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1. Introduction

Over 2000 earthquakes happen every year in Japan, so that this country is often called
earthquake-ridden (Government of Japan, 2006). There exists a serious problem to prevent
the occurrence of earthquake-induced disasters, such as fire, short-circuits, gas leakage, etc.
With the recent advent of nation-wide telecommunication networks, real-time earthquake
information can be received at every household, and it can thus be utilized to control
consumer electronics and reduce the risk of these earthquake-provoked disasters (Kueppers,
2002).

Real-time information about the seismic activity in Japan is provided by the national
earthquake early warning system operated by the Japan Meteorological Agency, JMA (Doi,
2002). By sensing primary waves, this system can notify people (e.g. via radio and TV
channels, a mobile phone subscription service, etc.) several seconds before the earthquake
devastating secondary waves hit a specific area.

The Japan Electronics and Information Technology Industries Association (JEITA) has
recently introduced an automatic consumer electronics control system (JEITA, 2005). When
an earthquake early warning is received, this system provides services, such as activating
alarms, stopping gas, opening doors, and the like. This system cannot, however, comply
with the specific situation at each particular household, as circumstantial information about
who live/stay in, where they are, what they currently do, etc. is not utilized by the system.
In the presented study, we propose an agent-based system for the earthquake-induced
disaster prevention. The system uses household-specific knowledge and can provide for
generally a higher level of safety for the inhabitants than existing systems with similar goals
do. The proposed system realizes a distributed architecture - a design solution making it
quite reliable in (post-)earthquake conditions. There are specialized agents installed in
different places (e.g. of a house or a public facility) and called “room agents,” which are
autonomous, monitor various appliances and people in the rooms, and can control the
equipment and electronics, and guide evacuation when an earthquake happens. For the
control, countermeasure agents processing different types of rules are set up. During an
earthquake, a countermeasure agent receives earthquake data and selects appropriate
constraints, which are to be used by the room agents. As there can often be conflicts when
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422 Tools in Artificial Intelligence

simultaneously applying control rules obtained from different countermeasure agents, the
system implements a conflict-resolving mechanism to produce an optimized set of rules by
solving a weighted constraint satisfaction problem with achievement parameters.

In the chapter’s remainder, the earthquake early warning system is first outlined. The
architecture of a system prototype developed by the authors is then presented. Next, it is
explained how the developed system agents act. A case study of the control of home
appliances is described. The ability of the system to guide evacuation in an earthquake
situation is analyzed through several simulation experiments. Finally, related work is briefly
discussed, and conclusions are drawn.

2. The early warning system

All earthquakes produce two types of shock waves: primary (P) and secondary (S).
P-waves arrive first and usually do not cause any damages. S-waves follow P-waves, are
much stronger, and often result in devastation and loss of lives. The earthquake early
warning system operated by the JMA deals with current seismic information, such as
magnitude of an earthquake and place of its occurrence, obtained by sensing and processing
data of the P-waves. Since P-waves are propagated about twice as fast as S-waves (excepting
for the case of epicentral earthquakes), the system can usually provide earthquake
information to its clients seconds to tens of seconds before the damaging wave hits an area.
In the presented study, a program developed by the Japan Weather Association and the
Earthquake Research Institute at the University of Tokyo is used to calculate the expected
seismic intensity and time of the S-wave arrival at a specific location for a given earthquake,
based on the earthquake early warning data (Kikuchi, 2004).

3. The agent-based system

3.1 System architecture

Fig. 1 shows the architecture of the system proposed in this study. An earthquake
information agent (EIA) is a “JAVA wrapping” of the program processing earthquake early
warning data. The EIA receives an earthquake early warning from the JMA and calculates
the S-wave arrival time and the expected seismic intensity. The EIA then communicates to
three countermeasure agents: an earthquake countermeasure agent (ECA), a personal care
agent (PCA), and a precondition for consumer electronics control agent (PCCA). The ECA
utilizes general rules for earthquake disaster prevention. The PCA applies personalized
rules by utilizing inhabitant-related information. The PCCA makes use of appliance-specific
rules to appropriately control consumer electronics and other equipment in the room. The
countermeasure agents propose constraints to room agents. After a room agent
communicates (or attempts to communicate) to the countermeasure agents to update its
rules, it generates, through resolving achievement-weighted constraints, a set of instructions
to control the appliances and, possibly, to guide the evacuation process.

