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Abstract— Multi-agent system plays a crucial role in many aspects
of life. This refers to its ability to provide scalable and flexible
solutions to complex problems. One of these problems is the
management of resources in different cities around the world. In
this study, we have used the multi-agent system concepts to build
competent city resources management. Because of the time and
software complexity that arises from implementing the whole
system, we chose to implement one city entity, the energy entity.
Petri net is used to model the system mathematically. At the same
time, we used CPN tools software to simulate the system behaviour
in real life. The mathematical model and simulation results proved
that the designed energy MAS would achieve its goals when
applied in real life. In the future, we intend to complete the
construction of the whole system for better resource management
of all entities in the city.

Keywords— multi-agent system, Petri nets, CPN tools, FIPA
ACL.

I. INTRODUCTION

Although there are not some crucial issues that we would
not be aware of, many serious facts are unknown or known only
to a limited number of people. One of these issues is the rapid
growth of people worldwide. This issue raises concerns about
the production and progress in meeting people's needs [1]. The
inadequacy of meeting people's needs worldwide could cause
many problems in their lifestyles. These problems are related
to the economy, education, health, and many other areas.
Overcoming these problems is considered to be one of the
essential matters in countering humanity. One prime proposed
solution is efficient resource management to satisfy personal
needs despite massive population growth. This research
suggests a multi-agent solution to how efficient city resource
management can be accomplished.

A multi-agent system, in general, is a collection of
intelligent agents that work together, forming a system. Multi-
agent systems address problems that a single agent or

conventional method cannot solve effectively [2]. We propose
an approach that uses a group of intelligent agents, where each
agent is responsible for accomplishing a particular task. These
agents will interact with each other so that, in the end, the main
aim of the system is, in this case, to accomplish optimal
resource management. The resources in any city can be divided
into several categories, and a specific entity handles each type;
we suggested dividing the whole system into a group of
subsystems where each subsystem expresses an entity in the
city and is comprised of multiple agents that interact with each
other in the same subsystem and with other agents in different
subsystems. This way, each subsystem will guarantee sufficient
management of the resources in its entity and eventually ensure
competent resource management. Due to several limitations
that prevented us from performing a real-life experiment, we
used CPN tools software to simulate our system.

This study is organized as follows: Section 2 discussed the
related work on employing multi-agent systems in resources
management. In section 3, we presented our research's problem
statement and objectives. In section 4, we introduced the
proposed system model. Section 5 describes the system
architecture. In section 6, we constructed the mathematical
system model. Section 7 illustrates the simulation in CPN tools
software. And in section 8, we discussed the results and future
directions.

Il. RELATED WORK

The fast-paced expansion of the world's population creates new
duties and obligations for humanity. This growth can lead to
numerous economic and social difficulties in the future.
Addressing these challenges and securing the resources
essential for human existence are among humankind's most
crucial concerns. In [1], the author presented the problems that
may occur because of the rapid population growth and the
reasons for them. After analysing the present situation and
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assessing the available opportunities, they found that the
decline of natural resources and adverse environmental changes
will result in socioeconomic difficulties, particularly as the
world's population continues to overgrow. They indicated that
meeting available resources with the rapid growth in people
comprises humankind's prime need. [3] In this context, tested
and compared different strategies for allocating resources and
establishing priorities using the home automation system.
Although the researchers presented strategies for efficient
energy management and optimal resource utilization, this was
limited to a home automation system. However, authors in [4]
describe a Smart City model that utilizes Multi-Agent Systems
and loT, giving cities intelligence through basic infrastructure.
Their model is designed to be repeatable and portable, forming
a blueprint for scalable urban development. The inability to
apply smartness to entities in every country is a difficult task at
hand. In the paper [5], the authors analysed, designed, and
developed a software-based simulation tool using agents to
replicate a Smart City's dynamic behaviour. While [6] outlined
multiple MultiAgent System (MAS) models created to tackle
diverse urban planning issues at various spatial and temporal
scales, including city and regional growth over several decades,
years-long regeneration and gentrification, and daily
commuting habits. Paper [7] examines the advancements in
Multi-Agent Systems (MAS) for energy consumption
optimization. In this field, MAS has primarily been applied to
demand response, simulation of human behaviour in smart
buildings, and management of Wireless Sensor Networks for
optimization decisions. These three areas have advanced as
MAS has advanced and have been used to model related
problems. However, work like [8] presents a Multi-Agent
System designed to gather and manage information from potato
crops, enabling the implementation of a precision irrigation
system. The proposed MAS is built on the Cloud Computing
framework and can collect data from Wireless Sensor Networks
(WSNSs) in potato fields for knowledge extraction and decision-
making. Relating to the employment of MAS in the educational
system, [9] propose a multi-agent system based on Al
techniques capable of performing broader analyses of learning
and teaching processes. While [10] outlines the design of a
Multi-Agent System (MAS) architecture using JADE. An
employer can utilize the MAS during an interview to assess
whether a job candidate possesses the skills and expertise
required in the job description. However, studies that addressed
separated resource management systems didn't delve into
smartly managing this separated resource and its effect on other
resources or entities in the same city. Studies that addressed
intelligent city management using multi-agent systems needed
to show relations and interactions between agents in their
proposed approach. Moreover, studies that involved using Petri
nets were mainly simple multi-agent systems, and none of
them-as far as we know- modelled smart city management
systems. So, our contribution is mainly centred on the
following:
i Utilizing Multi-Agent System (MAS) concepts, we
developed a robust model using coloured Petri net to
achieve optimal resource allocation by effectively

