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Abstract

Water supply remains one of globally recognised challenging problems due to
the scarcity in the water sources, the environmental concerns and hardness in
access to clean and fresh water. Besides, energy consumption is also under fo-
cus as much as access to fresh water is. Substantial research efforts have been
spent to produce good solutions for each of these global problems. However,
there is not much investigated on considering both issues together in the same
problems structure. This paper focuses on efficient planning and control of
water supply in a middle-size water-rich city using a multi-agent approach to
handle the problem with respect to a number of key performance indicators
including energy efficiency, given a variety of water resources including con-
structed and natural reservoirs. A particular case scenario is considered and
its mathematical model is developed in order to optimally plan and control
fresh water supply to the metropolitan area of the city introduced in the
scenario. The multi agent system has been used for production control of
untreated water from different water resources. The evaluations have been
done through episodes and the results are encouraging.
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1. Introduction

Water resource management remains as one of the prominent activities
in the modern urban life to sufficiently supply and distribute fresh and clean
water. The issues in this regard attract lots of research attention and in-
vestigations over the years. Clean and fresh water supply is recognised as
one of the global issues under the focus of United Nations across the globe
due to the fact that very large populations live in difficulties to access clean
and fresh water to drink and for sanitation purposes, while the wasted vol-
ume of natural water resources are substantially solid [1]. This obliges to
optimise use of water resources and efficiency in supply subject to the needs
and cleanness. A number of studies have been carried out to optimise water
supply systems with various respects [2, 3]. Water resource management is
not a new subject, which has been studied for long time, however, it still
takes so much attention due to the scarcity of fresh water resources, and
environmental challenges. Works have been done considering more integral
views and changing circumstance [4, 5, 6, 7]. Researchers keep investigating
new approaches and studying for better solutions and further performance
enhancements taking many issues and requirements into account from all
stakeholders, whom were not counted before [2, 3, 8]. That enforces use
of new technologies, e.g. internet of things (IoT) and artificial intelligence
(AI), and the ever-growing computing power for higher efficiency in supply,
delivery and management.

Energy efficiency and power consumption are another two very important
issues, globally under focus, and attracts significant attention. The long
term cost of natural resources for power generation and the scarcity in power
resources oblige energy saving and efficiently use similar to fresh water cases.
It is known that a number of water resources can help generate hydro-electric
power without harming water quality with respect to cleanness. Although
a number of studies have undergone to investigate for better water supply
and management systems, none of them have considered power generation
and water supply in the same problem structure, to the best knowledge of
the authors. This paper extends the idea presented in [9] that proposed an
optimisation model for water supply planning and a multi agent system for
control as part of water resource management.

The rest of the paper is organised as follows: Section 2 introduces wa-
ter resource management in general following with a optimum planning and
control models for water production and distribution. Section 3 presents the
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corresponding methods and materials including a multi agent system pro-
posed for water production control as part of water resource management,
Section 4 provides the details of numerical experimentation and discussions,
while Section 5 provides the final conclusions.

2. Background

This study attempts to apply multi agent systems as one of cutting-edge
AI technologies to water resource management, which is one of outstanding
and prominent real-world problem. It covers mainly update of water resource
management and a particular hypothetical case with energy efficiency in
mind. The following subsections overviews relevant subjects accordingly.

2.1. Water Resource Management

Water resource management involves all levels of enterprise/corporate
management including strategic, tactic and operational levels. The scope of
this paper is limited to operational level, where interaction with tactic level
is reasonably frequent. The activities in operational level are handled in two
stages; the planning and control stages. The research reported in this paper
mainly focuses on both planning and control functions in water resource
management extending the study reported in [9]. The planning function is
handled with a pre-developed mathematical models to optimise water supply
and feed these results into the control functions, where a multi agent system
is proposed to manage all control activities.

A number of recent researches have paid attention on comprehensive ap-
proaches to resolve the issues around water resource management, with all
relevant aspects, within a larger enterprise scope. A broad literature review
on water resource planning using evolutionary computation is provided in
[10], while [4] and [5] widely discuss a comprehensively integrated system for
water resource management and optimisation. [6] proposes an integrated ap-
proach for solving the same problem for a particular metropolitan area of a
Chinese city. Similarly, [7] introduce an approach for Peru. The main differ-
ence between these works and this study is the role of energy efficiency and
power generation within the problem structure. We propose this approach
with the vision of water resources optimisation together with power gener-
ation and use. The water resource sharing among multiple major users has
been modelled and studied by [11] in which sustainability, sufficiency and
the way of corporation have been considered in the planning model. The
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involvement of many geographical sites and compulsory collaboration, one of
state-of-art technologies, internet of things ([12]) extended with multi agent
modelling [13, 14], has been considered in this study. The main motivation
behind this idea is to furnish the nodes of IoT system with intelligent compo-
nents so that the developed bespoke IoT model can be as decisive and timely
as possible for high efficiency in performance. Multi agent systems were used
to model water resource management systems in various respects [15]. [16]
have proposed a game-theoretic multi agent system for optimisation of wa-
ter resource allocation. [8] introduces a water allocation system modelled
and optimised as a multi-objective optimisation problem. A very similar ap-
proach is implemented by [17] to solve water management problems modelled
as distributed constraint satisfaction problem using a multi-agent system ap-
proach. [18] provides a nice review on use of mathematical programming for
water resource management under uncertainty. There has not been any study
conducted planning and control of supplying water from multiple resources
that have different water characteristics using multi agent systems.