3.2 Human status and the system interface
Fig. 2 shows the experimental environment - a living room - used in the study. The room
space is divided into 9 locations and a corridor (location 10) with spotlights to help navigate
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Fig. 2. Experimental environment (Room 1)

people. Current human and consumer electronics statuses are stored in the Household
Status Database. Tables 1 and 2 list typical records of the database, which are continuously
updated while the room agents monitor the environment. Table 1 gives an example of
human statuses. The human status domain is a list of generally expected behavior, which is
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created, based on a personal profile (e.g. a healthy young man is expected to be able to help
other people in the house, while someone with a badly injured leg could hardly move
without assistance). Actions recommended by the system are selected from the
corresponding pre-defined domains. (The difference in the domains shown in Table 1 is due
to the difference in the individuals” current statuses.)

There are two types of human statuses processed by the system: static and dynamic. The
static status is a general, “permanent” (or rarely changed) description of an individual
present in the room: the individual’s gender, age, physical abilities, etc. The dynamic status
is regularly updated information about the individual’s current behavior (e.g.
sleeping/resting, being involved in noisy activities, etc.) and location. The dynamic status
information is obtained by using RFID tags and an image-recognition system (with a camera
connected). For example, when a person registered in the household database (i.e. someone
with a static status record) enters the room, her or his location data of the dynamic status is
updated, as the person approaches the corresponding sensors of the room agent. Any
individual having no static status is automatically associated with a temporary
“visitor/guest” profile generated by the system.

A consumer electronics status (Table 2) is predefined at the time when the corresponding
appliance is installed. A domain for the control of the electronics and other equipment is
also predefined (e.g. by downloading relevant rule-sets via a consumer electronics network),
based on the appliance type and manufacturer. The current statuses of the appliances are
updated when the electronics are controlled, whether automatically or manually.

When an earthquake early warning is received, room agents resolve achievement-weighted
constraints, and a status rule-set for the consumer electronics and people in the room is
determined. The system can change the electronics statuses by sending control signals (e.g.
via infrared channels). Human behavior cannot, however, be controlled as such, and the
system instead issues instructions, based on the most recently registered (static and
dynamic) human status. At this point, the current status is (attempted to be) recognized
with the sensors, and the records may be updated in the database.

Individual’s - Current (dynamic) - Location Domain for the human behavior variables

ID# status (Room)
{Normal, Sleeping, Watching(X), Hiding
1 Watching (DVD), 5 under(X), Staying away from(dangerous
low activity (1) object), Being accompanied, Making a
contact, Reporting own location}
Sleeping, 1 {Normal, Sleepmg, Wa'tchmg(X), Being
2 . accompanied, Making a contact,
no activity (2)

Reporting own location}

Table 1. Human status

The system keeps continuously updating the status database and producing control and
evacuation instructions, based on the latest available information about the dynamically
changing environment and the human behavior. The system thus realizes a “latent”
interface for consumer electronics and other controlled equipment (e.g. oil or/and gas
heaters, doors, etc.) by sensing and processing not only the early warning information
received from the EIA, but also the response (of both the inhabitants and the electronics) to
the instructions issued by the system, which is registered by the room agents. The interface
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is self-adapting (in the sense that its current state mainly depends on its previous state) and
proactive (in the sense that it tries to minimize catastrophic consequences of earthquake-
induced problems, which may arise in the future).

App?lance / Current Location Domain of the control variables
equipment status
TV On(DVD 2 {On(TV), On(DVD), On(CH num), Off}
(DVD)
DVD Play(DVD) 2 {On, Play(DVD), Rec(CH num), Off}
{On(TV), On(DVD), On(PC),
Spraker On(DVD) 2 Announce(X), VolUp, VolDown, Off}
Light 1 Off 1 {On, Off}
Light 2 On 2 {On, Off}
Light 3 Off 3 {On, Off}
Light 4 Off 5 {On, Off}
Corridor light Off 10 {On, Off}
Web-camera Off 1 {Record, On, Off}
Heater On 6 {On, Off}
Phone Off 1 {Connect(Person h), Off}
Micro-wave oven Off 7 {On, Off}
Refrigerator On 7 {On, Off}

Table 2. Consumer electronics status (Room 1)