relating all entities in the system. Our study
contributes to the advancement of resource allocation
optimization in MAS by leveraging CPN tools
software to simulate system behaviour.

ii. Our research focused on modelling the Energy Multi-
Agent System (EMAS) in the urban environment
using Petri nets, enabling us to thoroughly analyse
and understand the dynamic behaviour and
interaction flow between agents. By utilizing this
approach, we make a significant contribution to the
field of MAS, particularly in the area of urban energy
management.

iii. Our study employed the CPN tools software to
simulate the behaviour of the EMAS, resulting in
insightful observations and findings. Through the
utilization of Petri nets, we have contributed to the
development of an efficient and accurate method for

modelling MAS, offering researchers and
practitioners a powerful tool to investigate complex
systems.

I11. PROBLEM STATEMENT AND OBJECTIVES

There are many sources available around the world. Still, the
exponential increase in the number of people and the
mismanagement of these sources is an obstacle to aligning the
number of people in different cities with available sources.
Proposed solutions using artificial intelligence to manage these
sources assume that Al can be applied to all cities. Still, this
solution can only be applied to some of the world's cities as
some countries, especially third-world countries must be
equipped for such a massive change. An intelligent
management system of entities inside cities based on multi-
agent systems is introduced. This proposed system will help
enhance the allocation of resources to all residents in some
cities by using software agents that continuously analyse
received information and interact with each other for optimal
behaviour and hence, optimal management of the whole city.

A. Obijectives of Research

i. To study and explore the concepts of a multi-agent
system.

ii. To design an approach for a city management
system to ensure optimal resource allocation to all
residents.

iii. To use CPN tools software for simulating and
analysing the proposed system.

IV.PROPOSED SYSTEM MODEL

The main goal of our system is to achieve optimal city
management. From this point, we divided our MAS into several
subsystems based on the entity it stands for. Each of these
subsystems contains several agents that cooperate to achieve
optimal performance. However, the proposed system is
considered complex because, in each entity, there are several
agents. Besides communicating with each other, these agents
are supposed to perform their tasks. This leads us to think about
a challenge that involves analysing and understanding the

178



International Conference on Advanced Technologies (ICAT’23)

behaviour and the flow of the events inside each subsystem. We
propose a mechanism to handle this challenge using different
methods. i.e., to realize the behaviour and the flow of the events
inside each subsystem, we suggested modelling the system
using Petri Nets. And to understand how the system might
behave in an actual situation, we will use CPN tools simulation.

A. PETRI NETS MODELING
Petri Nets, named after Carl Adam Petri, are a fundamental
model for representing parallel and distributed systems. The
central concept is to depict changes in a system's state using
transitions. A Petri Net consists of arcs that connect places and
transitions, where places can contain tokens [11]:
i Places symbolize states, conditions, or resources
that must be available before action occurs.
ii. Transitions symbolize actions.
iii. A token in a place means that the corresponding
condition is fulfilled or that a resource is available