Water supply service is fulfilled in two phases as explained before; plan-
ning phase in which the amount of water is planned to production for supply
and control phase, which is about the distribution through the urban pipeline
network. The planning (water production) phase involves extracting water
from the sources, processing it to a usable quality and pumping to corre-
sponding water towers. The control (water distribution) phase is all about
supplying water from corresponding water tower to final destination.

2.2. Planning for water production

Water production process mainly involves with extracting water from re-
sources, e.g. lakes, dams, wheels etc., and processing it to a usable quality for
domestic use in household. The production process with all involvements is a
planning process in which the demanded water for domestic use is required to
be made available in desired level of quality, hence, it turns to a constrained
optimisation problem. A metropolitan area is supplied with produced water
from N number of water resources/reservoirs, which have offer unprocessed
water in different qualities. Let xt = {xt,n|n = 1..N} be the vector of real
values representing the water volumes extracted from N resources at time t,
the time index within the time period of T . t ∈ T . The cost that incurs to
produce xt is ct = {ct,n|n = 1..N}, which is the vector of unit cost ct,n to
extract xt,n volume and process it to supply via a water tower. This process
repeats independently for each water tower, hence, it is not considered as

4



a dependent or independent variable. The total cost of water production is
aimed to be minimised with an objective function as follows:

Zp =
T∑
t=1

N∑
n=1

ct,nxt,n (1)

The production cost per unit of water volume covers pumping and cleaning
(processing) operations denoted with cpt,n and cct,n, respectively. We are aware
that some water resources are constructed dams in which power generation
can be achieved whilst water extraction, which can help reduce the produc-
tion cost per unit of water volume. Then, another cost item, cgt,n should be
considered within costing operation. The final cost per volume can be cal-
culated with ct,n = cct,n + cpt,n − cgt,n. Here, cgt,n is an approximate quantity
estimated through a function f(et,n) which can be customised subject to the
circumstances, where et,n is the amount of power produced from falling water
from resource n, e.g. a constructed dam, at time t, and can be calculated
using an energy function such as g(xt,n), which can be detailed from power
generation processes. The total produced water should be sufficient to meet
the demand, Dt, at time, t.

N∑
n=1

xt,n ≥ Dt ∀t ∈ T (2)

It is known that each water resource, n, has a particular capacity, which
is identified with upper and lower boundaries, λmin,n and λmax,n. Water can
only be extracted from resource n, if the water level, lt,n, is above the lower
boundary as follows:

xt,n =

{
0, lt,n ≤ λmin,n

xt,n, otherwise.
∀n ∈ N ∀t ∈ T (3)

The water level is dynamically updated with detailed models in hydraulics,
but, it is, here,approximately estimated with lt,n = lt−1,n+Φ, where Φ repre-
sents the natural water accumulation per water source. Finally, each water
resource brings its own quality parameters, which play important role in
water production process. The prominent quality parameters can be muddi-
ness of the water, µt,n, the pH level, ρt,n and other cleanness parameters,
Ø, need to be taken care for an acceptable quality level qn,t, i.e. qual-
ity of water extracted from resource n at time t, for the water to be con-
sumed domestically. On these basis, a quality index can be estimated with
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qn,t = wµµt,n⊕wρρt,n⊕wØØ, where w = {wi|i = µ, ρ..Ø} can be the weights
to normalise the relation and ⊕ is an operation to compose all relevant terms
into the quality index, which can be customised based on the expert knowl-
edge and environmental circumstances. A threshold of quality, say Ω, needs
not to be exceeded per unit of produced water volume. Here, the quality
should be applied to water volumes extracted from all water sources as fol-
lows:

N∑
n=1

qt,n
xt,n
≥ Ω ∀t ∈ T (4)

Eq.4 imposes an nonlinear property to this model, which is required to be
linearised if linear programming approaches would be used to solve the prob-
lems implemented with this framework.