3.3 Constraints for the control

A room agent determines appropriate (optimized) control instructions by solving an
achievement-weighted constraint satisfaction problem, AWCSP (Kokawa & Ogawa, 2004).
An AWCSP solver implemented in the system is an enhanced reasoning engine for
constraint satisfaction problems (CSP) that allows for obtaining a Pareto optimal solution
even when the invoked constraints are too strict. The AWCSP is similar to the classic CSP
(Walliser & Branschen, 2004) and is represented with a set of variables, a domain of values
for each variable, and a set of constraints, but it also requires a set of constraint weights and
a set of constraint achievement degrees defined. Various theoretical and applied aspects of
AWCSP were actively studied in the past 10 years (Bistarelli et al., 1999; Luo et al., 2002;
Schiex et al., 1995), as it became a relatively popular reasoning technique for agent-based
systems (Yokoo, 2001).

In the developed system, consumer electronics statuses and human actions are represented
as follows: a set of consumer electronics states, CE = {ce1, ces, ces, ..., cen}, where n is the
number of appliances installed; a set of human actions, ACT = {act, acty, ..., act,,}, where m is

the number of the inhabitants. Domains of the variables are represented as D¢ = {dce, ,d ce, s

ey dcgn } and Dacr={ dac,, , dmz S e dagm }, respectively.

The ECA handles general countermeasure rules for earthquake disaster prevention, which
are usually pre-defined. The PCA deals with human-related rules by utilizing information
about the current status of each inhabitant. The PCCA processes specialized rules, based on
a control policy defined for the household. The countermeasure agents produce constraints
for the variables by utilizing the relevant rules. In a room agent, a set of constraints is
represented as C = {ci, ¢, ..., ¢}, k is the number of constraints. Below, these are examples of
the knowledge of countermeasure agents:
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ECA:
Rule: If (Seismic intensity >= 4) and
(There is a person h in Room r)
Send a Constraint to Room r agent:
ECc, {act, = “Hide under furniture”}
PCA:
Rule: If (Seismic intensity >= 3) and (“There is a child at home”)
and (There is a person h(with activity) in Room r)
Send a Constraint to Room r agent:
PCc, {act;, = “Accompany the child”}
PCCA:
Rule: If (Seismic intensity >= 5) and (“Agreement for recording”)
Send a Constraint:
PCCc, {state(ce;, Camera), ce;="Record”, i =1, .., n}

PCA also defines rules to support people with disabilities. For example, for those with
hearing disabilities, important information is delivered in a visual form, e.g. on a TV screen
or simply with blinking light. Analogously, whenever people with reduced vision are
present in the room, all important information is delivered via voice and sound channels.
Constraints generated by the agents may often be in conflict. For example, if there is no
furniture to hide under, a constraint “Hide under furniture” would never be satisfied, and
no instructions would be issued by the system. The room agent should still recommend an
accomplishable action for the inhabitants, such as, for example, “Stay away from dangerous
objects.” If one then tries to represent the expected behavior with weighted constraints, the
rules become complicated and difficult to maintain the integrity (Yokoo, 2001). To cope with
this problem, achievement degrees are defined for the constraints. When a constraint is fully
satisfied, the room agent chooses a variable value having the highest achievement degree.
An achievement degree is a parameter showing when and to what extent a given constraint
is satisfied. This parameter consists of a variable and a threshold. A set of the achievement
variables A = {a1, a», ..., @} represents satisfaction degrees of the constraints. A set of
achievement thresholds F = {fi, fo, ..., fi} gives thresholds that the values of a;, i =1, ..., k,
must achieve to make the constraints satisfied.

An example of achievement degrees for a constraint, which refers to issuing
recommendations that would help maintain a higher safety level for the inhabitants, is given
in Table 3.

Safety

Level Actions

Achievement degree

Hide under furniture (table, etc.)
Stay away from dangerous objects (window, etc.)

a; = (achievable Z
3 Accompany someone
2
1
1

safety level /
recommended safety
level by
constraint ¢; ) x 100

Make a contact (via mobile, etc.)
Report location
No action required

Table 3. Achievement degrees and recommended actions
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The assignment of values to the variables is done via an optimization procedure. Room
agents produce sets of variable values corresponding to achievement degrees higher than
the achievement threshold of a constraint. Room agents then calculate M, an “optimization
degree” of the whole set as the following sum:

W, f, =100,

M= a-y 1)
Ny xS 100
100 — f,

If a constraint ¢; is completely satisfied, the corresponding summand is the constraint’s
weight w;. Otherwise, the added value is a product of the constraint’s weight w; and the
normalized distance between the achievement degree value a; and the achievement
threshold f; k is the total number of constraints. Of course, there may be used formulas other
than the above to calculate M, depending on the optimization strategy chosen (e. g. see
Schiex et al., 1995).

