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Abstract

In this paper we present the achievements of a re-

search project, based on the RoboCup Rescue simula-
tor, carried out in Italy in collaboration with the Ital-
ian Fire Department. The overall goal is to devise
tools to allow for monitoring and supporting decisions
which are needed in o real-time rescue operation in a
post earthquake emergency scenario. As for the exper-
iments, we have addressed the problem of task alloca-
tion by providing an experimental analysis of different
strategies in different operative conditions. Moreover,
we are currently extending the experimental analysis to
feature-level information acquisition and integration.
Finally, we discuss the limitation and potential for ap-
plication of simulation based tools and, the RoboCup
Rescue Simulation, in particular, based on the experi-
ence gained through the collaboration with the Italian
Fire Department.
Keywords: Resource coordination and information
management in disaster scenarios, fire fighting and
collapsed buildings (search and rescue, chemicals), dis-
tributed intelligence.

1 Introduction

The RoboCup-Rescue Project started in 1999 with
the goal of developing a comprehensive urban disaster
simulator (see [8]). It aims at producing a software en-
vironment useful for both testing intervention strate-
gies in a virtual world and supporting decisions in case
of real disasters such as earthquakes or big fires.

The presentation addresses two issues: (1) exten-
sions and supporting tools for the deployment of the
RoboCup Rescue Simulator, (2) experiments and eval-

uation methodologies based on the simulations. With
respect to the first issue we have developed some use-
ful tools, that are shared with the RoboCup Rescue
community in order to define new scenario and visu-
alize agents’ views as well as to design agents with
information fusion, planning and coordination capa-
bilities. In particular, we have modeled the Italian city
of Foligno based on real data from the earthquake of
the fall 1997 [4]. With regard to the second issue, we
describe a methodology for evaluation of multi-agent
system in this scenario that takes into account not
only the efficiency of a system, but also its robustness
when operation conditions and environment change,
as well as other features, such as the ability to acquire
a precise and coherent representation of the disaster
scenario.

2 The RoboCup-Rescue Simulator: an
application to the earthquake of Um-
bria and Marche

Below we sketch the overall structure of the simu-
lator to provide some indications on the components
that need to be developed in order to apply the sim-
ulator to a specific disaster scenario. For a detailed
description of the simulator see [11].

The RoboCup-Rescue Simulator has a distributed
architecture, formed by several modules, each of them
being a separate process running in a workstation on
a network. The following are the main components of
the simulator: i) Geographic Information System - The
GIS module holds the state of the simulated world.
Before simulation begins, it is initialized by the user
in order to reflect the state of the simulated area at a



given time, then it is automatically updated at each
simulation cycle by the kernel module. ii)Kernel -
This module is connected to any other module. At
each step it collects the action requests of the agents
and the output of the simulators, merging them in a
consistent way. Then the kernel updates the static ob-
jects in the GIS and sends the world update to all the
connected modules. iii)Simulators - Fire-simulator,
Collapse-simulator, Traffic-simulator, etc. are mod-
ules connected to the Kernel, each one simulating a
particular disaster feature (fire, collapses, traffic, etc.).
At the beginning of every simulation cycle, they re-
ceive from the kernel the state of the world, then they
send back to the kernel the pool of GIS objects mod-
ified by the simulated feature (for example, a pool of
burned or collapsed buildings, obstructed roads, etc.)
iv) Agents - Agent modules are connected to the kernel
and represent ”intelligent” entities in the real world,
such as civilians, police agents, fire agents, etc. They
can do some basic actions, such as extinguishing a fire,
freeing obstructions from roads, talking with other
agents, etc. Agents can also represent non-human en-
tities: for example they can simulate a police-office,
a fire station, an ambulance-center, etc. v) Viewers -
their task is to get the state of the world, communicat-
ing with the Kernel module, and graphically display-
ing it, allowing the user to easily follow the simulation
progress.

