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Abstract

This chapter presents an application of multi-agent systems to simulate tsunami-triggered
mass evacuations of large urban areas. The main objective is to quantitatively evaluate
various strategies to accelerate evacuation in case of a tsunami with a short arrival time,
taking most influential factors into account. Considering the large number of lives in fatal
danger, instead of widely used simple agents in 1D networks, we use a high-resolution
model of environment and complex agents so that wide range of influencing factors can
be taken into account. A brief description of the multi-agent system is provided using a
mathematical framework as means to easily and unambiguously refer to the main com-
ponents of the system. The environment of the multi-agent system, which mimics the
physical world of evacuees, is modelled as a hybrid of a high-resolution grid and a graph
connecting traversable spaces. This hybrid of raster and vector data structures enables
modelling large domain in a scalable manner. The agents, which mimic the heterogeneous
crowd of evacuees, are composed of different combinations of basic constituent functions
for modelling interaction with each other and environment, decision-making, etc. The
results of tuning and validating of constituent functions for pedestrian-pedestrian, car-car
and car-pedestrian interactions are presented. A scalable high-performance computing
(HPC) extension to address the high-computational demand of complex agents and high-
resolution model of environment is briefly explained. Finally, demonstrative applica-
tions that highlight the need for including sub-meter details in the environment, different
modes of evacuation and behavioural differences are presented.

Keywords: tsunami-triggered mass evacuation, multi-agent system, mixed mode evacuation,
parameter tuning, high-performance computing
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1. Introduction

There are several advantages of applying multi-agent systems to study mass evacuations
like those triggered by mega tsunamis. Undoubtedly, the widely used simple methods like
1D-networks and queue models for simulating mass evacuation are quite useful in disaster mit-
igation efforts. However, they have many limitations. Considering the number of human lives
in fatal danger, it is of great interest to use more sophisticated models which are close-to-reality
models of environments and agents which can mimic evacuees’ behaviours of significance.
Unlike widely used 1D-networks or queues, multi-agent systems provide a great flexibility in
the level of sophistication and allow one to gradually develop a close-to-reality model.

Details of a multi-agent system developed for simulating tsunami-triggered mass evacuation
in large coastal regions are presented in this chapter. The multi-agent system is developed
with the aim of including a sub-meter resolution model of the environment including the
interior of buildings, dynamic changes in the environment, etc., and agents capable of per-
ceiving this environment as evacuees do and mimic evacuees’ behaviours of significance. It
is essential to utilize high-performance computing (HPC) resources like computer clusters
to meet the significantly high-computational demand of such multi-agent systems. A scal-
able HPC extension is included in the developed system so that an area of several hundreds
of square kilometres with millions of agents can be simulated. The amount of computations
involved should not be a great concern in developing such multi-agent systems. The rapid
progress of HPC technologies will enable one to do sophisticated and large scale simulations
on a workstation class computer, within few decades.

The rest of the chapter is structured as follows. Section 2 discusses a mathematical framework
for the specification of multi-agent systems. Section 3 details the multi-agent system includ-
ing the evacuee modelling features and the techniques for efficient modelling of environ-
ments. Parallel computing extension to efficiently utilize HPC resources is briefly presented
in Section 4. Section 5 presents the validation of the model. Finally, Section 6 provides demon-
strative examples showing the necessity of such models.

2. Framework

The multi-agent system is specified using a mathematical framework adapted from the field
of dynamical systems, see [1] for further details. This section provides generic definitions for
an agent, agent’s local system, and the multi-agent system as a dynamical system. The pur-
pose of this section is to provide a clear language to refer to the different parts and properties
of the system.

Let the ith agent, a, be defined as a collection .= {s, f}, where s, represents the agent’s state and
f, its local update function. The local update function f, encompasses all the possible actions,
interactions, behaviours and thought processes an agent can exhibit. On a system with n
agents, the set of all agents is given by A ={a,| i =1, ---, n}. The state s is further composed by
two sub-states s, = {s/",s™'}. s/ is the agent’s internal state which holds the information that

i
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would not been available to other agents without explicit communication (e.g. gathered expe-
riences, final destination). In contrast, the agent’s external state s** contains information infer-
able by to other agents without explicit communication (e.g. speed, moving direction, etc.).