Fig. 1 presents a simple net containing all elements in the

Petri net:
@ P1 Place with token

Arcwithcapacity1

T1 Transition

P2 Place

Figure 1: simple petri net diagram

From this, we can conclude that to represent a system using
Petri net, we first have to define the states of the system, the
actions, and what resembles tokens. Thus, when we use the
Petri net to represent the multi-agent system, the places in the
Petri net stand for the system states, the transitions in the Petri
net stand for actions, tokens in the Petri net stand for the data
that agents have in this system, and the flow of tokens through
the Petri net represents the interactions between agents.
Generally speaking, If we assume to have a finite set of states
or conditions in our system and a finite set of actions and a
group of agents that flow from one state to another, we can
represent this mathematically by this equation:

N=(P,T,1,0, mo) Eq. 4.1

The multi-agent system here is a tuple N, where:
i. P isthe finite Set of system states

ii. T isthe finite Set of actions

iii. 1 1sthe Set of input arcs

iv. O isthe Set of output arcs.

V. Mo: P — IN is the initial marking representing the

initial distribution of agents

There are various types of Petri nets, this includes simple Petri
nets, coloured Petri nets, timed nets, and stochastic nets. The

simple Petri net is like the definition: a digraph containing
places and transitions connected using arcs. The coloured Petri
net, on the other hand, is an extended Petri net where we can
differentiate tokens by colours. Whereas in timed Petri nets, the
transitions are attached to delay to allow them to model time.
Unlike stochastic Petri nets, we link delays to places, not tokens.
Since our multi-agent system consists of agents holding
information, the most suitable Petri net to use is the coloured
Petri net (CPN). Before modelling the system using CPN, a
sufficient description of the system architecture is needed to
understand the system clearly

V. SYSTEM ARCHITECTURE

Because our system includes multiple entities, which in turn
have multiple agents, we used a concept map to identify better
the system, agents, and agents' behaviour. This concept map
demonstrates all entities in the city, the subsystems in each
entity, the agents in each subsystem, and their possible actions.
This concept map can be found in the paper appendix. However,
due to time and software limitations, we only worked with one
entity: the energy entity, its subsystems, agents, and their
behaviours. Working on the other entities will be completed in
the near future.

A. ENERGY ENTITY

In each city, an energy entity is responsible for the fair
distribution of energy among all countries in this city.
Moreover, this entity is in charge of figuring out the amount of
energy consumed by each country to monitor whether any
country has excessive energy consumption. This entity has to
handle all issues related to the misuse of energy, which might
lead to permanent damage. Thus, we will clarify the basic
subsystems in this entity and agents and their behaviours in
each subsystem.

1. The basic subsystems in the energy entity
Fig. 2 shows the entities in general and the energy entity's
subsystems.
1) First Subsystem: Energy supply for all buildings
This subsystem consists of agents with different roles.
However, the data they collect and their communication
will guarantee that each building will have a fair amount
of energy, even those in remote countries.
a) Counting agents
As the name suggests, this agent's task is to count the
number of buildings and people inside each country and
create a list of the buildings' types. The number of counting
agents inside each country will be according to the
country's area thus:
i. Assign one counting agent for each 5 Km area.
Nbc = country’s area/5
ii. This agent will communicate with the sorting agents
to give them the list of buildings it created.
iii. Types of counting agents: these agents can be
software agents that receive data from sensors
installed inside the buildings.
iv. Time of working: in addition to counting buildings,
v. These agents count people inside the building, so
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they initially count the number of people and building
when first installed and then update their status when a
new building is constructed or when new people enter
the building.

city
environment

country

& s educational entity
health entity g g

industrial entity
agricultural entity

3 water entity
energy entjty
facilities energy
safety consumption
energy
supply

monitoring agent

emergency agent

data collection agent

counting agent SOrting agent

Figure 2:main entities in the system

b) Sorting agents
i. Sorting agents receive the list of building inside a
specific country and sort the building into several
categories. Such as: health, educational, industrial,
and residential categories.

ii. The number of sorting agents will be compatible with
the number of counting agents such that for each
counting agent, there will be a sorting agent which
receives the list and categorizes them

iii. Types of sorting agents: these agents can also be
software that categorizes buildings according to an
algorithm.

iv. In addition to communication with counting agents,
sorting agents will post the categories they created to
a blackboard so the data collection agents can use it.