In order to use the RoboCup-Rescue simulator in
the context of the present project several issues must
be taken into account.

The first issue we have addressed is the identifica-
tion of the domain that should be based both on the
availability of data and on suitability of the RoboCup
Rescue simulators in modeling such an area. With
respect to the simulation scenario a GIS editor for
building the scenario for the RoboCup Rescue sim-
ulator has been implemented and data about the city
of Foligno and the earthquake of Umbria and Marche
(1997) have been acquired.

The second issue is the modeling of the agent sys-
tem, which involves the communication infrastructure
that allows the agents to exchange information during
the simulation and the agent behaviour. An exten-
sion to the original RoboCup Rescue simulator that
has been considered fundamental for our aims has
been implemented in order to allow civilians to com-
municate with the coordinating agents of the Rescue
forces. In addition, based on the models built in col-
laboration with the VVF, a basic set of agents have
been designed; in particular, a prototype demonstra-
tor, including firemen, police force and ambulances

has been set-up to simulate the rescue scenario after
earthquake. This has been achieved by providing a
Cognitive Agent Development Kit (CADK, [2]), which
allows for the specification of the behaviour of agents
in a declarative fashion.

Finally, some issues concerning the viewers have
been addressed. In particular, we have provided the
system with the capability of visualising the specific
views of individual agents to enable for evaluating the
ability to reconstruct the situation after the disaster.
Moreover, we have addressed the construction of a 3D
model for providing a 3-D view of the simulation.

3 Evaluation Methodology

Evaluation of Multi-Agent Systems in the RoboCup
Rescue domain is important not only within the
RoboCup Rescue simulation competitions, but also
for evaluating actual plans to be used during rescue
emergencies.

Evaluation of MAS in the RoboCup Rescue domain
is currently carried out within international contests
[1, 7], by rating each competing rescue team with a
score representing the result of its activity in a simu-
lated scenario.

In the real world, however, events not always de-
velop in a known and predictable way, since unex-
pected changes in the operative conditions and fail-
ures can occur at every time. The evaluation rule
used in the RoboCup Rescue simulation competitions
is applied under standard fixed conditions (only a par-
ticular known configuration is used) and thus it does
not take into account the ability of a MAS to work
under troublesome conditions and its ability to adapt
to non-standard operative conditions (different config-
urations).

Below we summarize an evaluation method (see
[3]), based on [6], which allows the analysis of a rescue
team in a more realistic way, by analyzing the per-
formance of a MAS in terms of efficiency under nor-
mal conditions, as well as in terms of reliability under
changing working conditions.

3.1 Experimental settings

To acquire a measure of the reliability and the
robustness of a MAS, a series of simulations are to
be accomplished under changing operative conditions.
These tests give a measure of the system adaptability
to unexpected situations.

The operative parameters that can change during a
simulation are different and we have grouped them in
three classes, denoting the kind of agent capabilities
that are affected: 1) Perception, 2) Action Execution,
3) Cooperation.



For each of these classes, we have selected a specific
parameter that has been used for generating differ-
ent operative configurations, and in this way we have
characterized the following three tests, that have been
performed under different configurations: i) visibil-
ity test that is performed by executing simulations
to probe the activity of a system under different vis-
ibility conditions; ii) disabled agents test in which
we have modeled those situations where agents may
become suddenly not operational, making possible to
analize the reactions of the MAS against new configu-
rations of each force; iii) noisy communication test
that introduces errors in the communication channel.
3.2 Performance measures

The performance of a rescue Multi-Agent System
is measured in terms of efficiency and reliability. The
efficiency is directly evaluated by the formula (also
used in RoboCup-Rescue tournaments 2003):

V = (P + S/So) * /B/Bo

where P is the number of living agents, S is the re-
maining hit points (health level) of all agents, So is
the total hit points of all agents at initial, B is the
area of houses that are not burnt and By is the total
area of houses at the beginning of the experiment; the
higher the value of V for a rescue system, the better
the results of the rescue operation.

