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ABSTRACT

The expansion of Internet of Things (IoT) has reshaped
the daily life by connecting wide range of smart devices,
that work intelligently and autonomously. The large
volumes of data, requires high computational power and
extensive storage, which is provided typically by cloud
platforms. However, depending solely on Cloud for time-
sensitive or mission critical applications can pose
challenges, as they require minimal service latency and
immediate responses. Thus, Edge computing has emerged
as a layer that enables real time and localized processing
of the tasks. With fluctuations in data load, the
performance of edge nodes may vary depending on their
resources and capacity. So, it is essential to schedule tasks
based on the priority and available resources, which
enhances the Quality of Service (QoS) and the
performance of edge nodes. Queuing Theory, which is
based on task arrival and service patterns, provides a
structured framework for modelling such systems with
either single server or multiple servers. The Queuing
theory presents different models such as, single-server
and multi-server models which can be employed to
schedule tasks based on the available resources at the
servers and improve overall performance of the system.
This study provides an analytical approach by comparing
these two models at the Edge Computing layer, which is
based on time taken for executing all the data packets in
the system, average waiting time or average length of the
system.

Keywords: IOT, Edge Computing, Queuing Models,
Load Balancing

C. INTRODUCTION

The Internet of Things (IoT) has changed our
understanding of how devices can manage even the
smallest tasks through real-time monitoring, intelligent
decision-making, and timely interventions. These devices
work by constantly gathering and transmitting data to
centralized servers or cloud platforms for further storage
and analysis. This is field is growing so fast that it is
expected to see about 40 billion IoT devices all around the
world by 2035. As the data is growing exponentially,
there is a need to find better ways of task offloading,
pre-processing of the task and making optimal use of
available resources.
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Although cloud servers offer massive computational and
storage resources, their centralized feature often creates
bottlenecks like high latency, bandwidth limitations, and
network congestion. To fix these challenges, an
intermediate layer has been introduced by researchers,
called Edge Nodes. This layer is introduced between IoT
devices and cloud servers, bringing computation closer to
the data source. This change in the architecture of IoT
system has improved the features of latency and
bandwidth usage, and also reduced dependency on central
or cloud servers, making the system faster and more
efficient.

The edge devices have limited computational and storage
resources, and because of these limitations, it can affect
the overall efficiency, scalability, and reliability of the
IoT system. Hence, there is a growing need for
methodologies that can efficiently manage data traffic
while simultaneously enabling real-time decision-making
in edge computing environments. As traditional edge
computing systems behave like a single server model, it
can be thought as behaving similarly to a single server
model in Queuing Theory.

Queuing Theory, a branch in mathematics, can help in
understanding how the tasks form a queue and how they
are processed by servers. This theory can help in
understanding how the requirements of low latency,
optimal resource utilization and real-time decision-
making capabilities in edge computing, can be achieved.
This theory models and assesses task arrival and service
patterns in systems that have single or multiple servers. In
this context, models such as single-server and multi-
server are employed to simulate various operational
scenarios. These models enable comparative analysis of
system performance, waiting time in the queue, length of
the queue, and resource utilization under varying data
loads and service demands. The remainder of this paper is
organized as follows: Section 2 discusses related work.
Section 3 provides an overview of edge computing and
queuing theory. Section 4 explains the proposed model.
Section 5 presents simulation setup parameters,
performance metrices and analyses the results. Finally,
Section 6 concludes the work.

II. RELATED WORK

Over the years, various methodologies have been
explored in the field of edge computing to enhance the
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efficiency and effectiveness of this layer. In [1]
quantitative performance analysis of edge nodes is done
under varying conditions. This analysis is evaluated based
on three metrices: data load, data processing time and
energy consumption. In [2], a multi-level queuing model
classifies tasks into Very Urgent, Urgent, Moderate, Non-
Urgent categories by calculating utilization factor of each
task The results demonstrate a significant reduce in queue
delays for priority-based tasks and improves system
efficiency. Further research [3] explored queueing models
for QoS in IoT interactions, considering message drop
probabilities and the prioritisation of critical data. The
study also proposed a delay-aware application offloading
model. In [4], a dynamic QoS-based task scheduling
method for IoT edge networks, where tasks are moved
across priority queues based on delay, load, and urgency,
is presented. This approach reduces waiting time,
improves throughput, and ensures that critical tasks are
processed first. It enhances overall performance under
varying IoT workloads. Another work [5] introduces
LMGT, a game-theoretic load-balancing approach
designed to manage high data volumes in loT-based edge
computing. In [6], a study based on middleware
architecture for distributed IoT using combination of
cloud, fog/edge, queue modelling. The middleware
components are modelled as multi-server queuing system
to represent how tasks are processed across cloud-fog
infrastructure. A dynamic scaling algorithm is used to
evaluate performance under increasing load and shows a
sub-linear scalability which is considered to be realistic
and practical compared to ideal models. In [7], a priority-
based allocation using single server (M/M/1) model and
energy aware offloading method is adopted to improve
responsiveness, reliability and overall efficiency. [8]
presents a secure edge-computing architecture for IoT that
performs encrypted data aggregation at edge nodes to
reduce latency and overhead. Results show improved
energy efficiency, lower communication cost, and
enhanced security compared to traditional cloud-based
IoT models.