This set of equations (Eq.1 - Eq.4 ) can be pulled together to make up the
mathematical model for planning water production as in the set of equations
(Eq.5). The aim is to optimise water volume extracted from different types
of reservoirs, such as natural lakes, constructed reservoirs (dams), to supply
in the metropolitan area of a city. It integrates water production and supply
problem with energy efficiency bringing the impact of energy into the water
production process through cost coefficients. Here, it is assumed that the
power generation is separately handled and the results are fed into the model
in costing form. Optionally, the energy can be co-optimised alongside water
production and supply using multiple objective optimisation models, but,
this will impose considering many other factors, which would enforce to ignore
the priorities of this study.

This model is aimed to be used for planning purposes and, hence, consid-
ers discrete data flow over the periods of time, e.g. days, weeks or months.
The quality of the water to be supplied requires to be over a particular level
for health and safety concerns (regulations), while the cost of supply varies
due to reservoirs circumstances. Therefore, the volume of water to be sup-
plied is required to be a mixture from different resources, where the quality
level and pumping costs need to be optimised.
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Minimise

Zp =
T∑
t=1

N∑
n=1

ct,nxt,n (5)

Subject to:
N∑
n=1

xt,n ≥ Dt ∀t ∈ T

xt,n =

{
0, lt,n ≤ λmin,n

xt,n, otherwise.
∀n ∈ N ∀t ∈ T

N∑
n=1

ωt,n
xt,n

≥ Ω ∀t ∈ T

xt,n ∈ R

Production planning model offers a flexible water production plans in
master level for targeted time period through episodes. The framework is
kept flexible and adaptive for time periods, where T can be counted on a
daily, weekly, monthly or seasonal basis. This feature makes it easier to plan
according to time sensitivity. On the other hand, with N , the number of
resources is kept flexible and new resources can be included in the planning
at any time. In the model, the distribution centre is assumed to be made
from a single location. If there is more than one distribution warehouse,
there will be a variety in costing and a change of model will be needed.

2.3. Optimisation for distribution

Planning model for water production does not consider suburban de-
mands and distribution aspects, but aims water production for the overall
metropolitan area. The corresponding distribution can be modelled as ca-
pacitated p-median problem due to the logistic nature of the problem, where
the entire metropolitan area would be supplied with clean and fresh water
through a wide-area pipeline serving from multiple water towers.

Let P be the number of water towers serving to the entire metropoli-
tan/urban area and M be the number of customers put demand forward.

7



Each customer i will be served with yi,j amount of water from tower j through
the water distribution pipeline, which incurs ci,j per unit of water volume.
It is important to note that a capacity is imposed per water tower, Kj, and
each customer puts a demand, di forward. The aim is to minimise the cost
of supplying the demanded water volume within the time window that the
demand is requested for.

Zd
t =

M∑
i=1

P∑
j=1

ci,jyt,i,j ∀t ∈ T (6)

where the total distribution cost over the time period T will be Zd =
∑

t∈T Z
d
t

to be considered as the final objective function of distribution model.
The demand by each customer is ensured to be met with the constraint

of
∑

j∈P yi,j ≥ di, ∀i ∈ M , while to be conscious of the capacity of each wa-
ter tower with

∑
i∈M yi,j ≤ Kj, ∀j ∈ P . This model is developed per time

window, which is applied to water production model. In order to run the
minimisation model with time in mind, the objective function and the con-
straints need to add another dimension to the variables accordingly; mainly,
the decision variable for water amount will be yi,j,t and the demand per cus-
tomer will be di,t, where the demand considered in production model will be
broken into portions per customer, Dt =

∑
i∈M dt,i ∀t ∈ T . It is paramount

to note that the demanded water volume per customer, dt,i, can only be
successfully delivered if it remains within the infrastructure capacity of dis-
tribution pipeline per time episode. In this study, we assumed that the
pipeline capacity is always available.

Minimise

Zd =
T∑
t=1

M∑
i=1

P∑
j=1

ci,jyt,i,j (7)

Subject to∑
j∈P

yt,i,j ≥ dt,i, ∀i ∈M and ∀t ∈ T (8)∑
i∈M

yt,i,j ≤ Kj, ∀j ∈ P and ∀t ∈ T (9)

yt,i,j ∈ R ∀t ∈ T (10)

Although the model does not look exactly like a classical capacitated p-
median problem, it can easily be converted into transforming the real decision
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variables into binary ones and releasing the model form the time-window
constraints.

The production and distribution models are set up and run separately,
despite that both are minimising cost. The total cost of operation can
be estimated with the simple sum of optimised objective function values,
Zoverall = Zp + Zd, although it is not a good idea to combine the both opti-
misation models into a single due to easing complexity.