The reliability, that is not considered in RoboCup
Rescue Competitions, describes how much system ef-
ficiency is affected by the variation of configurations,
and how much it depends on the values V assumed
in the simulation sequence of a single test. To com-
pute reliability we perform different simulations for
the same scenario, changing a given set of parame-
ters in the configuration worsening the abilities of the
agents. Reliability is evaluated with the linear regres-
sion slope formula:

N—-1
i=0 (xz - xm) * (yi - ym)

Eﬁgl (Ti — Tm)?

where (z;,9;) are the coordinates of a point in a Carte-
sian system, (%, yn) the average values of these co-
ordinates, N the number of points considered. To ac-
quire the reliability value, this formula can be simpli-
fied with z; = ¢ and y; = V (i), since each point of
the graph represents the value of V obtained in the
i-th configuration. Usually, the result is a negative
value, since the effectiveness of the agents decreases
with more difficult operative conditions. A small ab-
solute value means a good degree of reliability of the
system to adverse situations.
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Obviously, this process can be applied to relevant
measures other than the value of V. Depending upon
the aspects of the system (i.e. task allocation or infor-
mation fusion) to be analyzed, one can focus on dif-
ferent parameters, such as the number of messages ex-
changed among agents or the time during which agents
are allocated, etc.

3.3 Performance comparison

Measures of efficiency and reliability of a single
Multi-Agent System are of little significance if not
compared with the results obtained from simulations
of other rescue systems. Performance comparisons al-
low to establish the effectiveness of a new technique
over the previous ones, or over the state-of-the-art.

Here we recall an example of the performance eval-
uation executed on four different rescue-systems (see
[4] for a detailed description), created with the CADK
tool (see also [2] for detatils) and differing for the infor-
mation integration and resource allocation techniques
employed.

To compare the performance of these four rescue sys-
tems, a set of experiments has been performed. The
results are summarized by the diagrams in Figure 1.

Visibility Test Disabled agents Test Noisy communication Test

Figure 1: Performance comparison

In each test there is a rescue system which gets the
highest value of efficiency and another one which ob-
tains the highest score in reliability. Often in these
tests the same rescue system is not the best for the
two measures, since usually sophisticated techniques
that improve efficiency turn out to be less robust to
non-standard operative conditions, as the graphical
representation of Figure 1 suggests. It is not obvious
to identify which system has the best overall perfor-
mance. In the visibility test, MASI1 is the best sys-
tem in terms of efficiency, but it gets the worst rating
about reliability. MAS2 and MAS3 have the same ef-
ficiency value, and are jointly ranked in the second
place. MAS4, which is the worst system in terms of
efficiency, is the best one with respect to reliability.
The diagram shows also that MAS3 may be regarded
as the best compromise between efficiency and reliabil-
ity, since it is second in both of the two measures. In
the noisy communication test, MAS1, which has the



best efficiency value, is also a good system in terms of
reliability, ranking in the second place; in this case, it
seems to be superior to the other ones.

This example shows that the choice of the best sys-
tem is hard to cast in absolute terms. Depending on
the application, the system which offers the best score
with respect to efficiency, reliability, or a (weighted)
combination of the two may be selected. Indeed, the
choice of a measure to select the best solution is a
non-trivial task.

4 Task Assignment

In this section we show the performance analysis of
a team of fire brigades with different task assignment
strategies. The problem of task assignment in our sim-
ulation domain consists in the selection of agents to
solve the three typical issues of the domain: (i) save
civilians, (ii) extinguish fires, (iii) clean roads.

In order to study the task assignment problem in
our target domain, we have focussed our attention on
the issue of extinguishing fires by the fire force. The
scenario is constituted by a city map in which fire
agents and intervention places can be allocated on dif-
ferent regions of the map following different distribu-
tion. As we will see, different maps are suitable for
different task allocation strategies.