For every agent a local system is defined which captures the individual effects of the agent
on its neighbourhood. Agent as neighbourhood N, is composed by its visible physical sur-
rounding, N**, and a set of agents it can interact with, N*; N = (N, N and N** c E, where
E denotes the whole environment. The discrete time evolution of an agent’s local system state
x,= {s, N} due to the agent’s actions is defined by x = f(x/). Actions of each individual agent

make the multi-agent system to evolve from state {x'| i = 1, n} to {x"|i=1, n}

In addition to the agents’ actions, the changes in the environment due to natural causes
like earthquakes, tsunami, etc. are modelled by applying environment update functions
A={A| j=1,...,m} in appropriate order.

The multi-agent system is conceptualized as a parallel discrete dynamical system. In this sys-
tem next state is independent of the order of execution of the agents, and only depends on the
former state. Temporary copies of the agent states are used to preserve the properties of the
parallel dynamical system. The time evolution of the whole system is defined by updating of
the environment followed by updating of all the n number of agents, as follows.

EfA = (A o Ay A NED) .
X/ = ﬁ(x].‘) fori=1,...,n )

3. The multi-agent system

As customary to most multi-agent systems, an agent system for evacuation simulation is also
composed of two main components: agents and environment. The agents model the evacuees,
while the environment provides the physical context in which the evacuation happens. This
section provides an overview on the models of agents and environment.

3.1. Agents

Agents are composed by combining elementary functions that enable them to perceive their
visible surroundings, take decisions based on their previous knowledge and current experi-
ences, navigate in dynamically changing environment updating their memory, etc.

The logic to model evacuees’ possible actions, interactions, behaviours, thought processes,
etc. is embedded in the agent’s local update function f. Local update functions, f, are built
through the composition of basic constituent functions g¢’’s, f = g' o ¢* --- o ¢. These constituent
functions include elementary functions that enable agents to perceive their visible surround-
ings, take decisions based on their previous knowledge and current experiences, navigate in
dynamically changing environment updating their memory, etc. Brief descriptions of some of
the implemented constituent functions are given below.
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g% scans N and creates a boundary of visibility in s™ according to as eye sight.

gfmiwwout: analyzes the boundary of visibility and identifies ways out in the visible
neighbourhood.

grviee | gnvigte : defines the way pedestrians and vehicles navigate through the environment

pedestrians gcars

given the available information.
gfnd-imtenct finds agents to interact with, based on visibility, interaction radius, etc.

g« : finds a collision free velocity to move along the path chosen in g"s*, evading col-
lision with neighbours identified with ¢/ it is based on Optimal Reciprocal Collision
Avoidance (ORCA) [2].

grehrlan - finds paths to a suitable destination, satisfying desired requirements like shortest,
perceived to be safest, etc., taking any past experiences into account [1].

gis-path blocked + yisually identifies whether a current path is blocked.

gfndafpllowee : finds an agent to be followed.

glllowan_ogent - follows any agent identified with gfrd-efollowee,

gecknot_ewncuating » geeks for agents who have not started to evacuate.

gorderto_eacunte : orders an agent, identified with g¥#-riemeuating o start evacuation immediately.
gexeentean_action » executes a desired action such as move.

g : updates an agent’s state.

The heterogeneity inherent of human crowds can be modelled by changing the agents” prop-
erties or by changing its logic. The components in each agent's state, s, can be varied and
assigned based on observed data. Properties like speed are drawn from observed distribu-
tions within a valid range for each age group. Agents belonging to the same age group are
instantiated using the same distributions for their parameters. Different combinations of the
constituent functions give rise to different behavioural models. For practical reasons, only
a small set of local update functions are defined to represent the major roles and aspects
of interest in the evacuation; {f*} = {f«idn!, foisitor, fur. |} where trepresents the different agent

types.

3.2. Specialized agent types—a”

The functionality provided by the different constituent functions can be separated into three
main groups pertaining to human actions; see, think and act. See contains constitutive func-
tions related to the acquisition of the information of the surroundings, think provides func-
tions related to the cognition and decision-making, and finally act executes the decisions,
actions and interactions chosen by the agent. Different behavioural models are created by
specializing think with different constituent functions. As the focus of the evacuation simula-
tor is on the evacuees” movement, the main way of interaction happens through the collision
avoidance.
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To exemplify different modes of evacuation and behavioural models this chapter demon-
strates the usability of the simulator using cars and pedestrians. Pedestrians are further sub-
divided in residents, visitors all of them provided with different information, and abilities.

