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Abstract—Zamzam water is very important for all Muslims
worldwide, especially for Pilgrims and Umrah performers who are
visiting the two holy mosques in Saudi Arabia. Many movable
Zamzam tanks are dispersed in many places of the two holy
mosques. These tanks are available for pilgrims and visitors for
drinking. When the two holy mosques are crowded, visitors want
to know the locations of the nearest filled Zamzam tanks.
Administrators and operators also need to monitor tank statuses
for performing necessary logistics operations. In this study, we
proposed a novel 10T system for automating, monitoring, and
controlling water levels in Zamzam tanks in the two holy mosques.
The proposed system modifies the existing Zamzam tanks’
architecture to be smart tanks. The proposed system is analyzed,
modeled, simulated, and discussed. Simulation and discussion
show that the system is very useful for administrators, operators,
and holy mosque visitors as it saves time, decreases efforts,
automates logistics, and increases productivity. The system is very
important for stakeholders, especially in crowded seasons. The
performance metrics indicate that the proposed system is scalable
with minimal delay and higher throughput. Also, the proposed
system can participate in the digitalization of the two holy
mosques, achieving the Saudi Vision 2030.
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l. INTRODUCTION

The two holy mosques in Saudi Arabia are in Makkah and
Madina. The grand holy mosque, Masjid al-Haram, has a
capacity of about 2 million people when fully packed indoors
and outdoors [1]. The area for each person is only about 0.25
square meters in regular seasons. In peak seasons, each square
meter is available for twenty people in the Hajj season [1]. The
government of Saudi Arabia targets 30 million Umrah
performers and pilgrims per year, according to Saudi Vision
2030. The sacred Zamzam well springs from the grand holy
mosque. Zamzam water is rich in many minerals and has useful
components for all pilgrims, Umrah performers, and visitors of
the two holy mosques. Muslims consider Zamzam water blessed
(Mubarak) due to its greater benefits. Recent medical research
indicates the great benefits of drinking Zamzam water. Zamzam
water contains many essential minerals that are useful for
drinking. Also, Zamzam water has a large pH that has
antioxidant properties. So, Zamzam water raises body immunity
[2], [3]. For medical and religious purposes, Zamzam water has
been drunk for more than 4000 years [3]. Moreover, millions of
pilgrims and visitors carry some of the Zamzam water to their
families in their original countries for drinking.

Fig. 1. Example of five movable Zamzam tanks.

Zamzam water is distributed by many methods, such as
bottles, movable tanks, and fixed tanks. For example, about 40
million Zamzam bottles were distributed daily to pilgrims
during Hajj 2024. Additionally, the supply of Zamzam water can
reach 1.6 million liters daily in peak seasons. Movable Zamzam
tanks are approximately equal to 25,000 tanks in the holy
mosque. They are refilled at least five times daily. Each tank can
contain about 40 liters. These tanks are placed and dispersed
around the mosque. Fig. 1 shows an example of five movable
Zamzam tanks in the holy mosque. Despite the regular filling of
these movable tanks by operators, however, there is no
automated method exists for filling these tanks based on
accurate readings. Also, there is no automated method for
monitoring the statuses of these tanks. This issue represents a
problem for both administrators, mosque visitors, and Zamzam
operators. For administrators, they want to know the current
filling statuses of all movable tanks in the holy mosque. So, if
some tanks are empty or semi-empty, the administration can
give commands to Zamzam operators for filling empty tanks
instead of just filling these tanks at regular intervals. The
automated system will achieve operational efficiency, save
costs, and optimize resources, including human resources. Also,
administrators need to predict the future demand for Zamzam
water in certain locations of the holy mosque. Data analytics and
predictions are also required by administrators. For mosque
visitors and pilgrims, a map of the nearby filled Zamzam tank is
required. This is important, especially in crowded seasons,
where the movement inside the holy mosque is very tedious [4].
So, automation of knowing filled Zamzam tanks can save
visitors time and effort. For operators, they need to know the
locations of the empty Zamzam tanks instead of the current
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periodic routine checking of all movable Zamzam tanks. If
empty tanks are identified automatically, then the operators can
refill only those tanks, saving their time and effort.

In fact, automated methods of logistics management use
Industry 4.0. Industry 4.0 [5], [6] integrates advanced digital
technologies in manufacturing and industrial processes. Part of
Industry 4.0 is called logistics 4.0, which adopts advanced
technologies in supply chains. Logistics 4.0 can create
intelligence for the devices connected in the whole supply chain
to optimize storage and movement of products. The logistics of
Zamzam tanks in the holy mosque can be enhanced using
logistics 4.0 technologies. Such technologies may include 10T,
data analytics, artificial intelligence, and cloud computing.
These technologies efficiently enhance the logistics operations

[71.