3. Methods and Materials

The control stage of water resource management is about running the
management system in real time for delivering the required services. Plan-
ning stage helps develop master plans for water supply and use of resources
efficiently. That is the starting step for control stage. In order to control
the water supply whether the water quality is appropriate and if there is
any way of better delivery, a multi agent system is proposed in this paper,
where a number of autonomous agents collaborate towards running the sys-
tems as efficient as possible. The motivation behind proposing a multi agent
system is that the success in use of multi agent systems in various other
problem-solving purposes ([19], [20]), and running real-time control systems
successfully ([21]).

3.1. Multi agent system for production control

The proposed approach for the purpose of controlling water resource man-
agement is sketched in Figure 1. First of all, the logic presented in the figure
is implemented into a model of internet-of-things (IoT), where a network of
sensors equipped and arranged for real-time data flow and exchange. Then,
each node of IoT is converted into an autonomous agent with adding compo-
nents to the nodes to produce intelligent behaviours. The reason to do this
is to set up an intelligent cooperative system, which can deliver more than
what an IoT system can do. A good example for use of IoT in water resource
management can be seen in [22].

The architecture of the whole water resource management system is pro-
vided in Figure 1, where an IoT application equipped with multi-agents turns
into a network of smart devices, may also be called as Internet-of-Smart-
Things (IoST). Each node of the network, (e.g. IoST), is an autonomous
agent, which represented into pentagons and hexagons. The operative agents
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Figure 1: The proposed multi-agent architecture to handle water resource management

- Planning, RS1, RSN, Demand Control, Energy Control- are in shape of pen-
tagons, while only Moderator is in hexagon for differentiation purpose. The
dashed connector in between RS1 and RSN represents the possibility of more
resources to take part in the water production system, where each to be
represented with RSi.

A communication protocol is required to be installed as the media for
agent communication in which each individual agent would be allowed to
have interaction with any peer agent within the team. There is not any cen-
tral control imposed upon the whole system in which autonomous agents are
capable of one-to-one connection. This means that each agent is allowed to
communicate with every other single agent subject to the need of informa-
tion and knowledge to exchange. It can be noticed that the communication
among operative agents is depicted with solid arrows, while with dashed
arrows for moderator agent. The agents are furnished with all required ca-
pabilities; sensing information from the environment, communicating with
other peer agents, deliberating and concluding knowledge, decision-making
and actuating upon decisions made. The operative agents need to be devised
with different capabilities subject to the roles taken up.

Autonomy is one of the most important characteristics of agent-based sys-
tems in which proactiveness of agents is maintained for required intelligence
and collaborative behaviour. The agents will remain listening the system
and other peer agents for stimulus to act upon. The autonomy of operator
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Figure 2: A state machine diagram for autonomy

agents is presented in Figure 2, where autonomous behaviour of an agent
on each node is devised with a finite state machine using 3 states; action,
interaction and monitoring. Transition between any two states are triggered
with the stimulus captured from the environment, where an agent initially
remains on monitoring state unless it receives a triggering message to move
to action state. The action state is to fulfil the duties, which are the agent
designed for, where each agent is devised with a number of functionalities
to take actions for delivering the duties. Both monitoring and interaction
states are two special states in which the agents fulfil (i) monitoring the en-
vironment and the other fellow agents, and (ii) interacting with other fellow
agents to agree on collective behaviours. Transition from monitoring state
to interaction state without going through action state. Meanwhile, if the
task allocated to the agent requires interaction with other agents, the ac-
tion state will let it transit to interaction. The transition back to original
state, either action or monitoring state will happen once the communication
is completed. As seen in Figure 2, the agent will move back to monitoring
state upon the complete of duty fulfilment. All emergency alerts will come
through monitoring state triggering interaction and action states to run the
emergency action specified for each peer agent.

3.2. A Water Supply Scenario

In this scenario, a hypothetical company is assumed to be in charge of
water supply in a medium-size metropolitan area, where a number of water
resources are used to supply clean water in a certain quality to the urban
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Figure 3: Water supply scenario

area within corresponding metropolitan region. XYZ Co. is the company
in charge of water supply and sewage management of the metropolitan mu-
nicipality of the region. The company manages distribution infrastructure
and aims to increase efficiency of energy control throughout a project. The
scenario has been sketched out in Figure 3, where a water tower is supplied
with two reservoirs; a natural lake (Lake), and a constructed dam (DAM).
It is known that Lake has been used as the main water resource for the
metropolitan area to this day, but, it is also known that it cannot afford
the growing volume of the demand. This enforces the company to invest in
constructing new reservoirs on the river passing by the metropolitan area
being conscious about the quality of the water with respect to cleanness and
sanitation requirements imposed by public standards. The new reservoir
(DAM) commissioned by the company is expected to supply more water to
be consumed within the urban area for any kind of domestic use. The water
quality is known to be much preferable due to contained minerals and or-
ganic/inorganic pollutants. DAM is also planned to generate power through
a hydro-power plant (HPP), which can be used for production and distribu-
tion process of water supply; from resources to the towers and from towers to
the final destinations. Meanwhile, it is known that water supply from Lake
requires extracting from the bottom of the lake, which consumes a substantial
amount of power.