4. Case study

In this section, we describe a case study of the development of (a prototype of) the system
shown in Fig. 1 for the environment specified in Tables 1-2 and (partly) in Fig. 2. Table 4
exemplifies situations considered in the case study, and Table 5 lists constraints and
constraint parameters for the situations.

Situation 1 is, perhaps, the most usual (or expected) situation: Person 1 is relaxing in the
living room, while a middle-level earthquake occurs; there is enough time for the action
stipulated by c..

Situation 2: Person 1 is sleeping, and the system needs to awake her or him as specified with
Cy.

Situation 3: the difference between Situations 3 and 2 is that there is not enough time for
action in the former case. The system cannot advise to move to a safer place, as it would
very likely cause panic rather than improve the overall safety.

Situations 4 and 5 show possible interactions between Room 1 and Room 2 agents, as
assumed with c¢4. There is a conflict between ¢, and ¢4, since there is no furniture to hide
under in Room 2 (this room is not shown in Fig. 2 but is assumed to be a Japanese-style
tatami room with no furniture; see Fig. 4.). If Person 1 does not go to Room 2 but, instead,
hides under the table, Person 1’s own safety is maintained, but the safety of Person 2 with
no activity is not. On the other hand, if Person 1 goes to Room 2 and accompanies Person 2,
the own safety of Person 1 cannot be maintained sufficiently high, but the safety level of
Person 2 is improved. In this experiment, the weights of c; and c4 are the same, and the
constraint achievement thresholds f, and f4 are balanced to help the person with no activity,
depending on the seismic intensity and the remaining time. Every household member is
assumed to have a mobile phone.

Situation 6: there is a specified rule in the household policy. Constraint cs allows for making
a video record for rescue operations or future analysis. Owing to privacy issues, the
agreements of this type’s constraints depend on the household privacy policy.
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L Person1l  Person 2 . Early
Situation . . Electronics ; .
number status (in  status (in Status warning Explanation
Room 1) Room 2) information
Seismic
Watching - TV and DVD intensity is 4; The system needs to get
1 . . attention of Person 1 for
amovie (nodata) areturned ON Remaining . .
< . announcing instructions
time is 20sec
Refrigerator ).
{ Seismic
. and micro- . )] The system needs to wake
Sleeping, - intensity is 4;
2 no activity (no data) waveovenare o o Person 1 up (alarm and
y turned ON L & room light ON)
time is 22sec
(stand-by)
Refrigerator o
. Seismic . .
. and micro- . o There is not enough time
Sleeping, - intensity is 5; .
3 no activity (no data) waveovenare o o to sensibly act (e.g. escape
Y turned ON ~ematning / hide anywhere)
time is 4sec
(stand-by)
Seismic
Reading a Sleeping, Room lights intensity is 4; Person 1 would (a tempt
4 . . to) help Person 2 in Room
book  no activity are turned ON Remaining )
time is 21sec
. For Person 1, there is not
Seismic enough time to run to
Watching Sleeping, TV and DVD intensity is 5; & :
5 . L . Person 2; An alternative
amovie no activity are turned ON Remaining
time is 10sec WY to help Person 2
needs to be found
Seismic If the policy at the
. . . s household allows for
6 Reading a - Room lights  intensity is 7; usine the camera. turn it
book (no data) are turned ON Remaining & ’

time is 3sec

on to possibly assist
future rescue operations

Table 4. Pre-earthquake situations

Table 6 shows results - constraint parameters obtained as well as main actions undertaken -
of the electronics control by the system. An example of the calculation of achievement
degrees in Situation 1 is listed below:

a.: the number of appliances actually turned off is 10 / the total

1

number of the appliances in the room is 13,
ay: safety level 5 is obtained / safety level 5 is requested,
a3, a5 and d¢ are always assigned by the constraint,

as, a7, dg are not calculated because ¢, ¢y, cg are not sent by countermeasure

agents (indicated with “-7).