Residents agents are used to model people familiar with the surroundings. They are able
to use their knowledge to plan their path to the nearest evacuation area. Figure 1 provides
a sketch off the implementation of a resident agent, f““". Resident’s think is composed by
gfndway_out, gnavigate - ofind_inter and gellaw, Act is composed of geecteretions and gurdate, sint s provided with
a topological map of the environment, which is used for gathering past experiences, planning
paths with desired constraints, etc.

Visitor agents are used to model people unfamiliar with their surroundings. They navigate using
the information they acquire through their vision and the experiences they collect while evacuat-
ing. They perceive the details of the surroundings with ¢g** and g“#-~. They seek a visible safe
place like high grounds or follow other evacuees using g”"“-"-%¢"" in order to evacuate. Visitors
can dynamically build their own mental maps as they explore the area and collect experiences.

Other agent types such as official agents that model figures of authority such as law enforce-
ment, event staff, etc. are implemented. Their role is to help in the evacuation of other agents.
They possess full information of the state of the environment and are assumed to be able to
communicate with each other and collectively plan their actions.

Cars model a different mode of evacuation. They differ from pedestrians in the way they
navigate and avoid collisions with each other and the pedestrians. While pedestrians are able
to use the walkways or roads, cars movements are restricted to the road lanes. Cars are able
to identify intersections. Due to the complexity of the intersections a simple queue model is
used to model the effect of the intersections. Cars are able to recognize multi and single road
lanes and use them accordingly. Cars are have access to the information of the environment
and are able to plan their paths accordingly.

3.3. Environment—E

The environment provides the physical context in which the evacuation is happening. Formally
the active environment is given by the union of all local neighbourhoods, E" = [J N~
Although, E* C E, for practical purposes they will be referred without distinction.

Figure 1. A simplified version of local system update function of the resident agents, fei,
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Agents move in a continuous 2D space defined by walkable areas and roads. A hybrid model of
environment consisting of raster and vector data is used to include the details of the physical envi-
ronment and restrict the agents” movements, see Figure 2. Details of the empty spaces, obstacles,
inundated areas and safe evacuation areas are provided by a grid, currently using resolutions
of 1 m x 1 m cells. Agents are able to perceive these details visually and incorporate information
such as blocked paths to their experiences. The topological abstraction of the traversable spaces
is represented with a graph. This graph is static and represents the agent’s knowledge of the
undamaged domain before the start of the evacuation. The use of raster and vector data enable
the efficient representation of details (grid) and efficient execution of cognitive tasks involving
past experiences (graph). As an example, in large domains of several square kilometres, path
planning on the graph is several orders of magnitudes faster compared to that of grid. In contrast
to other large scale evacuation simulators the environment provides perceivable information and
obstacles, but it does not provide an explicit constraint on the movement based on the model
resolution. For example, different cell sizes, or graph connectivity can provide more or less infor-
mation but do not explicitly constrain the movement of the agents in contrast to cellular automata
models, graph and queuing models commonly used in other large scale evacuation simulators.

Changes in the environment, A, are included by coupling the evacuation simulator with other
simulators. A, includes damage models based on the results of a seismic response analy-

sis tool. Figure 3 provides a sketch of the integration with the seismic response analysis and
the evacuation simulator.

High resolution grid of - L Topological map of
dynamically changing s n ord{ﬁélry day
environment [ ' environment

Imx1m resolu[io@\ physical environment in agents’ memory

Figure 2. Hybrid model of the environment consisting of a high-resolution grid and topological graph. Grid is
dynamically updated according to the changes in the environment. The graph is static and represents the path network
before the disaster.
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response Inter structure
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Figure 3. Integration of the seismic response analysis damage models with the evacuation simulator.
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Additionally, A, . provides information about the state of the inundated spaces due to
tsunami. This information is provided by a tsunami inundation simulator with updates in
10 min intervals, see Figure 4.

T .ﬂ;’ﬁi&?iﬁ_@?ﬁi"»ﬁg e ﬁ; ' 'ﬁ& w
] m.‘ % T, s

et S

I I.-f-.s('il ""*I Eon

(a) t=10 min

(¢) t=30 min (d) t=40 min

Figure 4. Snapshots of the tsunami inundation. Normal water level in cyan, inundated water level in blue (hatched).

