is re-established the macros-agents return to
the global mode participating in the global managing
decisions.

A macroagent was defined to be installed at each
Edification, Garage (where inactive machinery is
stored) and Warehouse (where building materials are
stored). There is also one macroagent representing
the Planning Department and another representing
the Personal Department. The Planning Department
is especially important in the system because it will
be the main source for new tasks launched in the
system. In each macroagent there is a special agent
called Facilitator constituting what is usually called a
federated system [25, 12]. These agents have two
main functions: address servers and communication
switches. In order to be known in the system, all
agents must register themselves on their local
facilitator at startup. The facilitator will then provide
the service of giving communication address by
name and vice-versa. However, they are specially
useful as communication switches. The startup
registration of each agent must contain the
specification of the capabilities of each agent in order
to allow the facilitators to build a database containing
the capabilities of all the agents placed at their
macroagent. When a new announcement is to be
launched in the system it can be directly addressed to
some specific agents or broadcasted to all the
Facilitators that will send it just to the potentially
interested agents. This will save a large number of
unnecessary messages when compared to the simpler
solution of broadcasting the announcements to all the
agents without any criteria.

Another important design decision that must be
pointed out here is the fine grain modelling adopted
in the design of the system. Due to the great resource
diversity and the frequent differences between
entities belonging to the same class, our choice was
the definition of a software agent to computationally
represent each physical entity. This solution allows a
very detailed modelling by specifying the particular

characteristics of each entity on its software
representative.
Each macroagent has specific functions

accordingly to the type of installation it represents.
The macroagent Edification represents an active
working place. It includes the Stocks Manager agent
that manages the stocks of materials existent in the
place, the supervisors that will give feedback to the
system about the performance of each physical entity,
the chief that represents the local responsible and the
machinery and the workers representative agents.
The macroagent Planning Department is responsible



for the creation and launching of new tasks in the
system. It will use the system both to obtain
information about availability and/or cost of
machinery and workers in order to produce adequate
estimations for new edifications and to select the
executors for new tasks. The macroagent garage
represents the places were inactive machinery is
stored. It is a very simple macroagent that contains
just a Facilitator and the agents representing the
inactive machines. Similarly to the Garage, the
Warehouse macroagent represents the places were
building materials are stoked. Instead of the agents
representing the inactive machines this macroagent
contains a database containing the stocks at each site.
The macroagent personal is used to receive the
inactive workers software representatives. Always
that any any worker does not have any task to
perform his software representative will move to this
macroagent in order to allow a consistent
geographical location. It will move to a new location
as soon as it gets a new occupation.

3. RESOURCE SELECTION

The selection of the adequate resources to execute
each task launched on the system is a core part of the
MACIV project. The negotiation protocol proposed
is inspired on the Contract Net Protocol (CNP)
originally proposed by Randall Davis [2]. The CNP

. protocol is based on a announcement, bid and
selection process that has been progressively
extended to include ‘bounded rationality [24],
decentralised task decomposition [19], commitment
policies [22], temporal restrictions [17], coalition
formation [14], future commitments [23] between
many others. However, safe and adequate protocols
for agents coalition formation, based on inter
(between coalitions) and intra coalition (inside
coalitions) negotiation are still an open question.

Our work is specially dedicated to the task
distribution problem whenever it is possible that a
task is too large to be executed by a single agent and
must be executed by a team of agents grouped in
what we call a coalition. Inter-coalition negotiation
involves the dynamic adaptation of the coalitions
initial propositions to new values in order to adapt
their own proposals to the solutions (working prices)
proposed by the other coalitions. The changes in the
coalitions proposed values have as a consequence
changes on the prices of some (or all) of their
elements. This implies the need for a process of
negotiation also inside the coalition (intra-coalition
negotiation).