The Internet of Things (1oT) refers to the connectivity of
things to the Internet to be smart. There is an increasing number
of loT applications in various fields such as transportation,
engineering, and many other fields [8]. 10T can be used for
automatic monitoring and control of movable Zamzam tanks in
the holy mosque. 10T can use sensors, embedded systems,
communication, and cloud technologies to monitor and control
water levels in movable Zamzam tanks in real time [9], [10].
This real-time monitoring helps in making real-time decisions.
Moreover, using IoT solutions assists in keeping an accurate
record of water levels in movable Zamzam tanks in the holy
mosque. The sensors can detect the water level in each tank.
Communication technologies can send water level information
to the cloud. The cloud can analyze sensor readings and make
appropriate decisions, including triggering and notifying
operators to fill empty tanks. On the other side, the absence of
an automated system for monitoring movable Zamzam tanks
makes great challenges to pilgrims, Umrah performers, and
visitors of the two holy mosques, especially in crowded seasons
such as Hajj and Ramadan. There are many losses that occurred
due to the absence of the automated system, including high
efforts, increased operational costs, and more time overhead. So,
in this study, we propose a novel 10T system for monitoring and
controlling movable Zamzam tanks in the holy mosque. The
proposed system has some subsystems that use logistics 4.0
technologies, aiming to automate monitoring and controlling
processes. The proposed system can decrease operational costs
and improve overall system efficiency. Also, the proposed
system decreases the efforts of administrators, visitors, and
operators. The proposed system is modeled and simulated. The
simulation results show the importance of the system for
resource optimization and cost reduction.

The rest of this study is organized as follows: Section Il
presents the necessary background of IloT technologies.
Section I11 presents the previous work. Section IV shows the
proposed system components. Section V analyzes the proposed
model, simulations, and discusses some of the performance
criteria. The study is concluded in Section V1.

Il. 10T TECHNOLOGIES

loT technologies could be adopted in monitoring and
controlling the logistics of movable Zamzam tanks. The
proposed system for automating monitoring and controlling
movable Zamzam tanks relies on 10T. An I0T system can consist
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of the following components [11], [12]: sensors, actuators,
communication, cloud, and software for monitoring and control
[9]. In this section, we will evaluate different technologies
related to movable Zamzam tanks automation. We will show the
merits and drawbacks of each technology used.

A. Sensors

The sensors’ subsystem is considered as the data acquisition
layer at the tank site [13]. Each tank is provided by a sensor to
measure water level in this tank. Selecting the right sensor to
detect water level in the tank depends on several factors. The
first factor is the type of tank monitored, where it is open or
closed. The required accuracy is another factor. Also, the type
of sensor used where its readings may be continuous or discrete
time. From contact point of view, there are two types of sensors:
contact and non-contact sensors. In our case of movable
Zamzam tanks, the tanks are closed. Also, continuous
monitoring of the water level in each tank could be achieved
using discrete time intervals (e.g. every minute). In this case, a
tradeoff is achieved between fast decision making and
continuous monitoring. This avoids network congestion. The
contact sensors touch water inside the tank. This is not practical
as the water inside the tank is prepared for drinking. Also,
contact sensors may be harmed if they touch the water inside the
tank. Additionally, contact sensors are not convenient for
Zamzam operators during tank filling process. So, the practical
approach is to use contactless sensors outside the tank for
monitoring water level in the tank. This achieves isolation
between the tank itself and the sensing subsystem increasing
convenience and reliability.

The most two popular non-contact sensors are ultrasonic
sensors and pressure (submersible) sensors [14]. Ultrasonic
sensors are mounted on the top of tanks. These sensors measure
the time the ultrasonic signal takes to the surface of the water.
However, these sensors cannot be used for monitoring Zamzam
tanks. They may be damaged by continuous handling of
Zamzam tanks by operators during filling processes. The second
type of non-contact sensors is pressure sensors. These sensors
measure the pressure resulting from the column of water in the
tank. The idea of these sensors is like a digital balance. As water
level in the tank increases, the weight of the tank also increases.
Eq. (1) describes the computation of water level height in the
tank:

14

h= o 1)

where, h the height of the water level inside the tank, p is the
pressure of water, p is the water density, and g represents
gravitational acceleration. However, pressure sensors are also
impractical in determining the quantity of Zamzam water in the
tank when being mounted on the bottom of the tank because
cleaning and handling issues can harm the sensors.
Alternatively, in the proposed system, we use pressure Sensors
after modifying the way that the sensors are mounted. We isolate
the sensors from the tank itself. The sensors are mounted
externally in the base of the tank, outside it. So, we avoid the
problems resulting from tanks handling processes by operators.
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B. Microcontrollers and Communication