4. Validating the model

One of the major challenges for the simulation of evacuations is providing confidence in the
model. It has to be shown that the model is able to capture the essential characteristics of
the evacuation (validation) and that the results are due to the emergence from those char-
acteristics and not the result of an artefact in the simulation (verification). The validation of
evacuation simulators is an area that requires further study and more and better techniques
to provide the desired confidence.

This section provides an overview about the ongoing validation process. This first stage on
validating the model is based on tuning the agents’ interactions, specifically their collision
avoidance with field observations and showing that after the tuning process the agents are
capable to reproduce these observed results. This section is intended to provide a general idea
of the validation process, for details on the parameters governing the interactions and the
resulting values from the tuning process please refer to Ref. [3].

The pedestrian-pedestrian interaction is validated by re-enacting observations in [4] in the
simulator. Monte Carlo simulations are performed varying the initial pedestrian densities
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and obtaining 100 samples for each in a one directional pedestrian flow. Figure 5 shows the
results of comparing the simulations results (whisker box plots with outliers) with the regres-

sion over the data [4].

A similar procedure is performed with the car agents, their characteristics are tuned with
data obtained in field observations in the Lincoln tunnel [5] and the results are plotted against

these observations, see Figure 6.
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Figure 5. Comparison between simulation results and field observations for the pedestrian-pedestrian interaction.
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Figure 6. Comparison between simulation results and field observations for the car-car interaction.

Finally, the interactions between cars and pedestrians are validated. For these observations
of cars and pedestrians interactions in Tokyo are recorded using a camera and quantified by
hand frame by frame. These observations involved cars moving through crowds of pedestri-
ans. The quantities are the cumulative amount of pedestrians in a square region in front of the
car and the time it took the car to cross the study area, dividing the study area length by this
time is what is referenced as the average flux speed. Figure 7 shows the results of the tuning
of parameters and the comparison of the simulation results with the field observations.

Density per lane (car/m)
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Figure 7. Comparison between simulation results and field observations for the car-pedestrian interaction.

Further parts of the evacuation simulator should be validated and verified, for example, repro-
ducing macroscopic fundamental diagrams extracted from mobility data from cell phones.

5. Parallel computing extension

As the simulator possess the ability to model and evaluate a large number complex and
heterogeneous evacuees in environments with sub-meter details the resulting high-compu-
tational load needs to be considered. The evacuation simulator takes advantage of high-
performance computing (HPC) infrastructure consisting of computing nodes containing
several CPU cores sharing memory within a node. These nodes are interconnected through
a high-speed network.

To take advantage of the HPC infrastructure the simulation needs to be segmented in smaller
pieces that can be dealt by individual computing nodes. For this purpose the environment, E,
gets divided into rectangles and the information about the evacuees currently in that area is
what is henceforth referred as a partition of the domain.

Hybrid parallelism using Message Passing Interface (MPI) and Open Multi-Processing
(OpenMP) is used to create the parallel framework [6]. MPI messages are used to communi-
cate the information between computing nodes and OpenMP is used to thread parallelize the
execution of the agents within a partition considering each agent’s execution a task. A run-time
weighted 2D-tree-based domain decomposition is used for determining the partitions in the
domain, see Figure 8. The use of a runtime weighted KD-tree for the domain decomposition
allows assigning approximately a similar execution load to each partition. The partitions are
provided with a ghost layer around it that keeps track of agents in neighbouring partitions,
this to ensure continuity and consistency in the simulations. The communication overhead is
amortized by executing the agents whose information need to be exchanged first and overlap
the communication with the execution of the agents whose information does not need to be
exchanged [7].
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Figure 8. Domain decomposition example.