In the task distribution problem the agents usually
try to solve the global problem with the minimum
involvement of their owns. In the MACIV system all
agents should pay their existence by working and
getting profits. This strategy implies that they always

try to maximise their occupation trough the execution
of all possible tasks at the highest possible price. The
detailed model of each physical entity (machine or
worker) by means of a software agent that contains
the knowledge about all its relevant characteristics
allows the system to find out a very precise decision
about the best resource and the most adequate price
for each task execution. Through the introduction of
learning techniques, the system will also be able to
adapt itself to the changes on the agents
characteristics as well as to give important
information about the agents long term abilities and
usefulness. This is an ongoing project which includes
the end-user company who is giving to the
development team an important expertise about the
problem.

In this paper we present a multi-stage algorithm
for negotiation that allows agents coalition formation
and inter as well as intra coalition negotiation in
order to achieve a final solution which reflects the
economical conditions of the society of agents in
which it is launched.

4. COSTS CALCULATION

Due to the high cost of many of the resources
owned by typical CCC, price calculation is an
important part any resource managing system.
Accordingly to the Net Present Value (NPV)
criterion [Pin95], a resource is considered
worthwhile, if the present value of the expected cash-
flows in the future is higher than it’s actual cost:
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where C is the amount of investment, R the discount
rate that is used to discount the future stream of
profits (it can be a market interest rate or some other
rate), N the number of years that we expect the
investment to generate profits, 7; the profit of year /
and V) the residual value of the equipment after N
years of usage. In order to simplify the previous
equation, we can consider the annual profits constant
along the life time of the investment (vle{,d\,]ﬁ, =7)

+
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Using this simplification the minimum value for the
annual incoming will be:
CO+R)" -y,
(1+R)" -1
For this analysis the inflation and the risk of the
investment have also to be taken into account.
Inflation is automatically considered provided that
the annual cash flow 7 and the discount rate R are
both nominal or real values'. The risk of investment
is usually considered by the increase of the discount
rate by adding a risk premium to the risk-free rate R.

2)

' The real interest rate is the nominal interest rate minus
the rate of inflation [Sam92].



Therefore, the previuos equation can be maintained
unchanged. ;

In order to guarantee any machine a minimum
annual cash flow of 7, a daily fixed cost for each
resource in the company, independent of its activity,
and equal to the value r divided by the number of
usual working days in the year must be introduced.
Therefore, the accounting cost for the activity of any
resource will be calculated as:

AC=FC+VC+P 3)
where AC is the accounting cost, FC the fixed cost,
VC the variable cost of the resource and P the
expected profits from that activity. Variable costs are
the costs in consequence of the activity - fuel
consumption, tyres degradation, etc. The profits P
are the way for the resources to compensate the loses
caused by inactivity periods due to maintenance
programs or unemployment.

Although the accounting cost is correct from the
accountant point of view, the economist and
managers must have a forward-looking concerning
the firm. They also should be concerned about the
opportunity  cost, the cost associated with
opportunities that are foregone by not putting the
firm's resources to their highest value use [Pin95].
Therefore, when evaluating what we call the
economical cost - EC - of performing any activity,
we must also consider the two possible alternatives to
the present activity: the unemployment with a
probability of p, (where it will get a loss of FC+P) or
other alternative activity with probability (1-p,)
(where the resource could get an additional profit of
AC-EC). Therefore, the equation for the economical
cost will come:

EC= AC+(1- p,)(AC - EC) - p,(FC + P) 4

Two extreme cases can be pointed out to
exemplify the significance of the last equation.
Suppose that p,=0 meaning that the resource can be
sure that it will get in the future an alternative task. In
this case EC=FC+VC+P what is exactly the
accounting cost (see equation 4). On the opposite
case, p,=1 means that there is no probabilistic chance
to get any other task than the current one. In this case
EC=VC which means that in the costs calculation for
employing that particular resource on that task, only
the variable costs must be paid. From the economical
point of view, a resource can perform any task (it is
suitable for) since it is paid higher than its
economical cost. This tell us that a resource will have
a negotiation margin between its accounting cost,
which we can consider an ideal revenue, and its
economical cost that can be seen as a minimum
allowable value.

