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Abstract The aim of the study is to improve intelligent methods for supporting city
management tasks by monitoring the state of processes in the urban environment and
deliberately changing their parameters in accordance with decisions obtained using
predictive modeling. The chapter provides an analysis of the current state of the
cyber-physical problem of modeling processes in systems with people interaction,
existing methods for modeling the people movement in an urban environment, and
projects for modeling the people movement in a city based on a multi-agent approach.
The process of developing scenarios for moving agents in an urban environment is
shown. The main components of the software solution responsible for simulating
human behavior are presented.
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1 Introduction

Decisions effectiveness improving when choosing options for urban environment
development is one of the main problems of modern large cities. New approaches
to the management of urban processes are required because of the increase in popu-
lation, the complexity of urban processes, and the tightening of requirements for
the quality of urban services provided. Models suitable for studying various options
for changing the urban environment, organizing activities, and choosing the most
effective solutions can be built on the basis of an analysis of the functions of the city,
the processes, and behavior of residents in it [1].

The multi-agent approach is considered among many methods for modeling such
systems. Such an approach is to reduce the initial complex problem into a set of simple
tasks, and each “simple” problem is solved by a special program called an agent. An
agent is an independent software system that consists of program objects that have
the ability to receive an impact from the outside world, determine its reaction to this
impact and, in accordance with this, form a response action.

Agents as software entities are able to perceive the environment and respond
depending on the situation in which they are [2]. They are goal oriented, i.e. they
receive tasks and perform them, interacting with each other and with the environment.

The problem of increasing the adequacy of the developed models requires the
development of new approaches to modeling the behavior of actors taking into
account the interaction with the environment, other actors and the implementation
of a wide range of behavioral scenarios.

2 Existing Approaches to Modeling Human Behavior

Multi-agent modeling is currently an actively developing and promising area of
IT [3]. A multi-agent system is a system of several interacting intelligent agents
(programs). Entities in such a system are active (agents that respond to each other and
the environment) and have individual characteristics. Modeling takes place from the
bottom up, thus, behavior at the individual level forms the global level of the system,
which allows achieving from low to high levels of abstraction. The simplicity of the
initial implementation of such a system is due to incomplete data on the environment
and the agents themselves that may cause subsequent difficulties in the interactions
formalization [4].

The agent-based approach has been shown to be effective in describing a wide
variety of processes. Nevertheless, there are too many unsolved problems associated
with the implementation and ensuring the adequacy of multi-agent systems [5]. So,
there are many approaches to modeling the behavior of intelligent agents in multi-
agent systems. It makes sense to consider the main ones.
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2.1 Modeling the Behavior of Intelligent Agents
in Multi-Agent Systems

Rule Based Behavior Model. The organization of a rule-based behavior model
assumes that the agent will behave identically in each similar situation, guided by
the rule that the programmer set for him. Rules can be entered based on the current
state of the agent, or they can be absolute and not depend on it. Setting rules based
on the state of the agent or its parameters allows to provide some variety of behavior,
but can’t achieve realistic behavior [6].

Behavior Model Based on the Finite State Machine. The behavior of an agent
with various states can be modeled on the basis of finite state machines. The state
may reflect the conditions in which the agent is: hunger, thirst, fatigue, and others.
The most famous variant of this approach is called GOAP and is successfully used
in game projects on a global scale (FE.A.R., ST.A.L.K.E.R and others) [7]. This
approach implies that the activity of the agent is regulated by his state and the purpose
of this state. For example, the agent in a state of “hunger” must achieve the goal of
“eat” before it can switch to another state. The need for an agent to achieve a goal
determines the need to build a chain of actions aimed at achieving this goal.

Finite state machines allow you to simulate a fairly varied and realistic behavior
of the agent. However, the addition of new states to the model involves a substantial
revision of the entire model in order to add new relationships between the new and
each of the existing states [8].