Note that in Situation 5, constraint c; cannot be completely satisfied, since the remaining
time is too short (10c). The system then issues an alternative recommendation “Make a
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contact (via a mobile phone)” with a safety level 2 through solving the optimization problem
defined with constraints c; and c;.

. Constraint Constra .
Constrain e ) Achievement )
specification Agent  int Explanation
t number . . degree
(i=1,...,n) weight
Electronics
state(ce;, all actually turned Turn off electronics for
c1 electronics), ECA 3 off / all preventing electric
ce; = “OFF” electronics in the shocks
room
act, = “Hide under Depends on the L
. ,, ., Act to maintain own
163 furniture”, ECA 5 human action’s safet
h: adult safety level y
This constraint Turn off all the
state(ce;, Heater), . .
3 P . ECA 6 must always be equipment, which may
ce; = “OFF . e .
satisfied cause fires

act, =" Accompany

o Depends on the If there is any “weak”

C4 awith “no activity” PCA 5 human action’s  person (e.g. child), act
' ’ fety level help h hi
h-adult satety leve to help her or him
. . . To facilitate h
state(ce; light), ce; = This constraint o tac tate uman
"V evacuation and record
Cs On”, (ce; located PCA 4 must always be , ;
s the person’s location
near the person) satisfied .
for rescue operations
tate(ce;, Speaker), . . .
sta e(ceée' Eea er) This constraint ~ Deliver earthquake
Cé " Announée (earthqu PCA 4 must always be information and
. g satisfied navigate the person
ake information)
This constraint System can do “VolUp”
tat iy S k ’ “u ”
cy S acee-(:e’l’V(})Dl?Jl ,e,r) PCA 4 must always be and “Announce(X)”at
1 P satisfied the same time
state(ce;, Camera) Depends on the Make a video record for
cs iy ’i,Recor 1 " PCCA 2 household rescue or future
' policy settings analysis

Table 5. Constraint list for Room 1 agent

5. Simulation experiments

5.1 Simulator

In the previous section, we described constraints utilized to control consumer electronics, as
well as instructions apparently suitable to guide the evacuation process. Generally however,
there is always a chance that the people (and, to a less extent, the equipment) would not act
as expected. Another possible source of complications is the fact that people would almost
unavoidably interact with each other when evacuating.
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Situation

> as ag as ae ay as System actions
number

Issue a warning about the earthquake
with speakers.
Advise to hide under the table.
Turn on lights on the evacuation
route.
Unnecessary equipment is turned off.
Wake up the person, turn on the light
in the room, and issue a warning
2 77% 100% 100% - 100% 100%100% -  about the earthquake; advise to hide
under the table.

Turn off unnecessary equipment.
Wake up the person, turn on the light
in the room, and issue a warning
about the earthquake;
advise to get under the bed (to stay
away from dangerous objects).
Turn off unnecessary equipment.
Announce the earthquake information
with speakers.

1 77% 100% 100% - 100% 100% - -

3  77% 83% 100% - 100% 100%100% -

4 85% 100% 100% 190 100% 100% - i AdVlS'e to go to Room 2 to help Person
%o 2; advise to stay away from dangerous
objects.

Turn on lights on the route to Room 2.
Announce the earthquake information
with speakers.
5  70% 100% 100% 67% 100% 100% - - Advise to contact Person 2 via a
mobile phone.
Turn off unnecessary electronics.
Announce the earthquake information
6  77% 100% 100% - 100% 100% - 100% with speakers.
Start recording with the web camera.

Table 6. Constraint achievement degrees and system actions

To explore these factors, we have conducted experiments for estimating human evacuation
rates with external guidance by a prototype of the proposed system (results of one
experiment comparing evacuation rates for a house with and without external guidance by
the developed prototype were reported elsewhere (Kokawa et al., 2007); Section 5.3 presents
a similar experiment, in which the evacuation rates were estimated for a public facility).
Since it is usually impractical to test systems with goals analogous to the ones of the
developed prototype in real-world settings on a sufficiently (for validation purposes) large
scale due to high risks (for both involved people and equipment) associated with the
evacuation process, we have developed a simulator capable of reproducing living spaces
(e.g. houses, apartments, and the like) and public facilities (e.g. schools, hospitals, cinemas,
etc.) with people in there.
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The developed simulator allows for evaluating possible human behavior under external
guidance, and it calculates the evacuation rate for different guidance policies emerged from
instructions issued by the induced disaster prevention system prototype. The simulator thus
operates with the household status database and can dynamically change the simulated
evacuation policy.