The resource planning and optimisation for described case in the scenario
would be implemented in two stages; in the first stage, the water supply will

12



be planned through the optimisation model for planning purposes, while in
the second stage the real delivery of water supply will be controlled, accord-
ingly. The control model is developed based on an internet-of-things model
extended with intelligent components, and hence, converted in a multi-agent
system to function in real time.

3.3. MAS implementation for water production process

The collaborative behaviour from a multi agent system is the outcome of
a well-established interaction and collaboration among the team of agents.
As planned and sketched in the architectural diagram (Figure 1), the entire
system is designed to build collaboration among the operational agents. An
implementation of coordination among the agents is shown in Figure 4, where
the operational agents only take role, no-mediator agent is recruited.

Figure 4: Agents interaction

Figure 4 presents two typical stimulus triggering water resource man-
agement system; the system is actuated with dt amount of demand for the
time being through Demand agent (DA), where DA organises the demand
requests communicating with planning agent (PA) for using existing plans to
run. PA evaluates incoming information, upon receiving the messages from
DA, matching the original optimum plan with the current circumstances,
benchmarking the quality levels, and checking the available capacities of the
resources to decide the volumes of water to be supplied from each resource.
Since there are only two resources considered in this study, xt,1 and xt,2 vol-
umes are requested from DAM and Lake agents, respectively, being mindful
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that DAM is to produce power, et,1, and Lake is to consume power, et,2, while
supplying the allocated water volumes. Both of these energy quantities are
used in calculating the costs of water supply as explained in Section 2.2 and
supplied into objective function, Eq. (1).

Table 1: Information exchange between two communication agents to handle water pro-
duction process per time period

Requesting
Agent

Responding
Agent

Request Response

DA PA
Demand, dt,
Quality Reqs. including Ω

Volumes, xt,n,
Quality parameters,
{qt,n,w, µt,n, ρt,n..Ø}

DA DAM
Volume required, dt,1
Quality Reqs., {w, µt,1, ρt,1..Ø}

Volume to supply, xt,1,
Supply period, πt,1

DA LAKE
Volume required, dt,2
Quality Reqs., {w, µt,2, ρt,2..Ø}

Volume to supply, xt,2,
Supply period, πt,2

LAKE ENERGY
Energy required, et,2,
Supply period, πt,2

Start time, πb
t,2,

Completion time, πe
t,2,

where πt,2 = πe
t,2 − πe

t,2

DAM ENERGY

Energy required, ert,1,

Energy produced, ept,1,

where et,1 = ept,1 − ert,1,

Supply period, πt,1

Start time, πb
t,1,

Completion time, πe
t,1,

where πt,1 = πe
t,1 − πe

t,1

PA ENERGY
Schedule for supply,

Πt = {πi
t,n|n = 1, 2, i = b, e} Confirmation

Table 1 presents the type of data and information exchanged in between
the agents while interacting to agree on collective behaviour for optimum wa-
ter production. Few new notations, dt,n, e

r
t,n, e

p
t,n,Πt, π

b
t,n, π

e
t,n, are introduced

in the table as part of request and response messages between requesting
and responding agents and described in the table. Once communication is
completed, the agents on both ends will mutually confirm.

The second entry into the water resource management system, as sketched
in Figure 4, comes through DAM agent as a stimulus, particularly when the
water level in the DAM excesses a pre-set upper boundary. The system
accepts yt as the volume of water to be discharged from DAM as matter
of urgency. Let λmin,1 and λmax,1 denote the thresholds for minimum and
maximum water levels in the DAM. Then, yt = lt,1 − λmax,1, which will
be stimulating the system until the water level reaches lt,1 ≤ λmax,1. The
water volume of yt is first passed to PA to evaluate if it is in sufficient
quality level and needed to be considered for supply outstanding demand.
If the quality level is satisfactory and there is an outstanding demand, PA
will allocate this amount to corresponding water tower for processing while
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generating et,1 quantity of power, otherwise, it will be used for producing
energy, (et,1). Obviously, the implemented MAS system for water production
does not only consists of the two entry points as sketched in Figure 4, there
are few communication and agreement episodes are provided in Section 4.