2) Second subsystem: Energy consumption information

This subsystem's purpose is to calculate energy
consumption. Two assigned agents work together to
complete this task. The agents are:

1) Data collection agent

i. The data collection agent calculates the amount of
energy consumed by each building through build-in

sensors that send data about each building's
consumption

ii. It communicates with the counting agent and gets the
number of buildings and people in each country.

iii. From previous calculations, It has an initial energy
consumption value for each building. When it gets the
number of people in this country, it calculates the
amount of energy consumption with this equation:

Amount of consumed energy = Z(initial consumption value)

1
where k is the number of buildings

i. It then stores the amount of consumption in a database.
ii. Types of data collection agent can be software that
continuously receives the number of buildings and

calculate the consumption

2) City energy consumption agents
i. Similar to the job done by the data collection agents,
but instead of calculating the amount of energy
consumption, these agents calculate the energy

consumption of the whole city using this equation:

Amount of consumed energy = Z(initial consumption value)

1

ii. Where n is the number of countries in this city
They then store the amount of consumption in a
database for later comparison with other cities

iii. There is a threshold amount for energy
consumption. This threshold depends on the amount
of other cities' consumption with a similar number
of residents and factories.

iv. When this agent detects excess energy usage, it
performs some improvements, including either
legalization of power consumption, if possible, or
using an alternative power supply
3) Third subsystem: Citizens' and facilities' safety

This subsystem helps keep different facilities safe from any
danger that might happen due to some electrical faults. The
agents that are working together to make this happen are:

a) Monitoring agents

i. Monitoring agents continuously monitor the
electrical circumstance of the area they are
responsible for.

ii. When they detect a possible electrical danger, they
immediately alarm the interested parties so they can
take immediate action if needed.

iii. Different types of sensors can be used in each

building to send data to the monitoring agents
b) Emergency agents
i. It acts immediately When it receives an alarm from
the monitoring agent with the specified location

ii. Types of Agents that communicate with emergency
agents are communication agents in the health
entities that will take immediate action if there are
any injuries or communication agents in the fire
department when there is a fire in the building.

VI.THE SYSTEM MATHEMATICAL REPRESENTATION
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After we define the agents in the system, their behaviours,
and the actions they perform, in this section, we will present the
mathematical model of the system.

A few steps should be followed to represent the system
using Petri nets. First, we will present the structure analysis of
the system. This includes identifying the places, the transitions,
the input arcs, the output arcs, and the markings. For more
clarification, we have designed a simple Petri net that contains
possible states of the system when some agent receives data or
takes action. However, the next section will thoroughly explain
all agents' states and actions. Fig. 3 demonstrates this simple

Petri net.

P7

Figure 3:Energy system simple timed Petri net

From the figure, we can identify the following:
1. P (setof places in the system) = {PO, P1, P2, P3, P4, P5,
P6, P7}, while:

PO: state of the system when the counting agent is
ready to send data to the sorting agent and data
collection agent

P1: state of the system when the sorting agent
receives the building list from the counting agent
and categorizes the list

P2: state of the system when the monitoring agent
receives the sorted list from the sorting agent

P3: state of the system when the emergency agent
receives an alarm from the monitoring agent

P4: state of the system when the external agents
receive messages from the emergency agent.

P5: state of the system when the data collection
agent receives the number of buildings from the
counting agent and calculates the consumed
energy of all buildings.

P6: state of the system when the city agent
receives the amount of consumed energy from the
data collection agent and calculates the consumed
energy for the whole city.

181

P7: state of the system when the database is
updated.
P8: state when having an emergency or alarm.
2. T (set of system transition) = {T0, T1, T2, T3, T4, T5,
T6, T7, T8}, while:
= TO: the action of updating the database
T1,; the action of sending a list of the building
from the counting agent to the sorting agent
T2: the action of sorting building into different
categories and sending these categories under
request to other agents
T8: the action of detecting danger from the
surrounding and alarming the monitoring agent
T3: the action of evaluating the situation and send
to the emergency agent when the danger is
classified as a high risk
T4: requesting intervention from an external
agent in a high-risk situation.
T5: sending the number of buildings to the data
collection agent from the counting agent.
T6: the action of calculating the consumed energy
and sending the calculated amount to the city
agent
T7: calculating the energy consumed by the
whole city, identifying the excessive
consumption, and creating history.
3. I (set of input arcs) and O (Set of output arcs). Table 1
contains the | and O of each transition:

Transition Inputarc Outputarc

P3 PO, P7
PO P1
P1 P2
P2 P4
P4 P3, PO
PO P5
P5 PO, P6
P6 P7
P8 P2

Table 1: Transitions and arcs of the system

4. Marking of the Petri net after each transition:

Marking is the number of tokens in each place(state) after
each transition. Markings of the system can be represented
using vectors where numbers in this vector represent the
number of tokens at each place after the specified transition.
We first introduce a graph demonstrating the places
containing tokens after each transition to understand the
marking vectors. This graph is presented in fig.4.
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M0={2,0,000000.1  (pg) (P8 )

M5=000000.1000 (P5) M1=[0,1,0,0,0,0,0,0,0)

M2={0,0,2,0,0,0,0,0,0]

M6=[1,0,0,0,0,0,1,0,1]

M4=(0,0,0,0,1,0.0,0,0)

M3={0,0,0,1,0,0,0,0,0]

M7=[1,0,0,0,0,0,0,1,1]

Figure 4: Reachability graph of the energy MAS

The graph illustrated in Fig.4 represents a reachability graph in
Petri net. The reachability graph of a Petri net is a directed
graph that shows all the possible states that the Petri net can
reach from its initial marking.
The incidence matrix of the energy MAS is:
TO T1|T2|T3|T4 T5 T6 | T7 T8
PO1 -1 00 O0-1 10
PI O 1 -1 0 O
P2 0O -1 0
P3 -1
P4 0
P5 0O
Pe O
0
1

O o 0o o Qo -

0

=
o o = o o o o
O o 0o oo = o o

0
1
0
0
P7 0
P8

Column T represents how each transition's firing affects the
system's marking.

From here, we need to prove that our Petri net is reachable. This
means all possible states can be reached from the initial state
by firing its transitions.

In the context of a multi-agent system, all agents can achieve
their goals under the specified constraints and by satisfying
dependencies on other agents.

For this, let us start now by writing the initial marking as a
column vector:

o 0o o o o o o

0 0 0 0 0

'
B

=
Il
R

-

Similarly, we can represent firing transitions as column vectors
with one entry for each transition. For example, if we assume
that each of the transitions t0, t1, t2, t3, t4,t5, t6, t7, and t8 is
fired once:

Enabled transitions

TOT1 T2 T3 T4 TS T6 | T7 T8
No yes N0 N0 nNoO yes N0 no yes

We can express this using a column vector. We will call this
vector y. And hence, the resulting vector is:

<
I
coroocOoRr o

1

The result of firing these transitions can be computed from
this equation:

M =My+1y Eg.5.1

Where:
= M is the resulting matrix
= My is the initial matrix
= | is the incidence matrix
= y is the vector representing what enables the transition
By representing the equation with matrices:

21 1 -1 0 0 0 -1 1 0 0707 O
ol {01 =10 0 0 0 0 of/[1] |1
ol |0 o1 -1 00 0 0 1]{]o| |o
0l |-1 0 0 0 1 0 0 0 oflof [0
ol+lo 0 0 1 -1 0 o o0 ol.lol=]|0
o] o oo o0 o0 1 -1 0 of]1] |0
ol 1o oo o0 o0 o0 1 -1 oflof [0
0 000 00 O0O0OT1O0 ||of [0
L1 00 000 0 0 —-1dt1d Lo

Generally speaking, Let N be a Petri net with incidence matrix
I, and let M", MO be two markings of N,
The following implication holds:
o If M € reach(M), then there exists a vector y such
that:
oM =M+1- -y
Such that all entries in y are natural numbers.
On the other hand, we can use the above equation to show that
some marking is not reachable. We mean that if
M =M-+1-y has no solution for y; then we can say that M"
is unreachable.
In the context of a multi-agent system, checking for
unreachability is essential because it helps ensure that the
system functions correctly and that no unwanted behavior can
occur. In other words, if some state in Petri net is unreachable,
this means that this state cannot be reached from the initial state.
This leads to situations where agents cannot achieve their goals.
Therefore, checking unreachability is essential in verifying and
validating a multi-agent system.
Thus, we need to find y for each marking in the above equation
to ensure that our system is reachable and functions correctly.
1) Proving the reachability of the Petri Net
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= We have already shown the enabled transition after MO;
now we will move to find y for all other markings
> M1+1yl=M2