With the simulator, people are represented as “actors” having 4 parameters: a reaction time,
a (running) speed, chances of recovery after a collision, and a recovery time. The reaction
time (RT) is the delay from the moment when evacuation instructions are issued until when
the actor reacts (e.g. starts moving). This time is randomly assigned, based on a lognormal
RT model obtained empirically from data of the real human RT to the prototype guidance
(an outline of the corresponding experiment is given in the next paragraph). The running
speed is the average moving speed, with which actors would proceed towards an exit (the
speed is assigned randomly, based on a Gaussian probability distribution model). Chances
of recovery after a collision and the recovery time for an actor are determined by utilizing
statistics of evacuation processes reported in the literature (D. Heilbing, 2000).

People normally need time to think and decide upon their actions. Therefore, when
evacuation instructions are compiled, a realistic human reaction time should be taken into
consideration by the system. Fig. 3 shows results of the experiment conducted to obtain a
human reaction time model. The model is to create a random RT generator for the simulator.
Two types of subjects have been involved in the experiment: in the figure, “Priming” stands
for a group of 30 subjects, who knew about the experiment in advance (the solid line), “No
priming” - for 30 (15+15) subjects, who did not possess knowledge about the planned
evacuation (the dashed and dotted lines). It is well known that the variance (¢ 2) and the
average (i) of human reaction time may differ significantly, depending on the individual’s
prior knowledge (R. D. Luce, 1986).

Prfwlrm_bilit_\'. P(RT) :— ;_1_:_2_2_5_2_6‘: Nu Prin{i;ilrg i}
0.80 ' 0:11156 quiet environment

(22765 No Priming PS

g 8570 -« hoisy environment

(9361 | Priming

0.40 -y e ®
. o 3889 | quet environment

' __’_ Reaction time
0.00 . ' ‘ .- AL dsaa RT, ms
0 10000 20000 30000 40000

Fig. 3. Human RT patterns in the evacuation process (p and o are the parameters of the
lognormal MLE fit to the data; the curves thus show the “best-fit models” obtained from the
experimental data)

Two types of situations were explored for the “No priming” group: a quiet, and a
comparatively noisy, distracting environments. As can be seen from the figure, the
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“Priming” group and the “No priming, quiet environment” group demonstrated, though

expectedly, a significantly faster reaction, on average.

Actors’ behavior in the simulation is defined with a few simple rules, which are listed

below:

e  Actors cannot walk through each other, walls, and furniture.

e  Actors start acting (e.g. moving) after a delay determined by the reaction time.

e Actors try to avoid collisions if there is a physical object (e.g. another actor) ahead.

e If an actor collides, it will be delayed or, by chance, even permanently stopped (“killed”
in a trample).

e Actors will be delayed when passing in front of an opening door or going on stairs.

e  Actors have prior knowledge about the physical environment and the evacuation paths.

5.2 Experiment 1

Fig. 4 shows the living space reproduced in the simulation. Room 1 of the space is the room

used in the case study described in Section 4. Totally, there are 3 “big” rooms with the

corresponding room agents installed. These room agents are also “in charge of” the adjacent
spaces, such as corridors, closet, kitchen, etc. A family of three - “father,” “mother,” and

“child” - was modeled in the experiment as follows.

Father: is fully aware of the installed system and its capabilities; in day-time, is usually not
at home; is usually “associated” with a quiet environment.

Mother: is aware of the installed system; spends a significant part of her time at home; in
day-time, is mainly “associated” with a noisy, distracting environment (e.g. due to
housekeeping activities).

Child: does not know about the installed system; needs help when an earthquake occurs.

[
Bathroom
Kitchen

B. 0.
NOOTN £

Fig. 4. Living space used in Experiment 1

The flow of the simulated events is as follows. First, an earthquake early warning is initiated
at random, and the corresponding data - the seismic intensity and the remaining time - are
randomly set. The room agents then decide upon the control of consumer electronics
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specified in the simulator as “installed equipment,” and the appropriate evacuation
strategies (if any) are implemented. Finally, the damage caused by the earthquake is
calculated.