The multi agent model presented above is implemented considering the
scenario described above with more specific data and parameters. The main
focus goes on PA since it plays a very coordinating role as seen in Figure 4.
Therefore, the mathematical model presented above has been further spec-
ified with parameters to fit in problem structure specified in the scenario.
Few episodes of collective behaviours have also been introduced with details
of agent interactions in the following sections.

3.4. Implementing planning model

This subsection provides an implementation of the mathematical model
presented in Section 2.2 with data provided for a more specific case. It is sup-
posed that there are 2 water reservoirs; one natural lake and one constructed
dam. As described above, the fresh water from the natural lake is much
cleaner and in better mineral structures that what is extracted from con-
structed dam, while the water from constructed dam can be used for power
generation. There is one water tower in which extracted water volumes are
further processed towards desired quality level. It can pump water to water
tower if its cleanness is above a particular quality level, otherwise the water
will be used for power generation only.

The model given in Eq: (11) - (15) is derived to be more specific to the
circumstances described above for any time period, which can be specified as
in the following subsections. It is important to note that the water quality
constraint given with Eq: (14) consists of the sum of 2 fractions, where the
quality parameters have been identified as weighted sum of all quality pa-
rameters. The fractions impose a non-linear (quadratic) relationship, which
is required to be taken in consideration, ideally to be linearised for linear
programming problem solvers. Obviously, the new model requires to be fur-
ther specific with a particular time period and more parametric data, which
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come in the next 2 subsections.

Minimise

Zp =
T∑
t=1

ct,1xt,1 + ct,2xt,2 (11)

Subject to:

xt,1 + xt,2 ≥ Dt ∀t ∈ T (12)

xt,n =

{
0, lt,n ≤ λmin,n

xt,n, otherwise.
∀n ∈ N ∀t ∈ T (13)

qt,1
xt,1

+
qt,2
xt,2

≥ Ω ∀t ∈ T (14)

xt,1 and xt,2 ∈ R (15)

4. Numerical Results and Discussions

In this section, the multi agent model developed above for planning and
control of water production is demonstrated for daily supply across a typical
time period of a week. As expected, the planning stage is executed to pop-
ulate the planning agent (PA) with relevant knowledge and data. Then, the
production will controlled through out of daily operations.

4.1. Planning for weekly demand

Planning agent, PA, requires to run the mathematical model given in Eq:
(11) - (15) to plan water production for a time period of 1 week to meet
related demand. Suppose that corresponding data is collected and fed into
the model; then it turns the following format. The data are the cleaning
/ processing cost per unit volume for the first and second water sources
is cct,n = {2, 10}, the pumping cost is cpt,n = {15, 3} and the positive cost
(gain) arising from energy production is cqt,n = {0, 32}. The logic explained
in Section 2.2 has been applied to these cost data and corresponding costs
obtained as ct,n = {−20, 17}. It is assumed that the cost components do
not change over daily basis, therefore, they remain the same over the whole
time period of 1 week (7 days). The daily demand is known to be as dt =
{150, 145, 152, 155, 148, 149, 150} thousand tons, while the quality ratio is
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qt,n = {0.65, 0.35}, the water quality limit value is Ω = 120, and the lowest
water levels are λn = {3000, 10000} thousand tons, which is worked out in a
particular way and upper limits per xt,n calculated as {100, 80} per day or
{80, 100}. The model is revised as in the Eq: (16) – (21), which has turned
into a very simplified form.

Objective function:

Zp =
7∑
t=1

17xt,1 − 20xt,2 (16)

Subject to:

xt,1 + xt,2 ≥ dt ∀t = 1...7 (17)

0.65xt,1 + 0.35xt,2 ≥ 120 ∀t = 1...7 (18)

xt,1 ≤ 100 ∀t = 1...7 (19)

xt,2 ≤ 80 ∀t = 1...7 (20)

xt,n ∈ R (21)

Table 2: Optimum plan for daily water production supplied from both Lake and DAM
with different capacities for 7-day time period, T = 7

Day Demand Lake (xt,1) DAM (xt,2) Lake (xt,1) DAM (xt,2)
(t) (dt) (100 ton/day) (80 ton/day) (80 ton/day) (100 ton/day)
1 150 70 80 50 100
2 145 65 80 45 100
3 152 72 80 52 100
4 155 75 80 55 100
5 148 68 80 48 100
6 149 69 80 49 100
7 150 70 80 50 100

4.2. Production control of weekly demand

The production plan developed and specified above has been solved to
optimum with linear programming tools. This does not mean that the water
production will exactly follow the plan without any variations subject to real
circumstances of production environment. The plan will be executed through
the day time until the water produced met daily demand. The following
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episodes are to demonstrate how MAS controls the water production process
for daily demand, where each episode is a cycle of communication among
the team of agents to make a decision for taking an action and tackling any
emerging issue.