Expressing the activity profit as a percentage Py
of the total cost, P=pp(FC+VC), equation 4 will
became:
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As it can easily be seen, the unemployment
probability is fundamental in the economical cost
calculation. In the next figure the evolution of EC
according to the value of p;, for two different agents
A and B with FC=/00, VC=150, P=0% and
FC=300, VC=50, P=0% respectively is shown.
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Figure 2 - Economic cost variation with py
for two dilferent agents.
To calculate the unemployment probability p, we
propose the following formula:
N
jif N,-1>N, = p,=l-——

N, -1
| if No-1sN, = p,=0

(6

where Ng represents the expected number of new
announcements and N, the number of agents
competing for the announced task. This formula is
very easy to interpret. If the number of expected
announcements is higher than the number of agents
competing for its execution it is expected to have
activities for all of them and therefore the
unemployment probability is zero. Otherwise, only
N, of them will get a task what will lead to the value
1-Ng/(No-1). While the number of competitors can
be supplied by the announcer, the expected number
of announcements may be estimated based on the
past activities of the system. For this propose, the last
years of activity should be registered and analysed in
order to get a correct estimation for that parameter.

We may consider our work near to Sandholm's
work [24]. However, some differences can be
pointed out: we are not only interested on assembling
coalitions of agents for getting the best price but our
main concern is first to assemble a good coalition to
execute the announced task, an then try to calculate a
fair price having also in mind each agent’s interests
as well as the interest of the multi-agent system (a
company). Moreover, we have a significant
difference in the way we are calculating coalition
bids for an announced task. Once we are proposing a
price for a presumable future task execution, we are
taking into account the dynamics of the environment
like, for instance, future agents’ opportunities. This
concern leads us to the calculation of an agent's
economical cost, where some of these factors are
reflected, and not just the marginal costs, as it seems
to be the case with Sandholm.
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5. THE NEGOTIATION PROTOCOL

We can look at the accounting and economical
costs as maximum and minimum acceptable costs for
a task execution. In order to adjust the cost
accordingly to the company internal market situation,
we adopted an iterative algorithm that can be
considered as an extension of the well known
Contract Net Protocol [2]. This protocol is composed
by six successive steps:

* Ist step - announcing - the announcer agent sends
the task announcement to all the potentially
interested agents.

* 2nd step - task evaluation - the interested agents
compute the estimated price for the task execution
and sends it out to the announcer.

* 3rd step - selection phase - the announcer collects
the bids and rejects those coming from agents that
don’t fulfil (from his point of view) the basic pre-
conditions for election. The announcer must then
calculate all the possible agents coalitions that can
solve the problem. Notice that our concept of
coalition comes from the functional point of view. At
this stage, our main interest is not to maximise the
profits of the agents like in [16, 21] but the
constitution of teams that only together can solve the
problem. The individual profits will result from the
negotiation process.

The calculation of all the possible teams is a
computationally heavy process. However, it can be
efficiently computed for a large number of agents. If
the number of agents is too high, a simple selection
based on the initial cost/performance ratio can be
used to dramatically reduce the number of coalitions
under consideration (see [13] for a more detailed
discussion).

In every approved coalition one of its members is
designated as “coordinator” and will be responsible
for the intra-coalition negotiation. This election will
be done trying to distribute evenly the
responsibilities between all the agents in the process.
Finally, the announcer must send out to all
coordinators the information that they are
coordinators of a coalition, the composition of the
coalition team, the individual prices proposed by
each of the agents in that coalition and the best price
achievable at this stage. In the limit, it will also be
possible to have “coalitions” of one single agent.

* 4th step - market manipulation - the announcer
sends out to the coordinators the best bid achievable
at this stage.

