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Abstract

Disaster rescue is one of the most serious social issue
which involves very large numbers of hetergenious a-
gents in the hostile environment. RoboCup-Rescue in-
tends to promote research and development in this so-
cially significant domain by creating a standard simula-
tor and forum for researchers and practitioners. While
the rescue domain intuitively appealing as large scale
multi-agent domains, it has not yet given through anal-
ysis on its domain characteristics. In this paper, we
present detailed analysis on the task domain and eluci-
date characteristics necessary for multi-agent systems
for this domain.

1 Introduction

In this paper, we propose RoboCup-Rescue, as a sec-
ondary domain for RoboCup activities [Kitano, et al.,
1997]. The aim of RoboCup-Rescue are (1) to en-
sure smooth transfer of technologies invented through
RoboCup activity to a socially significant real world
domain, (2) to establish a domain which complements
features that are missing in soccer, and (3) to exam-
ine fundermental principles of teamwork and real-time
multi-agent systems by having multiple domains with
certain commonalities.

Domain characteristics of Soccer, Rescue, and
Chess are illustrated in Table 1.

RoboCup Rescue consists of a simulator league and
a real robot league. The simulator league focuses on
strategy planning and team coordination, whereas the
focus of real robot league will be on capability of indi-
vidual robots in rescue operation, and how these robots
collaborate to accomplish specific tasks.

Surprisingly, there is no comprehensive simulator

for disaster and rescue operations. We consider that
development of a comprehensive simulator which en-
ables simulation of multi-agent rescue operation con-
tributes to quality and effectiveness of actual rescue
operation in the long run. By developing an integrat-
ed and comprehensive simulator for large scale disaster
rescue, numbers of different approaches can be com-
pared on which strategies and tactics best save people
and properties. With the progress of multi-agent sys-
tems research, technologies and methodologies invent-
ed can actually be applied to real search and rescue sys-
tem that commends fielded personnel and robots. At
the same time, autonomous systems, semi-autonomous
systems, and human with wearable-computers at dis-
aster site can be interlinked with high-level mission
planner to carry out optimal rescue operations.

While there are two categories in RoboCup-Rescue
that are interlinked, this paper focus on research is-
sues in RoboCup Rescue simulator league. The goal
of this paper is to present detailed analysis of disaster
rescue domain from Al perspectives, and to elucidate
necessary characteristics of multi-agent and planning
systems.

Therefore, this paper consists of three major part-
s, (1) analysis of the task domain, (2) identification
of simulator architecture, and (3) identification of re-
quirements for Al systems for rescue operations.

2 Domain Characteristics

A brief scenario of what may happen in actual disas-
ter will help us visualize characteristics of the disaster
rescue domain,

At 5:46AM of January 17, 1995, a large earthquake
of a moment magnitude 6.9 hit Kobe City, Japan,
killing over 6,000 people, injured at least 300,000, and



Rescue Soccer Chess
Number of Agents 100 or more 11 per a team
Agents in the team Heterogeneous Homogeneous
Logistics Major Issue No No
Long-Term Planning Major Issue Less Emphasized | Involved
Emergent Collaboration | Major Issue No No
Hostility Environment Opponent Players | Opponent
Real-Time Sec. - Min. mSec. No
Information Access Very Bad Reasonably good | Perfect
Representation Hybrid Non-Symbolic Symbolic
Control Distributed/Semi-Central | Distributed Central

Table 1: Features of Rescue, Soccer, and Chess

crushed houses for one-fifth of city’s 1.5 million peo-
ple. 103,521 buildings were collapsed, and only 20% of
buildings were usable after the earthquake. The cost
for basic infrastructure damage exceeded 100 billion
dollars, and total property damage including private
properties well exceeded 300 billion dollars. It was at
least ten times larger devastation than 1994 Northridge
earthquake hit southern California area.

With the first hit of the earthquake, houses, build-
ings, and other facilities were collapsed, and road, rail-
ways, and other public transportation systems are to-
tally disrupted. Basic urban infrastructures such as
electricities, gas, water supply, and sewage systems are
severely damaged.