The statuses of the family members are assigned based on the time of the simulated
earthquake, as well as on the “most typical /expected” behavior of the members, who are “at
home” at the given time. Human responses to the external guidance are modeled, using the
detailed information of each room’s layout (e.g. see Fig. 2 for the details on Room 1), the
relevant RT model, and the current statuses of the inhabitants. The damage D caused by the
earthquake is calculated as follows:

(2)

i=l

NO people O, l:f‘Qlevel < dpl areas 0, l:f@level < dt]
D=>|a) +
o L,if ®level > dp, A |1,if ®level > dt,

As it may be understood from formula (2), the damage is estimated for NQ simulated
earthquakes, and it includes the “human damage” (summation over the people present at
the time of the earthquake) and the “living space damage” (summation over the living space
areas); level is a simulation parameter proportional to the strength of the simulated
earthquake, dp; and dt; are thresholds assigned from empirical data reported in the
specialized literature (Heilbing, 2000), and « and g are coefficients representing the
corresponding damage rates, which are set to values given in post-earthquake reports by the
governmental organizations (Government of Japan, 2006).

In this simulation experiment, 3 different disaster-prevention strategies were evaluated:
when earthquake information is simply announced with the available electronics (the case
of the JMA early warning system - see Section 1), when earthquake information is
announced and simple disaster-prevention countermeasures are executed (the case of the
JEITA system), and when the full range of the prevention measures available to the system
is duly executed (the case of the proposed system). Fig. 5 shows the simulation results. As it

—¢— Announcement
system

Announcement
and basic
preventions
system

om p B » &

c .

== Developed
system

0 100 200 300 400 500
Number of earthquakes, N@

Fig. 5. Experiment 1: Simulation results

can clearly be seen from the graphs, the simple disaster-prevention strategies (lines with
filled diamonds and squares), even though appear useful from a common-sense point of
view, provide for a significantly lower level of safety (i.e. greater earthquake-induced
damage) than the more sophisticated, adaptive strategy implemented with the system
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developed in this study (shown with filled triangles) does. Under other similar conditions,
the developed system would help reduce, in a long run and on average, the earthquake-
induced damages by nearly a half, compared to the simplest case of the JMA early warning
system.

5.3 Experiment 2

We have also conducted a simulation experiment to estimate the possible effect of the
guided evacuation of people from a public facility on the evacuation rate. A university’s 3-
story building was modelled with the simulator. This building is normally full of students
(the estimated student number is 500+1000) in class-hours. Fig. 6 shows the layout of the
building, which has 12 classrooms in its 1st floor and 6 larger lecture halls in each of its
higher floors; the floors are connected with two stairs at both sides of the building, where
the exits are located. In the simulation model, we did not include the W.Cs and the elevator
(denoted X in the figure).

A Room 1 Room2 Room3 Room4 Room5 Room6 WC.
E L/ L7 L/ L/ L ) PP L A g
E ™ all H I i ™ ] % g
.| I Room7 Room8 Room8 Room10 Roomi1 Room1 2 i
Room13 Room1 4 Room15 s
L/ L/ S \
™ | il I i
I
Room16 Room17 Room18 1

Fig. 6. Layout of the simulated public facility: A - 1st floor, B - 2nd and 3d floors

In the model used, a teacher was positioned in front of every classroom, and students were
randomly distributed over the seats available; the number of students in every class was
randomly assigned in the range from 25 to 75% of the full capacity. It was assumed that
when an announcement is made (or an alarm is activated), people inside of the rooms will
start moving after a delay, as it is stipulated in Fig. 3 for the “Priming” case. The people will
then try to get out of the building, using the relatively narrow doors and stairs. A 3D model
of the building with people evacuating is shown in Fig. 7, where the cylinders represent
people at a time in the middle of evacuation.
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In the simulation experiment, two types of the evacuation guidance strategies were
compared. In the first case, it was assumed that the people, all together, start evacuation
when a simple alarm is activated in each room (Siml in Fig. 8). The second strategy implies
the use of the earthquake-induced disaster prevention system with the room agents installed
in the classes. The developed system prototype then decides on the timing of the
announcement and its contents (e.g. “Stay in the class,” “Quickly move outside! Go to the
front stairs,” etc.), using its knowledge base and the monitoring agents. In the experiment
shown in Fig. 7, the system recommended for the students in rooms 1, 5, 7, 12, 13, 15, 16, and
18 (see Fig. 6) to start evacuation as soon as the earthquake early warning is received; a 5
second delay was recommended for rooms 2, 5, 8, 11, 14, and 17, and a 10 second delay - for
rooms 3, 4, 9, and 10. In the given experiment, the total time available for evacuation was
varied by the disaster prevention system from 15 to 25 seconds. Results of the evacuation
with delays are shown in Fig. 8 as Sim2.