01 1 -1 0 0 0 —1 1 0 O 0
1] |01 -1 0 0 0 0 0 O 0
ol 1o o1 -1 0 0 0 0 1 2
of -1 0 0o 0100 00 0
0[+]0 0 01 -1 0 0 0 0].y=|0
ol 1o 0o 0 001 -1 0 0 0
of o 0o 0 00 01 -1 0 0
0 0000 0 O0O0 10 0
ol L1 0 00 00 0 0 —11 -0-
Solving for y2 :
0-
0
1
0
y2 =10
0
0
0
L0
This means that only t2 is enabled.
> M2+1.y3 = M3
07 1 -1 0 0 0 -1 1 0 0 07
o |01 -1 0 0 0 0 0 0 0
21 OO 1 -1 0 0 0 0 1 0
of |-1 0 0 0100 0 0 0
0[+]0 0 01 -1 0 0 0 0].y3=]|1
of o 0o 0 001 -1 0 0 0
of o o0 o0 o001 -1 0 0
0 0000 0O0O0OT1SO 0
0! L1 0 00 00 0 0 -1/ -0-

Solving for y3:

coocoorooO

This means that only t3 is enabled. Continuing with the same
procedure, we get the following:

107 (07 107 117 117
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
y4 =|1{,y5=|1|,y6 =|0|,y7 =|0],y8 =0
0 0 0 0 0
0 0 1 0 0
0 0 0 1 0
L0 L0- L0 L0- -0-

Finding these vectors proved that our system is reachable. And
hence, it functions correctly to achieve its goals.
2) Boundedness of Petri net
Another property of Petri net we need to check in our
system is whether the system is bounded or unbounded.
Boundedness in Petri net means that the number of tokens in
each place is finite. If a Petri net is unbounded, at least one
sequence of transitions can lead to infinite tokens in one or
more places. This can cause problems during the simulation or
execution of the Petri net, as it may not be possible to allocate
infinite resources to the system.
Therefore, proving the boundedness of a Petri net is essential to
ensure the stability and feasibility of the system it models [12].
» Lemma 5.1 (Finiteness of a set of firing domains)
Set of firing domains of a time Petri net is finite [13]
This Lemma implies that the number of transitions that can fire
is finite. It is essential because this implies that the system has
a possible number of finite states and ensures it will reach a
finite state.
The proof of this Lemma relies on the observation that a time
Petri net can only fire a bounded number of transitions in a
finite amount of time. Since the time intervals between
transitions are finite and bounded, the number of possible firing
sequences must also be finite.
Since our system is time, thus, it can fire a finite number of
transitions in a finite amount of time, which means that our
system is bounded.
However, we can also use the reachability graph to prove the
boundedness of the system. This can be done by determining if
the maximum number of tokens in each reachable marking is
finite. And since we have already drawn the reachability graph
and demonstrated the number of tokens in each marking, which
was finite, our system is bounded. Proving the boundness of the
Petri net in the context of multi-agent systems helps to ensure
the stability and efficiency of the system. It can help to identify
potential issues or limitations that may need to be addressed in
the design or implementation of the system.
3) Liveness of Petri net
The Petri net with initial marking MO is live if it is possible
to eventually fire any transition by progressing through some
different firing sequence regardless of what marking is reached
from MO. In other words, we can say that the Petri net is live if
its transitions are live. A live transition is a transition that is
always enabled from any reachable marking [14]. Again, we
can use the reachability graph to prove the liveness of the
systems' transitions. So, from fig. 4, which represents the
reachability graph, we notice that all transitions are live since
they are permanently enabled from the reachable markings. A
live Petri net guarantees deadlock-free operation, regardless of
the chosen firing sequence.
In a MAS, liveness analysis determines whether the system will
eventually reach a desired state or configuration, assuming all
agents behave as expected.
In summary, Reachability, Liveness, and boundedness are vital
properties that can be analyzed in a Multi-Agent System or a
Petri Net to determine the system's behavior and ensure it
behaves as desired.
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Agent State 1 Action State 2 Action 2
Counting agent | 1. Have an initial building list 1. Exchange building list with sorting agent 1. Have old list of existing Collect additional information from
(c-agent) 2. Have the initial number of buildings & |2. Exchange the number of building with the building Sensors
resident counting agent 2. Have old mumber ofbuildings
and people
Sorting agent | Initial condition of this agent: doesnot | 1. Request the existing listfrom the counting Have anew list of the existing | Categorize list
(s-agent) have an initial categorized list of the agent building in some country
existing building in a comntry 2. Classify the buildings in different categories
Data collection | Initial condition: without the number of |1. Request the number of building from the Calculated amount of energy Set the state of the country to
agent building in the specified country counting agent consumption in some country calculated
(d-agent) 2. Calculate the amount of energy consumption
of that country
City Initial condition: does not have the 1. Request the amount of consumed energy Calculated amount of energy of | 1. Decrease the amount of energy
consumption | amount of consumption in a city from the data collection agents in all the whole city for a specific country
agent couniries in this city Have an energy consumption 2. Require options for alternative
(city-agent) 2. Calculate the amount of enerpy consumed in | history ofthe city energy for excessive but
this city necessary energy usage