Microcontrollers collect data from sensors. They are also
used for secure transmission of data. Examples of
microcontrollers include Arduino, Raspberry Pi, and ESP32 [8].
Microcontrollers can send sensor readings at every certain time
interval. In the proposed system, we propose sending sensor data
to the cloud every minute. This satisfies the tradeoff between
minimizing the amount of data transmitted and satisfying semi-
continuous monitoring of the water levels in the tanks. The data
transmitted every minute is very small, about only five bytes
representing the tank identifier and the water level in the tank.
The microcontroller is often equipped with a network
connection module, such as a SIM module or any other wireless
module. Occasionally, any small capability microcontroller can
achieve the required transmission of a small amount of data. The
microcontroller sends sensor data through the communication
network to the processing servers. The main wireless
technologies used for data transmission are Wi-Fi, Long Range
Wide Area Network (LoRaWan), and cellular networks [15].
There are many considerations that affect the chosen technology
from them. Wi-Fi networks can serve devices within the range
of wireless access points. Wi-Fi is suitable for indoor locations
like smart homes and smart buildings. The devices consume low
power when connected to Wi-Fi. There are no fees to connect to
these networks; that is, the operational cost is low. However,
congestion and interference can affect the performance of Wi-Fi
networks due to the unlicensed spectrum, which includes other
technologies such as microwave ovens and Bluetooth devices.
Although the merits of Wi-Fi connections, they are not suitable
for Zamzam tank monitoring as these tanks are dispersed along
a large area of the holy mosque. Also, some of these tanks are
already located outside the holy mosque. LoRaWan is another
technology that consumes low power. This communication
technology is suitable for small and infrequent data
transmission. It supports transmission for long distances with
minimal power, which saves battery life. A LoRa module could
be connected to the microcontroller supporting LoRaWan
transmission. However, access to a LoRaWan gateway is
required. LoRaWan is ideal for smart cities, smart agriculture,
and asset tracking. The main disadvantage of using LoRaWan
technology is the requirement of a gateway to act as a bridge
between loT devices and clouds. Gateways require additional
settings and infrastructure expenditures [15]. If this technology
is used in Zamzam tank monitoring, then gateways must be
established first. Compared to Wi-Fi, LoRaWan is better than
Wi-Fi in monitoring Zamzam tanks. The third option is the
cellular networks that connect devices to the server and cloud.
Cellular networks could be accessed anywhere and do not need
any additional infrastructure. These networks can connect
sensors embedded in Zamzam tanks regardless of the location of
the tank, either indoors or outdoors. While cellular-connected
devices consume more power than Wi-Fi connected devices,
there are some cellular technologies, such as NB-10T, that are
optimized for infrequent data transmission. Also, cellular
networks need a monthly fee for transmission. However, power
consumption is slightly higher than both LoRaWan and Wi-Fi.
The main advantage of using cellular networks is the greater
availability and the ease of tanks movement inside and outside
the holy mosque and in far places from the holy mosque. Also,
cellular networks are more stable and secure than Wi-Fi. For
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cellular networks, loT-specific plans are often cheap due to
sending only a few bytes of sensor readings. Interestingly, using
either 4G or 5G networks is sufficient for the proposed system
as the sent information is almost few bytes representing tank
identifier and a discrete sensor code represents a quantized
version of the sensor readings. The transmission occurs at a
discrete interval (every minute) to decrease the required
bandwidth and network congestion. Cellular networks are more
stable and reliable than the other two previously mentioned
networks as they use licensed spectrum managed by the carrier
[15].

From the previous comparison, we choose cellular networks
for sending tanks information to the cloud. That is because these
tanks are remote, movable, and may be moved to locations
where they are not being covered by other networks. This is due
to the large area of the holy mosque. Also, cellular networks do
not need any special infrastructure or handling. They could be
used as plug and play networks for network users. Due to the
large number of movable Zamzam tanks in the holy mosque
(around 25000), it is impractical to use other networks which
need additional settings, manipulation, and infrastructure.
Regarding power consumption, sensors and microcontrollers
can use low-power technologies which save battery life.
Additionally, the batteries could be also charged continuously
by using solar panels or any continuous electrical sources.

C. Cloud Computing

Cloud is a technology that can receive and store data
readings from sensors. Also, the cloud can perform many other
beneficial tasks, such as performing data analytics and machine
learning tasks. The output of data analytics is interpreted as
commands sent to the actuators. It can cover the journey of 10T
data from sensors to actuators, including storage, processing,
and visualization. Also, the cloud can handle millions of devices
simultaneously. It is often provided by a time series database,
which is suitable for the storage and manipulation of sensor data
that arrives according to predetermined time slots. Also, the
cloud could compress the data received if large amounts of data
arrived, making it a good option for future data analytics and
data mining. In the proposed system, the received sensor
readings are time series data for each tank. This is very helpful
in data analytics and prediction. For 10T, the most used cloud
providers include Amazon Web Services (AWS), Google Cloud
Platform (GCP), and Microsoft Azure [16]. 10T services of
AWS can provide massive scalability and a deep service
ecosystem. Microsoft Azure has great integration with
Microsoft products and tools like Power BI that offer data
analytics and visualization. Also, Google Cloud has powerful
machine learning and artificial intelligence tools and provides
advanced data analytics tools, including BigQuery.