In the first allocation strategy (named Greedy-local
perception or GLP) no communication among agents
is held and each agent goes to the nearest fire it can
perceive. Notice that, given the strict communica-
tion limitation enforced in the RoboCup rescue com-
petitions, several top performing team use similar ap-
proaches.

The second strategy is based upon a distributed
mechanism, that regulates access to roles through the
use of tokens. Each agent, when a new fire is per-
ceived, creates a token referring to that role and de-
cides whether to execute that role or pass the token
to one of the team mates (using a round robin pol-
icy); each fire perceived through vision is registered in
a list of known fires, hence only new fires are consid-
ered. This is useful to avoid too many agents going to-
ward the same fire. Among the fires an agents knows,
only the one at which the agent is most capable at is
taken, the others are sent out. The capability of each
agent is computed considering the distance from the
fire. We referred to this strategy as Token Passing or
TP. In both the strategies it could happen that two
agents are competing for the same fire. However for
the RoboCup rescue scenario this is not a problem,
since agents help each other in fighting the same fire.
Problems can arise if too many agents fight the same
fire, because agents can block each other in narrow

passages.

We have considered two scenarios: each one in-
cludes 18 fires and 10 agents, but in the first one
fires and fire brigades are spread almost uniformly all
across the city map (see Fig. 2), while in the second
one fires are concentrated in one region of the map
and fire brigades start from two regions of the map
(see Fig. 3).

Figure 2: Scenario 1- Uniformly distributed agents
and fires

Figure 3: Scenario 2- Fires and agents concentrated
in few regions of the map

From the results of each simulation, we have ex-
tracted the percentage of saved buildings, the extin-
guish time (time steps needed to put out all the fires),
and finally the messages exchanged among agents.

| [TPSc. 1 | GLPSc. 1 | TP Sc. 2 | GLP Sc. 2 |

safe build.% | 95.97 96.02 95.63 93.7
Ext. time 40.07 40 32.35 59
Msgs 359 0 811.35 0

Table 1: Task assignment results

Comparing the GLP allocation and the TP one we
see that while the performance are similar in terms of
saved buildings percentage and extinguish time, the
GLP allocation does not need any message exchange,
therefore it can be considered a better choice to the TP
for such situations. The main reason to explain this
result is that communication in the RoboCup Rescue
simulator requires a considerably high amount of time:
in fact it is possible to send at most one message each



time step, which resemble approximately one message
per minute in the real world, therefore when fires and
fire brigades are nicely spread all over the city map,
GLP allocation results actually as a very good strat-
egy.

In the second scenario, where fires are concentrated
in a particular region of the map, and fire brigades are
concentrated in two other regions, communication is
obviously more important and actually the TP ap-
proach consistently outperforms the GLP, while keep-
ing a very low communication overhead. Notice that
the scenario reported in figure 3, is much more likely
to happen in a real rescue situation because, generally
fire brigades starts their missions from specific fire cen-
ters while fires are mostly concentrated in few regions
of the city map.

Summarizing, the experiments performed clearly
show that the evaluation of a specific allocation strat-
egy in the rescue domain should consider not only the
efficiency and reliability of the strategy, but also par-
ticular features of the environment in which the al-
location should work. As an example, in our partic-
ular reference scenario, the distribution of fires and
fire brigades across the city map, is a fundamental
characteristic to consider in the choice of the alloca-
tion strategy. In particular, if fires and fire brigades
are spread on the city map in a uniform fashion, with
a simple policy like the GLP it is possible to obtain
good performance while avoiding messages exchange.
However, for different distributions such as the one
represented in Figure 3 more complex strategies are
needed.