Behavioral Model Based on Behavior Tree. The behavior tree is an oriented acyclic
graph whose nodes are agent behavior options. The tree starts from the root node,
which sends the child a signal for execution and receives the state of the nodes in
response: “Running” if the node is still running, “Success” in the case of successful
implementation and “Failure” in case of failure. Variable agent behavior can be
modeled using such a system. Also, the behavior tree, being a kind of finite state
machine, has an undeniable advantage in the form that with the increase in the number
of available states, the complexity of the tree does not grow as fast as the complexity
of the automaton [9, 10].

Model of Social Forces. The model is based on Newtonian dynamics to describe
the movement of pedestrians and shows several natural behavioral phenomena of
pedestrians in the process of movement: pedestrians choose the shortest path; move
at an individual speed, taking into account the situation, gender, age, restrictions;
keep a certain distance from each other. The distance depends on the pedestrian
flow density and speed. The pedestrian movement in the model of social forces is
described by the sum of the forces acting on it. The position in space, the speed and
acceleration of a pedestrian at any given time can be learned by compiling and solving
a system of differential equations describing the action of social forces [11, 12].
The necessary accuracy of calculations and sufficient realism of pedestrian
behavior can be obtained with the right settings. But the operation of the algorithm
is characterized the by low speed with the high complexity of implementation, as
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well as the need for high computing power. Moreover, the model has a low level of
abstraction (micro level) [13].

2.2 Application of Multi-Agent Modeling in Gaming
and Research Systems

It is also worth considering specific applications of multi-agent modeling. There are
a number of applications designed to solve modeling problems in transport systems.
Among such applications can be noted TRANSIMS, MIRO, MobiSim, ARCHISIM,
SimMobility Freight and others.

There are also alternative multi-agent platforms such as GAMA, MadKit, Repast,
Jade and NetLogo, which include basic components for creating agents from any data
set, as well as the ability to perform large-scale modeling with millions of agents [14].
High-level agent programming languages, such as NetLogo or GAML, are offered
to refine such systems.

The platforms under consideration can be universal, like GAMA, or highly
specialized, like MATSim [15, 16], which has tools for modeling traffic flow using
queue theory. The main advantage of the platforms under consideration over competi-
tors is the use of multi-agent modeling, due to which the possibility of micromodeling
of traffic flows and the environment is achieved [17, 18].

A multi-agent approach is also used in most computer games to simulate the
behavior of non-player characters (NPC) [19]. It makes sense to pay attention to
some specific games in the context of considering ways of modeling the behavior of
the urban population.

Thus, in the series of games The Elder Scrolls [20], the Radiant Al game artificial
intelligence system [21] is implemented, which describes the behavior of NPC and
their behavior throughout the day. The behavior of the characters is subject to a
plan according to which at a certain time of the day the character sleeps, takes food
or walks around the city, while visiting places of interest and meeting with other
characters for short conversations. This approach to modeling enables to create a
realistic model of pedestrian movement in a settlement.

The Grand Theft Auto [22] series of games implements a larger-scale model of
the city, which includes, in addition to pedestrians, vehicles, rail and air services. The
optimization in this series is designed so that it does not clearly track the movement
of all agents: characters that are not in the player’s field of vision do not physically
exist in the game, and appear only when they enter the field of view. A traffic system
in which cars drive only on roads and observe traffic signals can be noted among the
advantages of the model implemented in these games.

More realistic traffic system implemented in the Mafia game series [23]. Cars in
these games observe the speed limit, independently determine from which row they
can turn, and wait for the police in the event of an accident. In addition, the game is
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able to track traffic violations: police can write a fine or detain a player for speeding,
driving in the oncoming lane or through a red traffic signal, and for traffic accidents.

Multi-agent modeling can be successfully used in games where it is designed to
diversify the game environment and provide a comfortable immersion of the player
in its world, and in serious geographic information systems (GIS). The ability to
model each agent with special properties individually is actively used in GIS. Due
to this, it is possible to carry out accurate modeling of urban processes and predict
changes in the urban environment.

3 The Proposed Approach to the Development
of an Agent’s Behavior Model in an Urban Environment

An adequate model in some approximation, which corresponds to the simulated part
of the space, can be obtained by describing the basic rules of interaction and the
necessary properties of agents. Each agent in the developed system is a model of
a person (an actor with free will) or other entities of a living and artificial origin,
who are participants in a conditionally dependent dynamic interaction and capable
of transporting material and information resources.