* 5th step - price adjusting - the coordinator of each
coalition evaluates the possibility to improve the
actual coalition offer, For that, he establishes an
intra-coalition negotiation with the coalition partners,
as we will see later. If it is not possible to obtain a
price lower than the currently best one, the agent
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quits the coalition from the process sending out a
message to the announcer communicating this fact. If
a lower price is achievable it sends out the new offer
to the announcer.

« 6th step - price selection - the announcer, after
receiving all the bids from all the coordinators
(offering better conditions or quitting), evaluates the
best offer.

Steps 4, 5 and 6 are repeated until all but one
coalition remains in the negotiation. A timeout can
also be defined to limit the negotiation process.

The proposed negotiation protocol has however a
disadvantage for agents participating in more than
one coalition simultaneously. If an agent participates
in more than one coalition it can self depreciate its
own value by competing with itself in the different
coalitions. In fact, if this agent agrees to lower its
cost when it is participating on the leading coalition
it will be fighting against itself. In order to overcome
this problem the “frozen costs” solution was adopted.
The frozen costs solution determines that the
auctioneer is obliged to communicate to the leading
coalition coordinator (or isolated agent) that its
proposal is the current best proposal. Then the
coordinator divulges this information to all the
participants on this coalition that will not agree on
lowering their prices until the situation is changed.
This protocol guarantees to all the agents that they
will not contribute to their own depreciation. It also
has the advantage that important resources that have
no direct concurrency keep their costs unchanged
reflecting their importance to the final solution. Its
what we call the “value of being important” [6].

6. AN APPLICATION EXAMPLE

In this session an application example that
demonstrates how the negotiation algorithm works
when applied to a simulated problem is developed.
Lets consider that an announcement of 900m’/day
soil movement during 3 weeks is launched with an
antecedence of 10 months.

This announcement is sent to all the facilitators
that using their knowledge about the capabilities of
their local agents send it just to the potentially
interested agents (Figure 3 — Negotiation step 1).
Those agents will then computed their initial bid
value and their economical cost. The economical cost
(that is kept private to each bidder) will be the
minimum acceptable value along the negotiation
process. For the estimation of the economical cost
the unemployment probability p; should have been
calculated based on the historical data accessible by
the system. However, the values presented here have
been manipulated in order to improve
comprehensibility on the example.

Suppose that six agents are available for that date



with the characteristics presented on Table 1.

Agent tnitial Capacity | Fixed cosls | Varigble | Profils | Initial bid | Economical | Fu
Investment | (m3/hour] costs Cost [%)]

A 5000 360 22,22 481 2,70 2573 20,27 85
B 4000 280 17,77 11,54 2,93 32,24 26.23 45

C 2500 160 11,11 7.21 1,83 2015 17,41 35
<] 6000 280 26,66 5,77 3.24 3567 28,19 40

E 3500 360 15,58 10,10 2,56 2821 20,45 60

F 3000 260 7333 865 | 220 | 24,18 20.30 10

Table 1. Agents economical characteristics.

The estimated costs for this activity, as calculated
by each agent, are shown on the column “Initial bid”.
For the fixed costs calculation a residual value (V,)
of 20% of the initial investment was used. After
receiving the announcement, all the agents answer it
with their initial bid value (Figure 3 — Negotiation
step 2). As it can be seen in the previous table, none
of the agents can actually solve the problem alone
because none has enough capacity. On negotiation
step 3 the announcer calculates the acceptable
coalitions and broadcasts it, together with the value
of the best offer received (82.12 in this example) to
the respective coordinators (shown underlined on the
coalition teams). The initial bid of each coalition is
considered to be the sum of the individual costs of its
agents. Notice that all coalitions containing at least
one superfluous element or not powerful enough to
solve the problem are rejected. Agents that can solve
the problem by themselves are considered coalitions

with one single agent (none in this example).
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Figure 3 - Negotiation evolution.