All three clouds have data analytics capabilities and
integration with machine learning. In the proposed system, the
services offered by any one of the three cloud providers are
sufficient. The choice between them depends on the actual cloud
used in the site. The main advantage of using existing cloud
infrastructure is to reduce the costs of adding a new investment
in cloud technologies. Interestingly, the data volume and
velocity of the proposed system are not large. This is because a
small number of bytes are transmitted each minute, representing
the tank identifier and the quantized sensor reading. Even with
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the large number of devices used in the 10T, the overall data sent
is very small. The huge capability of the cloud can handle the
data sent without any delay.

I1l.  RELATED WORK

In this section, we will overview the related work regarding
smart logistics and automation, as Zamzam tank monitoring is
an example of smart logistics automation. In [5], the authors
review a lot of Industry 4.0 technologies concentrating on the
applications in the supply chain management field. In the
following subsections, we will review the related work.

A. Smart Logistics

In [7], the authors show the performance enhancements of
logistics by using Logistics 4.0 technologies. The authors in [17]
analyze the relationship between Industry 4.0 and Logistics 4.0
and discuss future trends, including operations such as
predictive analytics and sustainable practices. The authors in
[18] show the concept of Logistics 5.0, which is the recent
generation of intelligent logistics. They suggest human-oriented
operating systems to provide intelligent logistics solutions.
Moreover, the authors in [19] show some of the possible new
technologies of Logistics 5.0, including adopting robotics, edge
computing, Internet of Things, and artificial intelligence into
manufacturing and production processes. Also, they conducted
a survey on the importance of edge computing in logistics. A
large component of Logistics 5.0 is the loT systems.

B. loT Recent Technologies

The authors in [8] compare the performance of different
hardware platforms of 10T, including Arduino and Raspberry Pi.
The comparison includes programming capabilities, hardware
specifications, and some other factors. In [15], the authors
compare some different communication technologies used in
IoT systems, including LoRaWAN, Wi-Fi, and cellular
networks [15]. Additionally, the authors, in [16], analyze the
three popular cloud platforms: Google Cloud Platform,
Microsoft Azure, and Amazon Web Services using five different
benchmarks. The authors review some of the cloud features,
such as pricing and services. They state some considerations in
choosing the appropriate cloud model for organizations.

C. Related loT Systems

In fact, IoT may be used in different relative fields such as
smart irrigation. In [11], the authors propose a smart, low-
budget, loT irrigation system wusing an Arduino Uno
microcontroller and a Node-Microcontroller ESP8266. They
claim that their system reduces water wastage than the
traditional process. Cloud and mobile applications are used to
notify farmers. The communication is carried out through a Wi-
Fi module [11]. Also, the authors in [12] present an loT-based
system for smart irrigation. Four sensors are used to determine
soil status. Sensor readings are sent to a central control system
to control pumps. The system is supported by a mobile
application to notify farmers remotely [12]. Regarding
monitoring water level in tanks, the authors in [20] propose a
smart water management system to manage water stored in large
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tanks in Makkah, Saudi Arabia, in residential buildings. The
data is transmitted via cellular networks to the cloud for remote
monitoring. Also, the authors in [13] monitor and control water
level using an loT system in Saudi Arabia. The system can
monitor leakage. The system uses an Arduino Uno board
connected by an ultrasonic sensor. Data transmission is
performed using a GSM/GPRS module. The system controls
motors based on the actual water level thresholds [13]. The
authors in [14] use optical fibre sensors for real-time pipe
monitoring to detect leakage. The detection can be deployed
without pipeline bonding [14]. In [21], the authors propose an
IoT model to monitor and manage water levels in tanks. The
model uses ultrasonic sensors that send water levels to a
microcontroller. The system could be manually controlled by
users or automatically controlled through a mobile application
[21].

The authors in [22] propose an loT system using an
ultrasonic sensor that is designed to monitor water level in tanks,
either in farms or homes. The valves are controlled
automatically by the cloud. Water is substituted automatically if
it goes below some predetermined level. Also, a notification is
sent in case of empty, full, or failure tank status. Manual control
is also possible by the user. The authors in [23] propose an 10T
system that uses four sensors in a cistern. Some of these sensors
are assigned to measure water level in the cistern, whereas the
other sensors measure water quality. The system is controlled
using online dashboards. The cistern is automatically filled
when it becomes empty. The authors in [24] introduce an loT
system that uses an ESP32 microcontroller connected by an
ultrasonic sensor to monitor water level in a tank. The authors
emphasize the importance of monitoring and controlling water
in tanks for efficient management of resources and minimizing
waste [24].