The proposed method for constructing a model of state change allows working
with events of a measurable scale. Rules of behavior are based on the essence of
the roles and properties of the personality that shape its needs. The realization of
needs launches certain scenarios of behavior, which, ultimately, are expressed in the
sequence of actions of agents. The consequence of each action is a certain state in
which the actor goes into and which causes a reaction due to rules, physical, social,
legal and other restrictions in accordance with the conditions of the real world. A set
of behavioral patterns of actors forms an integral model of the macro level [24].

An approach using the BDI paradigm [25] (a model of beliefs, desires, and
intentions) was used in this study.

Beliefs is information about the patterns and condition of the environment that
an agent can receive. The assumption is made that the agent’s information about the
world can be erroneous and incomplete, therefore it is only the agent’s view of the
world, and not reliable fundamental laws and environmental information.

Desires is the aggregate of all the goals that the agent would like to achieve.
Desires must be consistent with each other. It is assumed that the agent will not be
able to realize all his desires (goals), so he must limit their list and choose the most
important ones.

Intentions is a collection of plans and scenarios for achieving desires. Intentions
determine the direction of activity. The agent is trying to find ways in which he could
fulfill his intentions. Intentions limit future choices, because an agent cannot create
and accept new intentions that are incompatible with those that are already in the
process of implementation. Intentions have a long life. The agent will make new
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plans in case of failure of the current, until it succeeds. An intention can be deleted
from the list only if the agent realizes that the intention is not feasible [26].

The BDI approach is based on the desire to analyze a person’s mental activity,
processes and understanding how and on what basis people make decisions. The
basic algorithm of the BDI agent actions is as follows:

1. Determination the goals to which the agent will strive.

2. The choice of those goals, the implementation of which the agent will try to
achieve.

3. Determination of methods and scenarios for achieving selected goals.

The behavior of an agent can change under the influence of factors such as weather
conditions in the area of its location, the presence in the field of activity of certain
physical objects, as well as the activities of other agents. The result of choosing a
scenario for achieving goals based on a combination of data from the world and other
agents is the impact: the movement of a person in space, as well as the opposite effect
on other agents.

4 Development of the Module for Human Behavior
Simulation

It was decided to implement a client—server architecture in order to separate the
functionality of the application. The C# programming language, which has proven
itself to be the best in the speed of developing complex projects, was used to write
the server side of the system.

The client part of the system is written using the JavaScript language. The Open-
Layers open source library was chosen as the framework for working with the map
[27]. The WebSocket communication protocol is used to implement closer interac-
tion between the browser and the platform, with the ability to work in interactive
mode with support for real-time applications.

“NetTopologySuite” framework used to work with map objects [28]. This
framework is a port of the JTS Topology Suite framework written in Java.

Geometry classes support modeling points, lines, polygons, and collections. The
geometry is linear in the sense that the boundaries are determined by linear interpo-
lation between the vertices. The geometry is embedded in a 2-dimensional Euclidean
plane. The vertices of the geometry can also have a value of Z.

User-defined accuracy models are supported for geometric coordinates. Compu-
tations are performed using algorithms that provide reliable geometric calculations
for all exact models.
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Fig. 1 Brief diagram of system components in the form of UML 2.0 components diagram

4.1 System Architecture

An extensible motion simulation system has been developed to meet the requirements
described above. The architecture of this system is client—server, and also divides the
program into a kernel and modules that implement individual tasks. This architecture
is shown in Fig. 1.

The main part of the system is the server, which is responsible for the simulation.
MapManager loads the map data on which the simulation will take place before
starting the simulation. GenerationManager creates all objects and agents and places
them on the map using its submodules. After that, each agent has a destination on
the map to which it must get.

MovementManager is responsible for moving agents around the map and updating
the values associated with it. The InteractionManager module is used to implement
the interaction of agents with objects and with each other. StatisticManager collects
statistics for all agents and objects in the system from the moment the simulation
starts, and also provides access to statistics data from past simulations.