Intra and internode scalability is measured separately to evaluate how it degrades and
where are the highest chances of improvement. Intra node scalability measures how the
thread-parallel part (OpenMP) of the implementation degrades as the tasks of executing
an agent are shared among a larger number of threads. The inter node scalability shows
the performance of using flat-MPI as the number of processes (and partitions) increases.
The intra-node scalability is tested using 100,000 agents in Kochi City area for 4000 time-
steps. Measures for intra-node scalability are taken using a single node in The University
of Tokyo’s FX10 system, 16-core SPARC64 IXfx processor with 32 GB of RAM in the com-
puting node. The inter node scalability is tested using 2 million agents in an 81 km? area of
Tokyo for 400 time-steps using RIKEN’s K computer, 8-core SPARC64 VIIIfx processor with
16 GB of RAM per computing node using flat MPI. Figures 9 and 10 show a comparison
with the ideal scalability.
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Figure 9. Intra node scalability.
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Figure 10. Inter node scalability.

6. Demonstrative examples

This section demonstrates the usage of the mass evacuation simulator it emphasizes the need
of incorporating fine level details and mixed mode evacuations. For a proof of concept dem-
onstration on the use of the evacuation simulator in an automatic evacuation management
system see [8]. Some of the selected hypothetical scenarios demand a detailed model of envi-
ronment, use of all available traversable area and complex agent functions, like the detec-
tion of blocked paths, navigation, etc. The ability to incorporate complex models of agents
and details in the environment highlights the advantages over the simplified 1-D models.
The purpose of these demonstrations is to show the capabilities of the simulator, they are
not intended to provide reliable results. Providing reliable results would require a group of
experts of different fields building and evaluating the behavioural models and assumptions
about the evacuation.

The demonstrations are separated into two groups: pedestrian only and multi modal evacu-
ation (pedestrian and cars). The robustness and variability of the scenarios in each category
is evaluated through Monte Carlo simulations and converged results are provided for the
relevant scenarios.

6.1. Pedestrian only scenarios

This section presents scenarios involving pedestrian only evacuations where changes in the
environment, different evacuation behaviours and mitigation measures are tested to high-
light the need of detailed modelling in mass evacuations and demonstrate the capability of
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the software to evaluate scenarios in a quantitative manner. First evacuation during daytime
is evaluated, then evacuation during night time and finally night time evacuation during a
special event are contrasted.

6.1.1. Common settings

For the pedestrian only demonstrations, a coastal city located in the southern part of Honshu
island of Japan is considered. This city was chosen as it has suffered from several historical tsu-
namis. The domain considered is 9.6 x 5.4 km? in a 1 m x 1 m resolution grid, see Figure 11. An
evacuation involving 57,000 persons is assumed. The evacuees are divided into two age groups,
below and above 50 years, and their properties are set according to Table 1. Regions with an
elevation above 30 m, shown in green, are considered as the safe evacuation areas. Evacuation
to nearby tall buildings is not considered since only a few tall buildings are available in this
coastal city. All the areas not occupied by buildings or water bodies are considered traversable.

The earthquake induced damages, A, in the region are estimated using a physics based
seismic response analysis simulator [9], with the strong ground motion of 1995 Kobe earth-
quake. The damage state of buildings are evaluated based on a simple standard criterion used
in earthquake engineering; buildings are considered to be damaged if the inter-story drift
angle is larger than 0.005 [10]. The occupied area is increased by 40% of the building height

5.4km

Figure 11. Environment for pedestrian only demonstrative examples.

Younger than 50 years (55%) Older than 50 years (45%)
Speed mean (m/s) 1.43 1.39
Speed S.D. (m/s) 0.11 0.19
Sight distance (m) 50 50
Pre-evacuation time mean (s) 1000 1000
Pre-evacuation time S.D. (s) 600 600

Table 1. Properties of the two age groups of agents for the pedestrian only scenarios.
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[11], if a building is deemed damaged. The grid is updated every 5 min, according to [12], to

mimic the tsunami inundation (i.e. A ); the arrival time of the tsunami is 15 min.

tsunami
6.1.2. Monte Carlo simulations

The results of simulations have a certain degree of uncertainty due to the presence of vari-
ous random variables. In order to improve the reliability of the simulation results, taking the
effects of these uncertainties into account, Monte Carlo simulations are conducted. The only
random variables considered in the present simulations are the distribution of evacuees and
their speeds.

To decide a sufficient number of simulations required for each Monte Carlo simulation,
1000 (=N) sets of evacuation simulations are conducted, and the convergence of standard
deviation of an influential quantity with respect to the number of simulations n, 1 <n < N,
is analyzed. As for the settings, the 1000 simulations are composed of randomly generated
agents’ initial locations and speeds, while the scenario considered is evacuation to high
grounds in the absence of earthquake disaster or tsunami inundation.