From the previous survey and discussion, we can conclude
that different technologies could be used in loT systems,
including different types of sensors, microcontrollers,
communication technologies, and cloud services. The choice of
suitable 10T technologies depends on the intended application.
Although 10T technologies are adopted in many related fields,
such as smart irrigation and tank monitor and control, however,
10T systems are not yet adopted in the monitoring and control of
movable Zamzam tanks in the holy mosque, despite the large
number of tanks. Automation of Zamzam tanks monitoring is
very essential as the number of beneficiaries is millions of
people who visit the holy mosque for Hajj, Umarah, and visit.

IV.  PROPOSED IOT SYSTEM

In this section, we will review the detailed description of the
proposed 10T system for monitoring and controlling movable
Zamzam water tanks in the two holy mosques. The key
components of the system are discussed. These components
include sensing subsystem, microcontroller subsystem,
communication subsystem, cloud subsystem, and actuators
subsystem. The whole system is depicted in Fig. 2.
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Fig. 2. The proposed system architecture.

The first component of the proposed system is the sensors
subsystem, which measures water level in movable Zamzam
tanks. In the proposed system, we decided to use non-contact
pressure gauge strain sensors, like a digital balance, for
mechanical and environmental protection. The main advantage
of using this type of sensor is the isolation of the sensor's
circuitry from the water itself and from the tank itself. The
isolation is also convenient for Zamzam operators who handle
and fill the tanks a lot of times daily. Also, non-contact sensors
are protected against humidity, dust, heat, and other
environmental effects.

QLR

£

Fig. 3. The proposed modified sensor's subsystem.

So, we redesigned the external base of the Zamzam tank to
contain the sensor and its microcontroller circuit. This is used to
avoid contact with the tank itself. So, the proposed new design
of the tank's base is to add a strain gauge sensor in the base of
the tank. This sensor is covered by a metallic cover to carry the
tank itself and to protect the sensor's circuit. The sensor is
connected by a microcontroller and a communication module
for cellular transmission. The modified tank's base is shown in
Fig. 3. From Fig. 3, it is shown that the sensor reads the weight

of the tank, including water and empty tank weights. When the
tank is put on the modified base, the sensor's readings indicate
the quantity of water in the tank. If the weight of the tank in the
empty state is known, then the weight of the inside water could
be inducted. This weight is interpreted as the water quantity in
the tank. For example, if the tank is filled with Zamzam water
(i.e., 40 liters, approximately), then the tank’s weight will be
about 50 kilograms, including the weight of the empty tank.

The second subsystem is the microcontroller unit. This unit
is the brain of the 10T system. Microcontroller sends sensor
readings to the cloud after performing some preprocessing. The
most used microcontrollers in 10T applications are Arduino,
ESP32, and Raspberry Pi. We decided to use an Arduino Uno
unit due to its cheap price, convenient settings, low power
consumption, and reliability. Weight data is obtained by the
microcontroller every minute. The choice of this interval
achieves the tradeoffs between continuous tank monitoring and
avoiding network congestion. In fact, accurate continuous
weight information is not important in this application, as the
stakeholders want to know only discrete statuses of the water
level in the tank. So, in the proposed system, the weight
information is sent to the communication system as a discrete
integer value representing one of five tank statuses. These
statuses are: Fully Filled, Semi-Filled, Moderate, Semi-Empty,
and Empty. These statuses are represented by numbers from 5
to 1, respectively. This number could be represented by only
three bits, saving bandwidth. The discrete statuses are more
useful for stakeholders than the continuous-value weight
information. These statuses are explained by rules shown in
Algorithm 1. In fact, discrete statuses are sufficient to determine
filling status of each tank. For visitors and operators, the status
is more useful than the actual, continuous-value, water level.
The transmission of status code is less than one byte. Besides the
status code information, additional two bytes are also sent to the
cloud representing the tank identifier. So, the overall bytes sent
are less than three bytes. Sending this information every one
minute converts the continuous transmission of information into
discrete transmission which decreases the amount of data
transmitted. This interval is flexible and could be decreased or
increased based on administrative decisions considering the
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tradeoffs between continuous tank monitoring and network
traffic. Considering that, the number of tanks is very large (about
25000 tanks). So, performing this preprocessing at the
microcontroller side decreases the traffic sent to the network.

Algorithm 1: Tank status submission
If Weight >= 40 Then
Tank Status = Fully Filled
Return 5

Else If Weight >= 30 Then
Tank Status = Semi-Filled
Return 4

Else If Weight >= 20 Then
Tank Status = Moderate
Return 3

Else If Weight >= 10 Then
Tank Status = Semi-Empty
Return 2

Else

Tank Status = Empty
Return 1

End If

Often, the power source for microcontrollers is a battery.
This battery may be connected to a solar panel for automatic
charging. Using solar panels is very efficient due to the low
power requirements of the circuitry. Also, the sun rises in
Makkah for a lot of hours daily, and the weather is almost hot
throughout the year in these locations. The microcontroller is
also equipped with a SIM, or other wireless module, for
connecting to cellular networks.