Although the earthquake was devastating, informa-
tion of the scale of damage was not immediately trans-
mitted to other part of the country. This is because
information infrastructures and personnel to transmit
damage report were catastrophically damaged so that
they were incapable of sending precise information.

Many victim were under collapsed structures. Im-
mediately after the earthquake, over 300 fires where
reported, and they started to spread wider areas. Fire
fighting were not effective as water supply was dis-
rupted and local reservoirs were cracked so that waters
leaked within hours. To make situation worse, roads
and open areas which were supposed to stop fire turned
into combustion pathway because debris of collapsed
houses (woods) were exposed to air.

Paramedic and rescue teams had hard time arriving
the disaster site due to disruption of road, collapsed
buildings, and refugees. Also, there was not sufficient
and accurate information on where they should be.

Aerial surveillance finally provided overall situa-
tion, but without detailed situation on the surface.
The problem of the helicopter and aircraft is that the
noise they create hampers ground operation to allocate
victims under the collapsed houses as faint sounds vic-
tims create is the only source of information.

The lesson that we have learned from Kobe earth-
quake was the serious needs for robust, dynamics,

and intelligent planning system and powerful human-
machine systems to cope with changing situation to
best save people. The scale of the disaster and speed
of changing situation is far beyond human-based mis-
sion planning.

3 Immediate Contribution Al
and Robotics Can Make

There are at least two major areas that Al and robotics
research can make immediate contribution within the
reach of current technologies, and numbers of long-
range contributions with future technologies.

First, there is a potential needs for simulating and
understanding the optimal or near-optimal search and
rescue strategy in large scale disaster. As illustrated
in the previous section, numbers of incidents and un-
certaintity is far beyond human capability in making
confident decisions. Providing simulators and decision-
assistance system would significantly improve the qual-
ity of decision and understanding of the possible sim-
ulation to unfold. Such a simulator and decision-
assistance system shall be an integrated simulation of
properties and infrastructures damage, fire prolifera-
tion, refugee movement, and other factors involved,
and a group of agents should be deployed to examine
efficacy of specific search and rescue strategies. In fu-
ture, such a simulator should be linked to mobile com-
munication and data acquisition systems on the field.
This simulation possibly involved 1,000 and 10,000 a-
gents and events.

Second, there is immediate needs and opportuni-
ties for researchers to contribute search and rescue by
building a group of robots that work as a team, each
of which is specialized in specific sensing and mobili-
ty. For example, to find victims under the debris, one
robot may have hexapot legs and walk over the de-
bris and insert a rod with microphone and micro-CCD
camera in between debris. Other robot may be small
enough to go into the debris with CCD and infra-red



camera. These robots collaboratively cover the space
under the debris. To efficiently and completely cov-
er the space, teamwork would be an essential factor.
Numbers of agents involved in this scenario is perhaps
less than 20, though it depends on the size of the single
site.

4 Disaster Rescue Simulation
System

Disaster simulation requires integration of simulation
on various aspects of disaster. These includes, fire,
housing and building damages, disruption of roads,
electricity, water supply, gas, and other infrastructures,
movements of refugees, status of victims, hospital op-
erations, etc.

Building and Housing Damage: Simulates degree
of damage of buildings and houses. When detailed
simulation is to be performed, this need to be made
block-by-block level and more specifically for major
landmarks.

Fire: Simulates occurance of fire, and how they may
spread over time. Composition of building type and
weather factors will be incorporated. Also, the spread-
ing pattern of fire need to reflect collapse of buildings
and effectiveness of fire fighting. Existing simulator
model this process as stochastic process of propagat-
ing heat and catching fire with thresholded functions
over static terrain. They are not incorporated with
damages of buildings, and efforts of fire-fighting.