3. Categorize the over-consumed energy

4. Send notification to interested parties
Moni toring Initial state: no electrical faults detected | 1. Receive information from sensors 1. Electrical faults detected ina | 1. Continuous observation
agent 2. identify the building with electrical faults specific building 2. Detection of building with
(m-agent) 3. Cutoff electricity 2. Red flag/ electrical faults history

4. Classify type of faults history

5. Exchange with emergency agent
Emergency Initial state: no electrical faults need Receive information from monitoring agent Emergency detection require 1. Specify type of interruption
agent intervention interruption 2. Send alarmto interested
(e-agent) emergency agents from other
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In this section, we have mathematically proved that our system
functions correctly by illustrating the system's reachability,
liveness and boundedness proprieties. In the next section, we
will demonstrate the simulation results, which almost match the
results from this section.

VII. SIMULATION USING CPN TOOLS SOFTWARE

Since we used Petri nets to model our system
mathematically, we decided that the best way to simulate the
system was by using a software called CPN tools. It is a
software dedicated to simulating colored Petri nets. Given that
the agents in our MAS have different types and values of data,
it was appropriate to model the system using a colored Petri net.
First, we would like to identify the agents states and actions in
a table to make it easier to understand the simulation diagram.

Table 2 demonstrates the states of each agent and the actions
taken by these agents at each state. This table also shows what
possible interactions between different agents might occur. The
simulation of the energy MAS in CPN tools follows the table.
It is important to notice that the simulated Petri net is not the
complete system model since we mentioned earlier that the
whole city management system is very complex.

Hence, we only simulated the energy MAS.
The simulation results that we got from the software are in fig.

Home Markings
initial marking is home marking

Liveness Pr

Dead Markings
none

Dead Transition Instances
None

Live Transition Instances
all

Fairness Properties

No infinite occurrence sequences.

Figure 6: Simulation results

A) Results and discussion
After performing the simulation multiple times in CPN tools
(about 2000 iterations), we got the simulation results
demonstrated in fig. 6. These results ensure what we got in the
mathematical modelling section. i.e., that the result clearly
shows that:
= Our system is reachable, which means that all markings
can be reached.
= There are no dead transitions, which means that all
transitions are enabled (they are all live)

= Qur system has no deadlocks, meaning all agents can
make further progress as long as the resources are
available.

= This means that our system is live

= In the context of a multi-agent system, the simulated
system can achieve its goals and behave as it desires.

¢) Results in the context of multi-agent system and
energy distribution

In the preceding section, we demonstrated that our simulation
results confirmed the effectiveness of our multi-agent system
in achieving its goals. However, in this subsection, we aim to
showcase the significant impact of our system on the overall
objective of creating a fair energy distribution system. This can
be succinctly summarized by the following key points:

i. Our system enables continuous collection of data
regarding the growth of buildings in each country.
This translates into a scalable energy distribution that
is aligned with the increasing number of individuals
and buildings. Additionally, energy consumption is
carefully monitored to prevent excessive usage and
investigate any unexplained consumption.

ii. Our system features sorting facilities that categorize
different energy consumers, thus mitigating the risk of
energy cut-off for crucial facilities like hospitals and
schools.

iii. Our system provides constant monitoring of electrical
faults, thereby avoiding critical situations and
expediting emergency response, which ultimately
leads to reduced human and material losses.

Overall, our multi-agent system for fair energy distribution
proves to be a robust and dynamic solution that addresses the
complexities and challenges of the modern energy landscape

VIIl.  COMMUNICATION BETWEEN AGENTS

In previous sections, we identified the agents in our energy
MAS, their behaviours, and their actions under various
conditions. The simulation shows how these agents interact
with each other to achieve a goal or perform an action. However,
in this section, we will present the agents' communications and
negotiations with each other based on FIPA ACL language.