The standard deviation of the total number of agents evacuated after 40 min is considered
as the influencing factor, in deciding the necessary number of simulations per Monte Carlo
simulation, since total number of agents evacuated is one of the influential quantities. As
shown in Figure 12, the standard deviation of the total number of people evacuated at 40 min
converges (i.e. has negligibly low variation) for n > 400. In addition to the fore-mentioned
global measure, statistical data of number of agents evacuated at each 30 s interval are com-
pared as a local measure. Figure 13 shows the mean number of agents evacuated at each 30
s interval, for the two cases with n = 1000 and n = 400. As is seen, both the cases have nearly
identical mean values and standard deviations. Since both of above considered global and
local measures have converged when n > 400, 400 is set to be the sufficient number of simula-
tions for the convergence of Monte Carlo simulations. The value of sufficient n, depends on

90

o0

60 |

Standard deviation of n simulations

[

200 400 600 200 1000
Number of simulations, n

Figure 12. Standard deviation (S5.D.) of cumulative number of agents evacuated by 40 min, from 2 to 1000 simulations.
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Figure 13. Mean number of agents evacuated at each 30 s intervals.

the number and the nature of the random variables considered, and the real applications may
require a larger value.

6.1.3. Day time evacuation during an ordinary day

Under day time evacuation, four scenarios are considered; without any damages to the envi-
ronment, with earthquake disaster; with tsunami inundation; and with both the earthquake
damages and tsunami inundation. For all these cases, the 57,000 resident agents are consid-
ered, while they are positioned within 20 m proximity of buildings initially.

Figure 14 shows the time histories of cumulative number of agents evacuated for each of the
four scenarios. As is seen, both the earthquake damages and tsunami inundation reduces
the number of evacuees almost by the same amount. The effect of the tsunami inundation is
mostly attributed to the inundation of a few critical bridges in the study area. Comparing the
effect of manually blocking these bridges with the effect of the tsunami inundation shows
similar results, see Figure 15.

However, while the effects of earthquake damages start to appear at early stages, the effect of
tsunami inundation appears after 20 min; as the tsunami arrival time is 15 min.

6.1.4. Night time evacuation in an ordinary day

Due to various factors like low lighting conditions, being tired, sleepy, etc., evacuees tends
to have different behaviours in night time evacuations, compared to those of day time; late
to start evacuation, have slower walking speeds, may seek for safer routes, etc. The scenarios
considered here aim to model mainly the effects of lower visibility and the tendency to take
safer roads.
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Figure 14. Time history of cumulative number of agents evacuated (mean of 400 simulations). Effect of environmental

damage.

100
90
80
70
60

40
30
20
10

Cumulative agents evacuated (%)

Undamaged domain

- - =Undamaged domain with tsunami
inundation

— Undamaged domain with critical
bridges hlocked

0 500

1000 1500 2000
Time (s)

Figure 15. Time history of cumulative number of agents evacuated (mean of 400 simulations). Effect of damaged bridges.

It is assumed to be a full moon light and the earthquake has damaged the environ-
ment causing a complete power failure. Accordingly, agents’” maximum sight distance
is reduced to 15 m [13]. Due to the lack of information on the effect of lighting condition
on the walking speed, the walking speed of the two groups of agents are set according
to Table 2 [14]. The lower visibility not only lowers the walking speed, but also makes it
slow the identifying of blocked roads; require making close examinations to confirm their

paths are blocked.

When evacuating right after an earthquake, like the present scenario, people tend to take
paths with longer stretches of wider roads to lower the probability of encountering blocked
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Max visibility radius Younger than 50 years (%) Older than 50 years (%)
15 m visibility (0.2 Ix) 70 50
30 m visibility with 15 Ix 90.6 83

Table 2. Pedestrian speeds under different lighting conditions (the value is set as a percentage of their desired speed, for
example, if the desired speed is 1 m/s the modified desired speed is set to 0.5 m/s if the agent is older than 50 years old
and under 0.2 lux lighting condition).

roads, depending on the intensity of ground shaking they experienced. The standard path
planning algorithms like Dijkstra algorithm allow the use of strong constraints like the
minimum width of a road, etc. However, the present scenario requires weaker constraint
to find paths with longer stretches of wider roads as far as possible, while strictly satis-
tying strong constraints on total time or/and distance. As an example, an evacuee may
prefer to take wider roads or avoid narrow roads as far as possible, and while ensuring to
reach a safe place before the tsunami arrives. In order include such weak constraints, the
standard Dijkstra algorithm is slightly modified [1] by introducing two distance measures;
the actual distance, and a perceived distance. When estimating the perceived distance,
the roads wider than the preferred width are reduced in length according to the level of
preference.