£ Evacuation Simulator

Fig. 7. A screenshot of the simulator during the modelled evacuation process

While the results obtained in the experiment (see Fig. 8, where the graphs are build after
averaging over 20 simulations) clearly indicate the advantage of the guided evacuation
strategy, it is understood that earthquakes in reality seldom leave us as much as 10 seconds
to react. At the same time, however, the purpose of this (second) experiment was not just to
test the developed prototype in a different environment and at a larger scale, but rather to
show the potential applicability of the proposed system to the case of disasters other than
earthquakes - fires, bio- and chemical accidents, etc. The current implementation of the
secondary disaster prevention system is quite specialized to deal with the case of
earthquakes. It then appears a natural but still unrealized extension of the proposed system
concept to generalize it to handle a variety of hazardous situations, possibly using multiple
communication networks (in addition to the earthquake early warning network) for
obtaining initial data.
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Fig. 8. Results of Experiment 2: the developed system prototype (graph Sim2) provides for a
faster evacuation rate than in the case when a simple alarm system, which is usually used at
public facilities such as university buildings, is activated (graph Sim1)

6. Related work

Most of the relevant studies reported in the literature deal with earthquake early warning
systems to merely deliver earthquake-related information to the inhabitants in an effective
way. As a typical example, the Real-time Earthquake Information Consortium system was
developed to convey earthquake-related announcements to every home in a particular area
using IP phones (REIC, 2004). There also were, however, reports in the past few years about
systems that have goals and capabilities similar to the ones pursued in the presented study.
The system proposed by JEITA is an automatic consumer electronics control system (JEITA,
2005). A somewhat analogous system was developed by Seismic Warning Systems
Incorporated, using an earthquake early warning network deployed in the West Coast of the
USA (SWS, 2004). Another relevant system was created in Taiwan (Wu et al., 2004). All these
systems can control simple electronic devices for the earthquake-induced disaster
prevention, utilizing the data obtained from the corresponding early warning systems, e.g.
they can shut off gas, issue warnings, open door locks, and so on. The systems have,
however, to have countermeasures defined for every possible scenario in advance and,
hence, if the environment changes, the recommended actions may become ineffective or
even dangerous. Besides, the consistency of the systems” knowledge bases appears hard to
maintain due to the changing surroundings.

A wide area of research, which is closely related to our study, is the creation of global and
local telecommunication infrastructures (networks) that could be used by various disaster-
prevention systems. Although not explored in detail in our experiments, it may be natural to
expect that the robustness and reliability of the corresponding data- and information-
networks will, to a large extent, determine the efficiency of automated disaster-prevention
systems. The agent-based design proposed in our study can utilize, in its agent-to-agent-
communication part, the best solutions reported in the literature (Harayama & Inoue, 2006;
Lin et al., 2002).
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7. Concluding remarks

In the presented study, an intelligent adaptive system to control consumer electronics and
guide the evacuation process based on the earthquake early warning has been proposed.
The system has an agent-based architecture, and it dynamically implements optimized
strategies for the prevention of earthquake-induced disasters by solving an achievement-
weighted constraint satisfaction problem. The system’s sensor-based latent interface allows
for adjusting disaster prevention control policies, depending on human behavior in (pre-)
earthquake conditions. The system is thus able to adapt to dynamic environments, as its
room agents monitor the populated space and update the system’s knowledge- and data-
bases.

A system prototype has been created and used in a case study and tests conducted with a
simulator, which has also been developed in this research. Experimental results obtained
demonstrated that the proposed design solutions provide for a significantly higher level of
safety for people in hazardous situations, when compared with the existing disaster-
prevention systems.

In future work, we plan to increase the flexibility of the system by diversifying control and
evacuation strategies potentially available, to connect the system agents to a consumer
electronics network, and to develop a new version of the system prototype capable of
operation in realistic earthquake conditions. An augmentation of the simulator functionality
to provide for dealing with more environmental parameters and to diversify the possible
(simulated) interactions among the actors is also planned. A more challenging task remains
to develop a secure, efficient and effective but inexpensive technology to monitor human
behavior and update the dynamic status database.
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