In energy MAS, agents communicate with each other to achieve
a particular goal. Some of them communicate with other agents
from other entities. Ultimately, this will help achieve the
common goal of the whole system. Each interaction between
any two agents that use FIPA ACL standards requires declaring
the interaction protocol, the communicative act, and the content
language inside each message. Thus, this section will present
some examples of messaging between different agents.

Fig. 7 illustrates a message between two agents according to
FIPA specifications; the main components are shown in the
figure:
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request
mess: . sorting agent
counting agent =< 1
= * Tist of types of <
. number of building S the facilities in | % request
+ number of people side country rezzace
%. o 2
Il I Eﬂ

=
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message resfionse
sage

commnicate with other

« detection of

take immediate action

da‘l:; collection agent

| city energy-consumption agent "

= energy consumed of

energy consumed of the each country

whole city
energy consumption subsystem B
environment
i i Additionally, Fig.8 shows a paradigm of exchanging messages

s (acl-masshon between agents in the energy MAS
:sender agentl '
ireceiver agent2

content language 4 :language sl
rontology fipa

interaction protocol < iprotocol fipa-request
:content (request (inform-ref :sender agen
ireceiver agent2
rontology weather

content of the message ¢ :content (current-weather "sunny")))

)

Figure 7:Components of a message between agents according to FIPA
specification

Figure 8: Paradigm of exchanging messages between agents

In this context, we have constructed examples of messages
between three agents in the Energy MAS. Table 3 presents
some of these messages.

The message code in FIPA-ACL Description of the message
(acl-message The message is using Semantic Language (SL) as the
:sender agentl content language and the "facility” ontology, which
‘receiver agent2 specifies the common terms and definitions used to
‘language sl represent and interpret the content of the message. The
rontology facility message is using the FIPA-request protocol, which
iprotocol fipa-request specifies the steps and procedures for making and

icontent (request (action (get-list-of-buildings "countryl"))

(esceivez-goal (sort-£acilitios)]] responding to requests for services or information. The

content of the message includes a request action that
specifies the action of getting a list of buildings in
"countryl" and a receiver goal that specifies the purpose
of the request, which is to sort the facilities according to
their types. Agent2 will receive the message and use the
FIPA-request protocol to process and respond to the
request based on its capabilities and goals.
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(acl-message
:sender agent2
‘receiver agentl
:language sl
rontology facility
‘protocol fipa-request
‘content (agree (request (action (get-list-of-buildings "countryl"))
(receiver-goal (sort-facilities))))

The message includes an agree action that indicates that
agent2 is accepting the request for a list of buildings in
"countryl™ and agreeing to provide the list to agentl.
The content also includes the original request action and
receiver goal from the request message, which helps to
clarify the context and purpose of the agreement

(acl-message
:sender agentl
:receiver agent2
:language ccl
rontology facility
:protocel fipa-request
:content (request
(action (get-list-of-buildings "countryl"))
(receiver—-goal (sort-facilities))
(constraint (number-of-facilities ?n > 10))
)
)

The message is using Constraint Choice Language
(CCL) as the content language because we have
constraints on the number of facilities that should be on
the list. the message includes a request action that
specifies the action of getting a list of buildings in
"countryl" and a receiver goal that specifies the purpose
of the request, which is to sort the facilities according to
their types. The content also includes a constraint that
specifies a minimum number of facilities in the list
(greater than 10).

Table 3: Examples of messages between agents

IX. CONCLUSION

The multi-agent system has many applications in every aspect
of our life, from Al and robotics to agriculture and ecosystems.
In this project, we employed the multi-agent system to design
competent city resources management. We devised a system
containing multiple entities where each entity has several
agents who communicate with each other to achieve the
system's common goal, which is to achieve the best resource
management in any city. Due to software and time limitations,
we could only simulate the energy entity MAS of this complete
system. We defined the agents of the energy MAS, their
possible behaviour, actions, and the possible communications
between them. We used Petri net to model the system
mathematically and CPN tools software to simulate the system
behaviour in real life. The mathematical model and simulation
results proved that the system works correctly to achieve its
goals. In the future, we intend to build a whole city management

system that compromises all essential entities of all cities.
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