Although there exists study about single-server queuing
model at edge level and different simulation models
showcasing IoT interactions, there is a significant gap in
case of multi-server queuing model at edge nodes. The
performance parameters can be used to improve the
efficiency of a multi-server system model. In this
research, we have proposed a multi-server system that can
be used to process incoming tasks in edge computing.
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III. PRELIMINARIES

In this section, we start with looking into the traditional
edge computing systems and then followed by single-
server (M/M/1) and multi-server (M/M/c) queuing
models.

C. Edge Computing

Edge computing is a computing model that shifts data
processing and storage away from centralized cloud data
centers to the “edge” of the network, closer to where data
is generated or consumed. The term “Edge” refers to
intermediate devices like routers, gateways, and switches
which acts as a link between data sources and cloud
centers. The data sources include IoT devices like sensors,
wearables and smartphones.

As show in Figure 1, the edge nodes collect data from
various IoT sources like sensors, smartphones,
preprocesses it and then sends preprocessed data to the
cloud centers. The edge nodes are responsible for
functions like data aggregation, which increases the
responsiveness of the system and thus the lifespan of an
IoT network gets extended.

Preprocessed

ToT Nodes

Cloud Server

Fig. 1 Edge Computing Paradigm

The traditional edge computing systems behave like a
single server model which can be considered as to be
similar to an M/M/1 queuing model.

B. Single-Server (M/M/1) Model

This is a basic queuing model where the tasks follow a
random arrival and are served by a single server. The
arrival pattern is defined as A and the service pattern is
defined as p. The utilization factor (p) is calculated using
the ratio of arrival pattern (A) and service pattern (p). This
factor is vital for predicting wait times and queue lengths.
While this model is effective for minimizing delays under
light loads, queues start forming at the server as traffic
grows. When the utilization factor (p) becomes greater
than 1, the queue grows indefinitely, making it impossible
for a single-server system to process data packets. To
address the bottleneck caused by high utilization factor,
we can transition to a multi-server model, a solution well-
supported and easily modelled through Queuing Theory.
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C. Multi-Server (M/M/c) Model

This model works similarly to the M/M/1 model but
introduces multiple servers to handle incoming tasks. In
this setup, we assume that tasks arrive randomly and are
completely independent of one another. The arrival rates
(V) and service rate per server (i), along with number of
servers© is used to calculate the utilization factor (p). The
service pattern for a multi-server model () is calculated
using number of servers © times service rate at each
server (W).

The service pattern is defined as follows:

Us = ¢ * u,where c = no.of servers D
Us = service rate of system

This calculation ensures that number of tasks are always
greater than number of servers belonging to a queue in a
multi-server model.

The utilization factor (traffic intensity) is determined as,

yl
pP=" @)
HUs
p is traffic intesity, A = Poisson arrival rate

This factor should be less than 1 for processing of tasks
effectively.
The probability of zero customers is defined as,

(=) . G)
1-p

where P, is the probability when server is idle

n! c!

Py = Zfz_:%)

The length of the queue is measured using,

Ly = (Po(A/w)°p)/(c! (1 = p)*) “)

where L, is average number of tasks in a queue
The average waiting time is measured using,

W, = Lg/2 Q)

where W, = waiting time in the queue

The performance of a multi-server queuing model can be
analysed by using key parameters such as the average
waiting time in the queue and the number of tasks waiting
in the queue to be processed. These parameters can be
used as important benchmarks to measure system
efficiency and can be compared directly to the single-
server model, which can provide a thorough
understanding of how the server configurations impact the
edge computing environment. A comparison between
single-server and multi-server models clearly shows how
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deploying multiple servers influence overall system
performance, particularly with respect to resource
utilization, data processing efficiency, and network
congestion.

The tracking of residual energy after each batch of data
packet processing enables a detailed assessment of energy
consumption throughout packet processing. As the multi-
server model distributes incoming workloads across
multiple servers, it fundamentally promotes more
balanced resource utilization, which in turn contributes to
observable energy savings as compared to a single-server
paradigm. This characteristic of distributed processing
makes the multi-server framework particularly well-
suited for energy-aware edge computing environments.

The monitoring of total time required to process all data
packets provides a complete evaluation of system
throughput and computational efficiency. The evaluation
parameters like queue lengths, waiting time, energy
utilization, and end-to-end processing time, form a well-
structured framework for depicting the performance of
multi-server queuing systems in various data load
scenarios.

IV.SYSTEM MODEL

In this section, a clear overview of how the multi-server
model functions and the specific system environment
required to simulate it is shown.