Life-Line Damage: Simulates damage of roads,
electricity, water supply, gas, and other infrastructure
known as Life-Line. These damage simulation need to
be tightly coupled with building and housing damage
simulator. Currently there are a few simulator which
can predict road blockage at the level of 70 - 80% [Taka-
hashi, et al., 1998]. These simulator is not yet coupled
with other simulators.

Victim Modeling Victims and refugee are critical
components of the simulation. Depending on a type
of the disaster, location of victims, and magnitude of
the disaster, physical and mental damages victims suf-
fer differ drastically. Reflecting difference and urgency
of the victim, how to rescue these victims need to be
changed. This involves time frame of the operation,
a kind of paramedic first aids, hospitals that victims
need to be carried, type of equipments and expertise
of paramedic teams, etc.

Also, it has serious time sensitive elements. Certain
type of causality has to be taken care of within very

short period of time, and if paramedic team arrived
much later than the time limit, the nature of operation
could be very different. If victims are not seriously
suffering, priority would be lower so that rescue can be
direct to more urgent victims. However, saving such
victims may turn out to be time critical as victims
attrition gets serious or other urgent factors come out.

Refugee Behavior Modeling Refugee modeling
essentially requires simulation of very large number
of people who are trying to escape from disaster site,
trying to find secured place, searching for family and
friends. The movement of refugee is critically impor-
tant because massive refugee marching to escape from
the disaster site seriously blocks traffic trying to reach
disaster site for rescue. It may be possible that some
Artificial Life type of approach can provide reasonable
simulation on this aspect. The simulation, however,
need to be interactive to change of terrain. Due to
collapse of building and roads, and road blockade per-
formed by police can continuously change the terrain,
and how movements of refugee are affected need to be
simulated.

5 Search and Rescue Strategy

Finding out the better search and rescue strategies
for large scale disaster involves the-state-of-the-art
planning and multi-agent research, such as teamwork
[Tambe and Zhang., 1998], planning under uncertainti-
ty [Pollack, 1998], resource-boundedness[Russel, 1995],
hierarchical planning [Kambhampati et al., 1998], and
real-time planning. While we cannot possibly create
an exhaustive list of research issues, major issues can
be envisioned as follows:

Multi-Agent Planning: This domain may involve
planning and execution monitoring for over 10,000 a-
gents, that has different physical and informational ca-
pabilities under dynamically changing hostile environ-
ment. There are several ways that planners may work.
First, it may coordinate global strategy with several
subordinate planners. Flexible hierarchical planning
is essential to this accomplish a large scale planning.
Second, planning will be done distributed manner, as
disaster sites will spread over wide areas and commu-
nication in between them will be limited. Each lo-
cal planning system, however, communicate with oth-
er planner and global planner to synchronize activities
and up-date status achieve optimal strategy. Third,
contrary to the notion of global planning system, there
is a need to establish technologies to totally distributed
and asynchronous planning when there is no clear glob-
al planning center exists, or even the expected global
planning site is destroyed. Whether the most efficient



strategy planning can be achieved by global planning
with subordinate planners, or totally distributed plan-
ning suffice is a major research issue. Entire planning
system may need to be flexible enough to dynamically
reformulate planning strategy between the spectrum of
distributed planning and hierarchical planning.

In addition, agents involved are heterogeneous.
There are rescue people and robots, helicopter, vehi-
cles, and other autonomous and non-autonomous a-
gents.

Real-time/Anytime planning: Quite obviously
the critical need for planning under real-time con-
straints are severe in this domain, given that the situ-
ation can change very quickly, and often for the worse.
Coming up with a good plan as quickly as possible
may not be good enough — a plan agent in this case
should be able to provide with a plan on demand, not
as quickly as possible.

Heterogeneous Agent Planner should be able to
recognize capability of each agent, and coordinate then
to accomplish certain tasks. It may e often the case,
that capability necessary is missing in the agents avail-
able on site. The planner should be able to access po-
tential availability of the missing features, and request
the capability to be added to the agent or new agents
to be participated in the team.