For the communication subsystem, we decided to use
cellular networks as communication technology. That is because
cellular networks have easier settings, suitable for long and
dispersed places, and reliable for a large number of movable
tanks. Besides, cellular connections do not need a large amount
of power due to the small amount of data sent to the cloud,
representing tank filling status and tank identifier. The tank
identifier used is the SIM card number of the SIM module
embedded in each tank. This number is used as a part of
transmission. Also, each tank receives a control message
through the SIM card, acting as an actuator. There are three
cellular networks operating in Saudi Arabia: STC, Zain, and
Mobily. The signals, connections, and data rates of the three
providers are very efficient. The signal strength of these
networks is very efficient in the holy mosque and can efficiently
handle any huge traffic of data, especially in crowded seasons
such as the pilgrimage and Umrah. So, there is no extra
infrastructure needed to establish and deploy the proposed
system using any of the three available cellular networks. The
communication system sends sensor data to the cloud. The cloud
subsystem receives processed data and stores it in a time series
database. Next, the data received is quickly checked and
analyzed, and classified according to the statuses of all tanks.
Also, the cloud provides deep analytics for the massive historical
data of movable Zamzam tanks to make strategic decisions. The
cloud provides a control dashboard for administrators. In the
proposed system, we suggest using any one of the mostly used
cloud platforms, including AWS, Azure, or Google Cloud. All
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these providers can perform the required tasks of the proposed
10T system. Also, the cloud system provides data visualization
representing tank statuses through graphs, maps, and dashboard.
The analytics may include descriptive analytics such as statistics
of tank statuses, locations of large demand, and locations of
large supply. Also, the cloud can provide predictive analytics
that is used to predict the demand and supply in a certain season
and a certain location in the holy mosque. Cloud prescriptive
analytics determines the best future actions that could be taken
regarding handling, operations, and maintenance of movable
Zamzam tanks. Periodic reports are also possible about the
supply, demand, and maintenance of tanks and their connected
systems. Administrators can also monitor performance through
dashboards on their mobile phones.

Fig. 4. The modified sign actuator of movable Zamzam unit.

The actuator subsystem is controlled through the cloud.
After quick analytics, the cloud may send alerts and notifications
for Zamzam tanks operators with status information of moderate
and semi-empty tanks to be filled. So, the system will be
proactive in this case. Zamzam operators receive these
commands and reports regarding movable Zamzam tank
statuses through a mobile application connected to the cloud.
For holy mosque visitors, the proposed system has two
advantages. The first advantage is that the system provides a
mobile application to visitors containing information about all
nearby filled or semi-filled Zamzam tanks with a dynamic
indoor map. Indoor maps [4] are excellent in floors and corridors
and provide interactive navigation. This enhances visitor
experience, safety, convenience, and fast navigation, especially
in crowded seasons. We also modify the whole Zamzam unit,
which includes a group of tanks, as a second advantage for
visitors. Fig. 4 shows the modified Zamzam unit by adding color
signs, like traffic signs, to the axis of the unit. The added color
sign shows the status of the tanks connected to it. This sign can
be controlled from the cloud or also controlled from the
microcontroller itself based on the status of the tank. The sign
may include only three colors: Green, Yellow, and Red that
represent the statuses: Full, Moderate, and Empty, respectively.
Visitors can know the status of each tank either through directly
noting the color sign or indirectly through indoor map
navigation connected to their mobile application. The
integration of all these subsystems provides real-time
monitoring and control of movable Zamzam tanks in the holy
mosque.
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V. SIMULATION AND DISCUSSION

In this section we will present the model, simulation, and
discussion of the proposed system. The proposed system could
be modeled as a stochastic M/M/1 queuing system, and that the
movable smart tanks represent clients. Those clients require a
service from a service center, which is the cloud. The details of
the model are explained in the following subsection.

A. Simulation

Let S;,S5,S3,...,Sy represent a group of N sensors
connected to Zamzam tanks that send messages, representing the
water level status of each tank, to the cloud system
approximately every minute [25]. The messages are waiting for
service on the cloud. So, this system follows M/M/1queuing
model [26]. So, the messages that arrived at the cloud represent
a Poisson process with Poisson arrivals. The time between
arrivals is modeled by exponential distributed with average
arriving rate equals A. Also, the average service time follows an
exponential distribution with a service rate u. The system
assumes one large server that handles all received messages
from input sensors (the cloud). So, the queue of messages
waiting for service is of infinite length. All received messages
are served according to the First-Come First-Service (FCFS)
strategy [26]. These are the requirements of M/M/1 queuing
model. In fact, all these conditions are satisfied with our case
when using the cloud for service due to the unlimited scalable
processing and storage capabilities of the cloud. Let K represent
the buffer size of the queue. In our case, K is approximately oo.
Also, the queue length L is infinite. We want to address some
performance metrics of the system, such as throughput, loss
probability, average waiting time W, , average system time
(delay) W, and utilization p [25]. So, the sum of the arrival rates
A of all sensors S; is given by Eq. (2) as:

A= Y0 A (2

where, N is the total number of Zamzam tanks equipped with
sensors. Ag; represents the arrival of each sensor. Arrival
number in an interval with length ¢ represents a homogeneous
Poisson process, and it is given by Eqg. (3) as:

v @k
P{N(t)—k}—e tT (3)
The interarrival times of the messages from the sensors
follow an exponential distribution with parameter A that is given
by Eq. (4) as:

f(t) =2e7% 4

For service time, the arrivals are served according to the
first-come, first-served strategy. The service time also follows
an exponential distribution with a service rate equal u that is
given by Eq. (5) as:

fs(t) = pe™ (®)

Due to the huge cloud capabilities, the buffer is
approximately of infinite length. So, no packets are dropped
from the system. Therefore, the system can afford high traffic
received from the sensors even if many devices are connected.
The utilization p can be calculated from Eqg. (6) as follows:
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p=2/u (6)

where, A is the average arrival rate, and p is the average
service rate. Utilization should be less than 1 to keep the system
stable. However, keeping utilization less than 70% is good for
to ensure service quality. In the proposed system, p is much less
than this rate because the capabilities of the cloud service rate is
very high. The mean waiting time of the transmitted messages
in the queue is given by Eq. (7) as:
p
We=-7 O
Again, due to the fact that the service rate is much higher
than the arrival rate, the waiting time is very small. The blocking
(loss) probability is given by Eq. (8) as:

_ K
Pe=PriN =K} =" (0 # 1) ®)

where, K is the system capacity, which is approximately
infinite. So, the blocking probability is very small, that is Py =
0. So, the effective throughput of the system A, can be
computed from Eq. (9) as:

Aefr = A(1 — Py). )

Because Py is approximately zero, leading to A.¢ = A, which
is the optimal throughput [25]. To simulate this M/M/1 system,
we used both the Python library SimPy and MS Excel for
simulations and graphing. The simulation input parameters are
illustrated in Table I. It is clear from the table that the total
number of simulated tanks equals 50000. This number is
approximately twice the number of currently available movable
tanks in the holy mosque. Each sensor sends one message,
including the SIM number representing the tank identifier and
one byte representing the water level status in the tank. So, the
total number of sent bytes in each message is approximately 5
bytes every minute. Practically wise, the bytes sent are less than
the simulated bytes. So, the messages sent by each sensor are
about 0.016 bytes/ Second. Therefore, the total number of bytes
sent every second equals about 833 bytes. In the simulation,
different values of the service rate p are simulated. Practically
wise, the value of  is very large due to cloud capabilities. The
simulated number of arrivals equals 200000 messages for each
scenario. The simulated scenarios are 5 scenarios. Table Il
shows the results of the simulation. Five different values of the
service rate p are tested, ranging from 900 upto 5000,
representing five scenarios. From the table, it is noted that the
utilization p equals 92% in the worst scenario where the service
rate equals 900.

The system is still stable in the worst-case scenario, which
represents the least value of p. However, the utilization is
enhanced to about 16% only when the service rate is high. The
throughput of the system is about 833 in all cases, which equals
the original number of messages sent. This means that there are
no message droppings. The waiting time ranges from 0.015
seconds in the worst-case scenario to only 0.00024 seconds in
the best scenario simulated. The simulation times of all scenarios
are almost the same, which are approximately equal to 240
seconds.
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TABLE | SIMULATION PARAMETERS
Calculation
Parameter Value Method
Total number of simulated sensors 50000 Input Parameter
Messages /sensor 1 Input Parameter
5 bytes

Message size for each sensor

approximately

Input Parameter

Messages sent by each sensor /Sec. | 0.016 1/60
Number of messages / Sec. (X) 833.33 50,000 * (1/60)
Service-rate () \?;Ei;em Simulated
Number of arrivals for each scenario | 200000 Input Parameter
Numbers of Scenarios Tested 5 -
TABLE I SIMULATION RESULTS
Scen. Scen. Scen. Scen. Scen.
1 2 3 4 5

n 900 1000 1200 2000 5000
;I;;eoretlcal Utilization 0692 %83 %69 %41 %16
Theoretical throughput 233‘3 233‘3 233'3 233'3 833.33
Waiting time (W) 0.015 | 0.006 | 0.002 g.OOO 2‘0002
Simulated throughput 8330 | 8328 | 8298 | 834.9 832.84

0 2 0 4
Simulated utilization %92 %83 %68 %41 %16
Simulation  time in 240 240 oa1 239 240
seconds

As expected, the waiting time and queue length decrease
significantly as p increases. Fig. 5 shows the relationship
between utilization and service rate. The horizontal axis
represents the service rate. The vertical axis represents
utilization. From the figure, when the service rate is low, i.e., u
is approximately equal to 700, in this case, the system is fully
utilized. However, this case rarely occurred because of the huge
capabilities of the cloud. The system utilization decreased
gradually as the service rate increased. If the service rate is more
than 30000, for example, the system is almost empty of packets.
This is the ideal case. Practically wise, the system utilization is
about 20 to 30 % which is very good.