After step 3 intra-coalition negotiation starts with
the coordinators trying to reduce their own coalitions
offers. In this example, the strategy chosen for all the
coordinators was to get a new offer 10% lower than
the best offer at each round. From previous figure we
can see that five of the ten coalitions quit in the first
negotiation round. Looking at the coalition 1, if we
add up the minimum values for agents A, B and D
we get 74.70 which is lower than 82.12. However,
this coalition quits. This is because agent A is frozen
(it is participating on the leading coalition) and the
minimum prices for agents B and D (26.23+28.19)
added up to the offer of agent A in the previous
round (29.73) is 84.15 which is higher than 82.12. A
similar situation happens with all other coalitions
quitting in the first round. In this first round four
coalitions make new offers. Notice that the leading
coalition in one round doesn’t bid in the next one.

The negotiation process keeps going until just one
coalition remains and wins the task. In this case
coalition 8 wins having a cost of 66.52. This value is
therefore considered to be the minimum acceptable
cost for the task execution.

This way, the expert using the system will get the
information that any price for the activity going from
this minimum value 66.52 to the ideal value 82.12
(or even higher) is worthwhile for the company.
Expert final decision must be taken accordingly to
his knowledge of the external market and the

" company strategy. This cost estimation, calculated a

long time prior to the task execution, is based on
beliefs about the future activity and will be used for
the company to bid externally for new tasks. If the
task is awarded to the company the resources that
presented the best bid (in this example A, E and F)
will be reserved for the task execution.

As we previously said, when the execution date
arrives, the problem should be revised. The best
resources to execute the task can be different from
those that presented the best offer in the budget
estimation step. This can happen due to two different
reasons: the scenery changed (new machines were
acquired, machines went out of service, etc) or the
agents beliefs have not be confirmed. When we are
really close to the execution date, the unemployment
probability of disposable resources is around one.
Therefore, the economic cost is close to the variable
or marginal cost. This means that the final decision
must be based on the variable costs. This means that,
in this example, if the resources available at the
execution date are the same as they were at the first
announcement date (A,B,C,D,E and F) it will be
coalition 6, comprising elements A, D and F to win
the re-announcement. This new agents coalition will
be chosen to perform the task because its marginal
cost 19.2 (4.81+5.77+8.65) is the best of all
produced by other coalitions.

We believe that this is an interesting result
because the costs are initially calculated taking into
consideration  the  opportunities  of  future
commitments that, as they are future events, have to
be estimated on a probabilistic basis. Of course that
the future can not be predicted exactly and therefore,
whenever it is possible, revisions must be done to
adjust the estimations to reality. This is what is
achieved with this costs revision step at the execution
task date.

7. CONCLUDING REMARKS

In this paper we presented what we believe to be
a suitable architecture for the distributed resource
managing on CCCs. The option for a detailed
modelling, with a computational intelligent agent
representing each physical resource was justified and
an appropriated coalition formation and negotiation



protocol for both inter and intra coalition negotiation
were presented. The economical options were also
justified and an application example that clarities the
different concepts was developed.

As interesting contributions of this work we can
point out the multi-agent architecture that
demonstrates to be adequate to this class of problems
and the negotiation protocol including both inter and
intra  coalition negotiation. Even in a simple
laboratory prototype such as the one we are
developing we believe that interesting ideas can be
tested and useful solutions for complex problems
such as the resource managing in this type of
companies can be found.

The next step of our work will be the introduction
of learning capabilities on the negotiating agents in
order to achieve the dynamical adaptation of the
economical parameters to the market conditions at
each moment. Another interesting development is the
introduction of multi-issue negotiation. The price
negotiation as it is actually done ‘is important and
typical of the majority of the automatic negotiation
system. However, the multi-issue negotiation is much
more realistic because it allows the negotiation of
different evaluation parameters such as quality,
speed, reliability, etc, that are often taken into
consideration on real world negotiations,
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