4.2.1. Episode 1

This episode consists of a very typical cycle of communication to ini-
tiate the daily water production in which DA starts interacting with PA
for retrieving relevant plan and schedule, then interacts with DAM and Lake
agents for their portion of supply subject to the circumstances. If the quality
level declared by each remains within the limits, the production is initiated.
Meanwhile, both DAM and Lake agents interact with PA to conform their
positions with the plan to run and with Energy agent to update their energy
consumption and production needs and information. We note that water
supply from DAM resource contributes to power generation while supply
from Lake requires consuming power to supply. All related data and infor-
mation exchange takes place through communication episodes are detailed
in Table 1.

(a) Communication order among agents (b) Individual interactivity of agents within the
episode

Figure 5: An episode of agents’ interaction to initiate a daily water production

Figure 5 presents the logic of communication among multiple agents tak-
ing part of water production control, where the graph provided in Figure 5a
represents the communication order within the team; the nodes present
named agents and the bi-directional connectors represent the interactions
in between two agents, the numbers that label the connectors is the order
of communication within the team. For instance, the connector between DA
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and PA declares that this is the first interaction this episode of communi-
cation. On the other hand, Figure 5b is a multi-plot figure represents the
engagements of individual agents through out of the episode.

4.2.2. Episode 2

This episode is about the cycle of communication activities to tackle the
alerts issued due to quality and capacity problems. It is reported that on
day 4 of the week, at mid-day time, DA is alerted of that the quality level of
supplied water from DAM falls short - below acceptable parametric threshold
of muddiness. Than, DA issues an alert to the rest of agent team to initiate
an new episode of decision making. The next step, as appears in Figure 6a,
is that DA contacts DAM to stop water supply into the tower. Then, DAM
updates PA and Energy of the new circumstances. DA interacts with PA to
re-plan and re-schedule the supply allocations.

(a) Communication order for Episode 2 (b) Agents’ interaction for Episode 2

Figure 6: Episode 2: DAM stops supplying water due to emergency

As soon as informed, PA realises that each water resource has supplied the
half of planned daily volume allocated to each. PA reconsiders the planning
model, identifies restrictions imposed, and realises that the daily allocated
capacity from each resource falls short to meet the daily demand. This
can be observed from Eq. (19) and (20). These two constraints are revised
accordingly to let meet the daily demand from Lake this time, borrowing
some capacity reserved for security use. The new constraints are relaxed
as follows: xt,1 ≤ 180 is to replace Eq. (19) and xt,2 = 0 is to replace
Eq. (20). The new model is solved to optimum and the obtained results are
tabulated in Table 3, where water volume allocated to DAM is set to 0, while
water supply from Lake is set to maximum capacity as seen. The original

19



demand for day 4 was 155 tons – 55 tons were allocated to Lake and 100 tons
to DAM to supply in the original plans as can be observed from Table 2.
Approximately, half of the allocated volumes, 25 and 50 delivered by Lake
and DAM, respectively, which makes up 75 tons. The rest of demand, 80
tons now all allocated to Lake under the new circumstances.

Table 3: New optimum plan for daily water production supplied from both Lake and
DAM for the rest of 7-day time period,

Day Demand Lake (xt,1) DAM (xt,2)
(t) (dt) (180 ton/day) (0 ton/day)
4 80 80 0
5 148 148 0
6 149 149 0
7 150 150 0

Once PA revised the plan and the schedule, DA is informed, then, the
new plan and supply schedule is sent to Lake by PA on its request for the
rest of delivery including the relaxation to use security capacity for the given
circumstances. Lake communicates with Energy to request power supply for
pumping with given power consumption time period details. Energy con-
firms with Lake and updates PA. That concludes Episode 2. The individual
engagement of each peer agent as part of interaction within Episode 2 is
shown in Figure 6b, where DA remains active until the complete decision is
made, while the other agents act upon arriving requests.

4.2.3. Episode 3

This episode is to reflect the communication cycle within the team of
agents to decide how to let DAM to resume supplying to water tower for
taking part of water production process. It is known that the water quality
parameter of muddiness is back to level of meeting the requirement at the
end of day 4. DAM takes initiative to inform the team of agents for re-
instantiating the original restrictions and start contributing to the process.
As seen in Figure 7a, DAM updates DA of the fitness to the quality, then,
DA interacts with PA first to revise the plan and generate the new schedule.