5 Information Fusion

In order to reach good performance in post-
earthquake disaster situation agents need to exhibit
both planning and cooperation capabilities, since the
abilities of a single individual agent are often not
enough for fighting an expanding disaster. However,
another aspect to be considered, while developing a
team of rescue agents is the need of integrating par-
tial and noisy information coming from the agents, in
order to assess a global situation, on which to per-
form the resource allocation. Indeed, the system per-
formance is deeply influenced by the knowledge of the
scenario. The interactions between information acqui-
sition and integration and the process of decision mak-
ing is clearly addressed in various models that have
been proposed for information fusion [5, 10]. Specifi-
cally, at the stage of situation assessment not only is
relevant the knowledge about the scenario, but also
the effects and performance of actions taken in the
scenario. It is worth noticing that, since agents may
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Figure 4: Information Integrator Module

take specific actions to gather information (differently
from passive sensors), the scenario is significantly dif-
ferent from that of a distributed sensor agent network
[9, 13].

The goal is to reconstruct the new state of the world
starting from the previous states and the incoming
information.

There are different levels at which the integration
can be performed [12], depending on the properties of
the data being integrated:

-sensor-level data: numeric values directly extracted
from sensors;

-feature-level data: aggregation of numeric data repre-
senting specific features;

-symbol-level data: high level items related to agent
knowledge.

In our approach the information integration is per-
formed at symbol and feature level, in terms of prop-
erties of the world objects, since the RoboCup Rescue
domain, in which we tested the system, is well suited
for this level of information fusion.

In Figure 4 the functional structure of the Infor-
mation Integration module of our CADK is sketched.
The information provided by the sources, that can
be on-board agent sensors, external sources (i.e.
messages about the world situation coming from
other agents) as well as agent expectations about the
current situation are collected in a data structure
(Sensor Memory). Then the possible conflicts arising
from the comparison of the collected reports are
detected and solved, by taking into account the
reliability of the sources. Also the reliability is
evaluated, by taking into account the evolution of
the reconstructed situation. By choosing the level of
information being integrated, as well as the conflict
resolution policies, it is possible to implement a wide
set of information integration strategies.

Information Fusion technology has the primary goal
of improving the cognitive skills of a system, by in-
tegrating and correlating elements of different kinds.
Roughly speaking, this amounts to obtaining from the
raw data directly gathered from sensors compact, co-



herent and understandable information.

According to this view, an evaluation methodology
is required, to measure the effectiveness of the fusion
process, which addresses at least the following aspects:
(i) quality of information, measured with respect to re-
ality; (ii) robustness to noise and communication er-
rors; (iii)computational effort.

To evaluate an information fusion system at data
and object level, several techniques, based on the vari-
ation of some parameters and on the comparison of the
obtained results [5] are used. However, the problem of
evaluating the performance of a system for situation
assessment and higher fusion level has received less at-
tention, while we believe it is a very relevant issue in
this framework.

6 Conclusions and future work

We have presented a methodology for evaluating
the performance of a Multi-Agent Systems in the
framework of a simulation environment for post earth-
quake scenarios. The aim of the work is to address
the problem of devising methods and evaluating the
performance of specific aspects of MAS. In particu-
lar, we reported some results on task assignment and
presented a proposal for extending the approach to
high level information fusion. Our idea is to attempt
first to address the two aspects separately, in order to
refine the experimental methodology and understand
the specific features of each of them. However, in prac-
tice they coexist and deeply influence each other, since
the management and coordination of a Multi-Agent
System requires good knowledge of the situation where
the operations take place. Therefore, after completion
of the first phase, we plan to combine them and ex-
tend the approach to deal with both of them at the
same time. In this extended framework the critical
question of action vs perception, will be addressed in
the context of a simulated MAS.

In addition, we are developing this work in collab-
oration with the Italian Fire Department, which pro-
vides us with technical expertise on rescue operations
that we take into account in the design of both the
simulation system and the MAS. In this respect, we
are planning to use the tools developed in this project
to build a scenario embodying features that are sub-
stantially different from those currently available, and
to compare implemented strategies with those actually
deployed by the forces of Italian Fire Department to
make our working hypotheses in the simulation more
accurate with respect to actual emergency scenarios.
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