Robust Planning There is "fog of war” at disas-
ter site. Much of information available to agents and
decision maker is incorrect, partial, and essentially un-
reliable. Planning system should be able to access re-
liability of information, and cope with possible errors.
A feature that planner to actively request information
gathering would be critical. Not only information, but
also actual agents may involved in accidents or disabled
for various reasons. In addition, operation dispatched
to agents are not guaranteed to be executed, due to
unexpected hardship on site. There must be a method
to cope with range of uncertaintity, yet re-plan and
execute in real-time.

Mixed-Initiative Planning There will be many oc-
casions that human rescue person will make their de-
cision and execute search and rescue, that are not nec-
essary consistent to the planner’s plan. Planner must
cope with such complex situation, and work out how to
negotiate and find the best solution. At the same time,
if actions taken by human rescue personnel, that is not
consistent with the planner worked well, certain learn-
ing and archive capability to transfer such successful
actions to other sites.

Execution Monitoring In such a hostile environ-
ment, it 1s not at all guaranteed that command and
operators dispatched from the planner will be executed
as expected. The major question are (1) how to gather
information on the status of plan execution, (2) how
to cope with disruption of communication, (3) how to
deal with mis-information that personnel on site pro-
vided incorrect information. This issue is tightly cou-
pled with robust planning.

Scenario-Based Planning It is totally inconceiv-
able that we would not be unprepared for disasters.
There are numbers of search and rescue scenario and
doctrines, just like military planning. There are po-
litical decisions and social decision that are not easi-
ly incorporated into automated planning, and rescue
strategy created by respounsible officers need to be ac-
commodated. Thus, planner must be able to use a
given set of scenario, as well as creating their own plan.

Resource-Bounded Planning Search and rescue
operations are always constrained by resources, such
as mafterials, personnel, time, and other factors. For
example, number of robots and personnel which can
arrive specific site within the given time limit, is seri-
ously limited by traffic, fatigue, and available agents.
Planner must be able to take into account such con-
straints, and possibly propose plan to mitigate such
constraints, while maintaining long-range strategies.

Data Collection Agents and Planning One of
the major problem in disaster is, as repeated many
times already, is difficulties in getting accurate infor-
mation within reasonable time. There is a need for
explicit planning and agent for data collection, which
are coupled with agents and planner, so that necessary
information can be obtained faster and more reliably.
This is a totally an open issue, and have not been in-
vestigated in the past.

6 Discussions

There are numbers of different aspects of the problem
that AI and robotics can contribute. Focusing on the
aspect of actual robots, instead of high-level planning,
following issues need to be addressed:

e robust robot systems that can go into disaster sites,
which means to move around in the uneven surface
and in the hostile environment.

e multiple sensing systems with flexible configura-
tions, so that sensors can be placed and extended
into debris to capture sign of victims.



e intelligent systems to automatically, or semi-
automatically carry out sensor placements and self-
positioning.

e multi-agent planning systems which can coordinate
actions and positions of robots in the team

e human-robot interface that enables rescue person
to control a team of robots for more effective oper-
ations

¢ interface with strategic planning systems to coor-
dinate local operations with global operations

Ideally the system should be hierarchical, yet or-
ganized to maintain consistencies and robustness a-
gainst failure of single or multiple failure of planners
and robots.

Most of these issues are still the open problem for
AT and robotics, and thus this domain is a rich source of
inspirations which can promote not only rescue-related
robotics and Al but also to more general technologies.

7 Conclusion

In this paper, we described RoboCup-Rescue as the
secondary domain for RoboCup. It is designed to en-
sure smooth transfer of technologies developed in cur-
rent RoboCup soccer, as well as promoting innovation
by itself as it complements features missing in soccer.
RoboCup-Rescue has both simulation and real robot
aspects, each of which initially focus on different as-
pects of overall activities. This paper focused on over-
all strategy planning aspect using a simulation. As it
is clearly illustrated, RoboCup-Rescue is a rich source
of research, and direct contribution to the society is
expected.
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