4.2 Development of Pedestrian Moving Algorithms

The construction of the pedestrian behavior algorithm will be considered as an
example. In general, the process of modeling the movement of people is reduced
to updating the state of objects with a certain frequency and changing this state, as
well as the number of objects themselves and many other.
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The system needs to create new agents to get started (see Fig. 2a). The scene is
filled with the necessary number of agents (pedestrians) at the start of the program
according to the developed algorithm. Each agent is assigned a route consisting of
the starting and ending points of the path, as well as a set of points through which
the agent must pass along the road. The agent disappears from the scene and must
be replaced by a new agent as soon as it reaches the endpoint of its path.

The process of modeling agent behavior is as follows. The agent is initially
assigned a standard scenario: following from the start point to the end with periodic
updating of the state of the agent under the influence of external and internal factors.
An agent may be assigned a new, non-standard scenario, as a result of updating the
state: for example, following another agent, stopping movement or changing a route
(see Fig. 2b).

The process of executing standard and non-standard scripts will be discussed later.
The standard scenario involves following from the starting point of the route where
the agent was created (left the house, from work or from transport) to the destination

While the number of
agents s less than
required

Generate new agent

Build agent route

If the number of
agents has
decreased

Get the probability of
a non-standard
scenario

Proceed with the

standard scenario

Define a custom
scenario

Start scenario
execution

Fig. 2 Algorithms to run simulations: a algorithm of filling the scene with agents, b scenario
assignment algorithm
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point (work, home, store), where it will be deleted (see Fig. 3a). The agent path is
indicated by dots. The option of waiting one agent for another with subsequent joint
movement to a given point is a non-standard scenario (see Fig. 3b).

Until the new
waypoint is the last

If there is an

v jobstacle in the way

A 4

Get around an
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Pass the next
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Remove an agent
from the map

Until another agent
appears in sight
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Generate a new
endpoint for the
shared route

JE —

Choose speed

H

Execute standard
scenario

b

Fig. 3 Pedestrian moving algorithms: a standard scenario, b non-standard scenario
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Fig. 4 Visualization of pedestrian behavior

4.3 Pedestrian Behavior Implementation Example

At the moment, several models of behavior of actors in the urban environment have
been implemented. Modeling pedestrian behavior will be discussed in more detail
below.

Figure 4 shows the result of modeling pedestrian behavior. The main program
window is occupied by a map, on top of which individual agents (pedestrians) are
shown in circles. As a result, points (simulated objects) appear on the map at the
same coordinates where they are located on the server.

The main scenarios of pedestrian behavior are indicated by the numbers in Fig. 4:

1. The standard scenario of a pedestrian following from a start point to an end point.

2. The movement of pedestrians relative to each other if the speed of one pedestrian
is higher than the speed of another.

3. The situation of stopping both pedestrians in one place, for example, for
conversation.

4. Joint walking of pedestrians in one direction (the speed of this pair is equal to
the speed of the slowest pedestrian).

5. The scenario in which one pedestrian waits for another in order to continue
moving together.

The running model visualization is always available on the project website https://
live.urbanbasis.com/ [29]. The software package core implements simulation at the
multiprocessor computing cluster of VSTU [30].


https://live.urbanbasis.com/
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5 Conclusion

The main methods for modeling agent behavior and tools for its implementation are
considered in the study. The main approaches to the construction of scenarios of
the behavior of actors are studied: the behavior of individual agents in a multi-agent
system is modeled on the example of pedestrians. The developed model demon-
strated such advantages as the ability to individually customize each actor, due to
which high variability of the behavior of the same type of entities is achieved. The
bulkiness and the need for high computing power for operation can be noted among
the shortcomings of the resulting model. The tasks for further correction of the model
taking into account the current results are identified.

A generalized behavior model of the urban system, as a system describing the
interaction of independent agents, system actors, is planned to be developed by
complicating the behavior models of actors, as well as increasing the complexity of
interactions between elements of the system. This will make it possible to predict
changes in processes depending on changes in parameters (properties) of the urban
environment. The presence of this forecast will allow to timely influence the current
situation by choosing options for changing the situation depending on the set perfor-
mance indicators. It is especially important that the simulation results can help in
decision-making in the event of emergencies that have not previously occurred.
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