1
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0.4
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0.1

0

0 1000 2000 3000 4000 5000 6000

Fig. 5. Utilization vs. Service rate.
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Moreover, the results of the performed simulations almost
coincide with the theoretical M/M/1 model results. Fig. 6
compares the computed utilization with the simulated
utilization. It is clear from the figure that the two curves are
approximately coincident with each other. This figure indicates
that the simulation performance is almost the real performance
of the system.

1

0.8
0.6
0.4
0.2

0
1 2 3 4 5

e tilization (p) === Simulated utilization

Fig. 6. Theoretical utilization vs. Simulated utilization.
Fig. 7 shows the simulated throughput of the system
compared to the theoretical one. From the figure, it is noted that,
in some cases, the two curves coincide with each other.

836
834 — /\
832 W

830

828

826
1 2 3 4 5

e Theoretical throughput e Simulated throughput

Fig. 7. Theoretical throughput vs. Simulated throughput.

In another case, there are small differences between the two
curves. For example, the simulated throughput equals 830 while
the theoretical throughput equals 833. That is the difference
between them equals 3, which represents about 0.003, which is
a small difference. So, the conclusion is that the throughput of
the system represents over 99% indicating that delay and
transmission errors are minimal.

B. Discussion

The proposed system uses non-contact strain gauge sensors
that read the weight of the tank. This type of sensor is suitable
for handling Zamzam tanks by operators, and it is more
convenient. Also, the sensors are protected during tank cleaning
and other hygiene routines. The non-contact sensors prevent
physical and chemical contamination of Zamzam water inside
the tanks. The power required for operating these sensors can be
obtained from small solar panels. We propose a modified base
of the tank that contains the sensors, battery, SIM module, and
microcontroller. These components are isolated from the tanks
and are isolated from the water for protection. Moreover, the
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data sent is very small that can save battery and decrease the
bandwidth required. Cloud’s huge capabilities and cellular
network capabilities allow adding more Zamzam tanks, with
sensors, to the system. So, the system is scalable. The cellular
networks have excellent coverage in the holy mosque that do not
need any extra configuration. Also, the proposed system
satisfies the tradeoff between network crowding and fast
refilling actions. Therefore, the system is efficient in the case of
crowded seasons of the holy mosque. Usage of both mobile
application and indoor map guides the holy mosque visitors to
the nearby filled Zamzam tanks which provide more
convenience, decreasing efforts, and saving time. Also, the
proposed modified Zamzam unit, with filling status signs,
facilitate recognizing of the filled tanks throughout the holy
mosque without using mobile application by visitors. This may
be considered as a backup strategy for visitors, to guide them to
the nearby filled tanks. Occasionally, the signs may be
controlled either by the cloud or through the microcontroller
connected to them. This also provides fast responses and a
backup in case of failure. For Zamzam operators, the proposed
system prompts operators immediately to fill empty tanks
through their mobile application connected to the cloud. The
holy mosque administrators benefit from the system in
monitoring tank status, make necessary actions, performing data
analytics, and performing machine learning tasks for prediction
and forecasting. A dashboard is provided through the system for
real-time monitoring and decision-making. This helps in
deciding strategic decisions in the future. The proposed system
ensures that Zamzam water, in the holy mosque, is managed
with highest levels of efficiency and reliability. However,
awareness and training among all stakeholders is required to
adopt the proposed system.

VI. CONCLUSION

In this study, we propose an integrated loT system for
Zamzam tanks monitoring and control. The proposed system
consists of many subsystems including  sensors,
microcontrollers, communication, cloud computing, and
actuators. The proposed system provides real-time monitoring
and control of the water level inside movable Zamzam tanks.
The proposed system provides many benefits for all
stakeholders including the holy mosque administration,
Zamzam operators, and the visitors of the holy mosque. The
proposed cloud services include data analytics, control signals,
and future prediction. Mobile applications are also proposed that
are controlled from the cloud for both visitors and operators.
Zamzam tank base is also modified to add sensor circuit.
Besides, Zamzam unit is also modified to include color guides
for visitors. Simulation results show that the proposed system is
efficient in delay, throughput, and many other performance
metrics. The proposed system is very useful especially in
crowded seasons, when the visitors of the holy mosque are
millions of people, especially in Hajj and Umrah seasons.
Moreover, the system is compatible with the Saudi Vision 2030
that include modernization and digitalization of services and
targeting 30 million Umrah performers by the year 2030. Future
work include expanding the proposed system to include all fixed
and movable Zamzam units in the holy mosque.
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