Figure 16 compares the ordinary day time evacuation with that of night time with and with-
out the effects of earthquake and tsunami. As is seen, there is nearly 30% reduction in number
of evacuees between the day and night scenarios without earthquake and tsunami effects. The
damages in the environment further reduce the number of evacuees by almost 8%, at the end
of 40 min. These results highlight the ability of the developed system to take different influ-
encing factors like lighting conditions and the preference of safer roads.
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Figure 16. Time histories of total number of evacuated agents for day time and night time evacuations and in an ordinary
day.
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6.1.5. Night time evacuation during festival occasion

This scenario involving large number of visitors further emphasizes the need of detailed
model of environment and complex agent functions, while those are necessary even for the
former scenarios. The visitors are assumed to have no knowledge of the environment, and
following others, with gfnt-afllowe gnd ghllwenazent jg their only way of reaching a safe place.
That makes their visibility, which requires both detailed model of environment and complex
agents, crucially important for the survival of visitors.

Just as in the previous night time evacuation scenario, it is assumed to be a full moon night, an
earthquake has damaged the environment causing a power failure, and a tsunami is expected
to arrive in 15 min. 18,000 visitors and 18,000 residents are assumed to be participating in the
festival, which takes place in a 14 km? rectangular area shown in Figure 17. Agents partici-
pating the festival are distributed across the streets and open spaces, while another 39,000
residents are distributed over the whole domain. With full moon, 0.2 Ix of lighting and 15 m
sight distance are assumed, as in the former scenario. Another scenario with 30 m visibility
is considered, in order to explore the mitigation measures of installing emergency lighting
of 15 Ix [14] at 30 m spacing which is equal to common street lighting. Maximum speeds of
agents under these lighting conditions are set according to Table 2. Further, it is assumed that
evacuees prefer to take safer paths, as in the previous scenario.

Figure 18 presents the results under the two lighting conditions considered. As seen, the low
lighting conditions have significantly reduced the number of agents evacuated, compared
that of an ordinary day. Further, it is observed that providing lighting of 15 Ix significantly
enhances the ability of the visitor agents to locate and follow others. An additional scenario
with moon lighting without the earthquake induced damages is simulated to further explore
the effect of lighting conditions. As seen in Figure 18, for this specific setting, the influence of
lighting conditions is significantly higher than the earthquake induced damages.

6.2. Multi-modal evacuation with pedestrians and cars

In order to demonstrate the ability to perform large scale urban area evacuation simula-
tions with sub-meter details considering the effect of car-pedestrian interactions a fictitious

¥
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Figure 17. The area of study during the festival.
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Figure 18. Simulation results under different visibility conditions.

tsunami-triggered evacuation in a coastal city of Japan is simulated. The effect of different
strategies and mitigation measures are evaluated. The aim of this section is not to provide
specific results to a real case scenario but to highlight the possibilities enabled by the intro-
duction of mixed mode evacuation and interactions to the evacuation model.

6.2.1. Setting

The fictional setting is a 6 x 6.5 km? area of a coastal city in Japan, see Figure 19. 40,000 evacu-
ees are considered with the properties shown in Table 3. The tsunami arrival time is assumed
to be 40 min as observed during the 2011 Great East Japan Earthquake and Tsunami which
struck that region. The pre-evacuation time, the time it takes for an evacuee to start evacuating
after the first earthquake shock, is assumed to follow a normal distribution.

G.0km

6.5km

Figure 19. Environment for multimodal evacuation simulation.
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Younger than 50 years Older than 50 years
Percentage 50 50 Variable
Speed mean (m/s) 15 1.00 9.00
Speed S.D. (m/s) 0.4 0.4 2.00
Sight distance (m) 30 30 30
Pre-evacuation time 900 900 900
mean (S)
Pre-evacuation time S.D. (s) 300 300 300

Table 3. Properties of the synthetic population used for the mixed mode evacuation scenarios.