PA reverts capacity constraints to the original as in Eq. (19) and (20)
with a slight change to let Lake refill the security capacity used to cover the
shortage of supply from DAM in the previous episode. The new constrains
turn to be xt,1 ≤ 80 and xt,2 ≤ 108, where the original upper boundary
for DAM is increased by 8 tons per rest of remaining days of the week to
let Lake reserve sufficient capacity for next emergency case. As soon as PA
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(a) Communication order within the Episode (b) Agents’ interaction across Episode 3

Figure 7: Episode 3: Communication details of agent team to let DAM resume supplying
water

completes re-planning and generates the new schedule, DA is informed, the
new schedule is shared with DAM, Lake and Energy, then, DAM and Lake
updates their need for power and contribution to power. This will conclude
this episode. Communication details of each peer agent as part of Episode
3 are reflected on Figure 7b, where DAM remains active throughout the
entire episode, while the rest take part of the communication upon request.
Once all confirm their role and posses up-to-date information, the episode is
concluded.

Table 4: New optimum plan for daily water production supplied from both Lake and
DAM with new capacities for rest of 7-day time period. This is the new supply schedule

to let DAM resume contributing water production

Day Demand Lake (xt,1) DAM (xt,2)
(t) (dt) (80 ton/day) (108 ton/day)
5 148 40 108
6 149 41 108
7 150 42 108

Water supply from both resources, DAM and Lake, throughout one week
time period for water production and control using multi-agent system (MAS)
described above. The progress of production control with MAS has been
demonstrated through episodes presented in Figure 8, emerging issues have
been tackled accordingly. The graphs present hourly water supply per re-
source plotting the volume of untreated water hourly supplied from both
DAM and Lake, where Lake contributes less following the optimised plan
and schedule tabulated in Table 2. It can be observed that there is fluctua-
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tion on the graph between 80 – 100 hours on horizontal axis, which reflects
the supply stop applied to DAM due to muddiness level and resumed af-
ter 12 hours. The plots also demonstrates the change in the model due to
temporary capacity extension for DAM.

Figure 8: Untreated water supply from DAM and Lake for the complete 7-day time period

5. Conclusions

We have presented a multi-agent approach to handle water production
process of water resource management for metropolitan area of a hypothet-
ical middle-size city assuming that the water is supplied through a natural
lake and a constructed dam. Water production is followed by a well-organised
distribution phase, which is left out of the scope of this study. Water produc-
tion is supplied with untreated water from resources and applies operations to
process water to a desired quality. Due to characteristics of untreated water
from each resource would be different, a decision is required to be made each
time period to supply from one of the resources subject to the quality and ca-
pacity constraints. On the other hand, it is known that water supply from the
constructed dam can also be used for power generation through hydro-power
plant integrated into water supply facilities. This brings more complexity
items in solving this planning and control problem. Water resource manage-
ment, as a typical activity of enterprises, includes two fundamental stages
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by its nature; planning and control. In this paper, we propose solutions for
each stage, which makes our proposal a framework for enterprise level water
resource management. Planning stage is handled via optimisation models,
which suggest optimum breakdown of supply from each resource assuring
that the incurring cost, including energy consumption, remains minimum,
and the power generation is conducted in its highest capacity. Once the
planning is done, then the control of the real-time supply comes to the scene,
which is proposed to be handled with a multi-agent-based approach.

The generic planning model for water production is implemented in Sec-
tion 4 based on very hypothetical data generated for the proof-of-concept
purpose, and not yet validated to suit real cases. The optimum planning
results tabulated in Table 2 and the production control using a multi-agent
system has been demonstrated accordingly throughout episodes. Figures 5,
6, 7, 8 and Table 3, 4 show corresponding details which demonstrate the
control of water production. Episode 1 reflects how the agent team agrees to
start daily production process, while Episode 2 and 3 demonstrate how the
agent team takes action upon emerging circumstances to collectively develop
emergent behaviour, accordingly. Energy prices are included in costings,
while the amount of power generation can also be calculated once the func-
tional relation power generation per unit of water volume is redefined, which
remains as a future work.

The planning model is a single optimisation model in which a single qual-
ity measure, which is cost it this case, has been considered. Further to this
study, a multi objective optimisation model can be developed converting en-
ergy functions into another objective to sit alongside cost function. This
is due to that energy saving and power generation should play more active
role in optimisation process rather being treated as a standard constraint.
The same logic applies to water quality, which is statically considered in the
model. The quality of water can also be linked to more realistic estimation,
and be adopted as another objective. These are future directions of this
undergoing study yet to be investigated further.
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