The mean and standard deviation for this pre-evacuation time for pedestrians is obtained
from literature [15]. A significant fraction of the population in this area is elderly, hence, the
population is divided into two groups each constituting half of the population; pedestrians fast
representing young people, and pedestrians slow representing elder people. The speed of each
of each group is assumed to follow a normal distribution. Each vehicle is considered to carry
two evacuees, representing a pessimistic usage of vehicles. Evacuees plan their evacuation
route to the nearest evacuation areas.

6.2.2. Monte Carlo simulations

The instantiation of the synthetic population involves the initialization of random variables
according to a given probability density function, for example, speed, pre-evacuation time,
position in the domain. This allows to consider some of the uncertainties involved in real life.
By relying on the law of large numbers, with a sufficient number of results, a stable aver-
age outcome can be provided. Furthermore, with an estimate of the results distribution, the
robustness of the results of different scenarios can be compared. Figure 20 shows the conver-
gence of the standard deviation of the results with the number of draws/simulations.
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Figure 20. Convergence of the standard deviation of the results with the number of draws/simulations.
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After about 600 simulations the standard deviation has already converged this contrasts with
the pedestrian only simulations where convergence was achieved after 400 simulations, see
Figure 12. Figure 21 shows the mean and the standard deviation of the results of the cumula-
tive number of agents evacuated with 1000 Monte Carlo simulations. The zoomed in box on the
upper right corner shows a standard deviation of 0.42% in the throughput after 40 min, and in
the lower right corner 0.29% after 25 min. Additionally, Figure 22 shows the convergence of a
more sensitive measure, the number of agents evacuated at each 10 s interval. The rest of the
graphs present a single simulation result or the mean of 100 simulations; 600 simulations are not
conducted for each scenario to reduce the computational resources used for this demonstration.

6.2.3. Indiscriminate use of cars

The first set of simulations explore a scenario where anyone, irrespective of their physical
abilities, is allowed to use vehicles. Figure 23, compares the evacuation throughput with dif-
ferent percentages of evacuees using cars. It can be observed that as the percentage of evacu-
ees using cars increases the total throughput after 40 min of evacuation decreases. There is
an initial boost in the evacuation throughput especially during the first 25 min of evacuation.

Closer inspection shows the emergence of car queues along the roads connecting to some
evacuation areas. This is considered the main reason for the throughput decrease.

6.2.4. People in need restriction

In order to evaluate the effect of selective usage of cars a scenario where only people in need
are allowed to use cars is evaluated. People in need are defined as the evacuees having the
slowest evacuation speed in the synthetic population.

The results obtained by restricting the use of cars can be seen in Figure 24. It can be seen that
by applying this restriction an improvement in the total evacuation throughput of about 7%
over the base scenario is achieved. Additionally, higher percentages up to 50% of the popula-
tion can use cars without a significant impact in the total evacuation throughput. Moreover, it
can be observed that the queue emergence remains as a problem.
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Figure 21. Time history of the evacuation, mean and the standard deviation of the cumulative number of agents
evacuated with 1000 Monte Carlo simulations.
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Figure 22. Convergence of the number of agents evacuated at each 10 s interval.
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Figure 23. Time history of the evacuation varying the percentage of car usage. Anyone is allowed to use cars.
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Figure 24. Time history of the evacuation varying the percentage of car usage. Only the elder people are allowed to use
cars. 100 simulations mean and standard deviation.
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7. Concluding remarks

This chapter provides a generic mathematical framework usable for the specification of other
agent based systems providing a needed common language for comparison between models.
The techniques and results of tuning the agents’ interaction parameters are shown, showing
the constrained validity of the model but also providing a data driven future for modelling
agent’s interactions. The results of scalability measures showing intra node strong scalabil-
ity up to 8 threads and inter node strong scalability up to 2048 processes are shown. The
techniques used for the domain decomposition and load balancing are generic enough to be
easily extrapolated to other agent based systems. Finally, the demonstrative applications of
the simulator show a usage case where the detailed models of environment and the detail
of interactions are not only convenient but a necessity, highlighting the need of multi-agent
systems considering the micro level interactions and details.
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