Data Processed

09 00

@@

ToT Nodes Queues Edge Nodes Cloud Center

m varkes @ @D priovty voce

Fig. 2 Multi-Server (M/M/c) Network Model

The main goal of this model is to ensure that the tasks are
offloaded in such a way that energy use is efficient across
the edge computing environment. As show in Figure 2,
we have ten IoT devices (I1-lig) that are scattered
randomly in a defined space. Also, four edge nodes, that
are labelled E; through E4, are kept at fixed positions. A
cloud server is also kept at a fixed position, where all the
pre-processed data gets routed.

The system is built to handle four distinct types of data
that are, Sensor Data, Al tasks, Emergency alerts, and
Video files. As shown in the figure above, the edge nodes
are paired up as E| and E,, that act as a two-server team
for Queue 1, while E; and E4 act as servers for Queue 2.
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This means that for both queues, the number of servers (c)
is equal to two.

To ensure critical information is handled quickly, all
emergency tasks are automatically sent to Queue 1 to be
processed by nodes E; or E,. For every other type of task,
the system is much more flexible, distributing them across
all four nodes based on which one has the most energy or
the lightest workload at that moment.

As shown in Figure 3, when a new task arrives, the system
immediately identifies its type. If it is an emergency, it
goes straight to the Ei/E> nodes, otherwise, it can go to
any node from E; to E4. the system constantly monitors
the energy levels of each node. It always tries to pick the
node with the highest energy level first. If two nodes have
the same energy, it breaks the tie by choosing the one with
the fewer data loads.

If a node’s energy drops too low and hits a specific
threshold, the system automatically redirects tasks to a
different node with more resources. This continuous load
balancing act keeps the network stable and reliable.
Finally, as shown in Figure 3, we calculate packet loss
once every available server has completely run out of
energy. This packet drop continues, if there is no more
energy left in the system.

{ Assign the task type }

Check for
Emergency
Tasks

No Check for Energy and Packet
Load to assign fo either Queue 1

or Queue 2

Assign to Queue 1

Check for Energy and Packet
Load to assign to either E1 or E2

Process and calculate
total energy

!

Recalculate p and
residual energy

No

Energy < Threshold

A. Performance Metrices

To compare the suggested multi server model with the
single server model, below metrices are used:

o Queue Length: It represents the total number of
tasks waiting in the queue to be processed. It is based
on the arrival rate, service rate and number of servers.

e  Waiting Time: It refers to how long the task waits in
the queue before being processed. It is also based on
service rate, arrival rate and number of servers.

e Residual Energy: This is the specific amount of
energy left at each node after all the data packets are
processed.

e Execution Time: This is the total amount of time
taken by the system to complete the processing of all
the available data packets.

V.SYSTEM SIMULATION

The simulation of the proposed system is performed using
MATLAB. The IoT Nodes are distributed randomly in the

defined area, but the edge nodes and the cloud node are
placed at fixed positions. The data is considered to be
homogeneous and the number of tasks in the queues are
always more than the number of servers (to form a queue
of data). The packet size of data sent by IoT nodes is
considered to be of 4000 bits. The other details about the
system simulation parameters are given in the following
Table 1:

TABLE 1
SIMULATION PARAMETERS
Parameters Values
Number of normal nodes(1;-1;0) 10
Number of Edge Nodes(E-Es) 4
Field Size 1000m x 1000m
Assign the task to the Number of packets 500,750
node with highest
energy
Batch Size 10 Data Packets
Packet Size 4000bits
heck for nodes , tha Electronics Energy (Ecicc) 50nJ/bit
have energy more
than the threshold
Energy for Data Aggregation (Epa) 50nJ/bit/signal
s 10pJ/bit/m?
Calculate the packet drop and
o e Eamp 0.0013pJ/bit/m*
Energy Threshold 4]

Fig. 3 Model Flowchart
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A. Results & Discussions

1) Performance Of Multi-Server (M/M/c) Model

To understand how well the system works, this section
determines the results of all the parameters mentioned
above

Queue Length: Figure 4 illustrates how queue
lengths are distributed over the different nodes in the
system. For Edge Nodes 1 and 2, the queue length is
0.027 at a load of 500 packets, and then increasing to
0.035 when the load is 750 packets. Similarly, Edge
Nodes 3 and 4 has a queue length of 0.017 for 500
packets, which also rises to 0.035 at a load of 750
packets.

Chisue Langth per Mode

0

0.035
0.03
0023
'II.I:I]
III.I:I1
0005
0

Nodel Mode 2 Node 3 Mode 4

B Craeus Lengrth (5007 W Cusne Length (7500

Fig. 4 Queue Length per Node

Waiting Time: Figure 5 illustrates the waiting times
for each node under varied data loads. Edge Nodes 1
and 2 show identical performance, with a waiting
time of 0.011 seconds for 500 packets and 0.019
seconds for 750 packets. Similarly, Edge Nodes 3 and
4 share similar results, maintaining waiting time of
0.008 seconds and 0.017 seconds for 500 and 750
data packets, respectively.

Waiting Time per MNode (seconds)

B 'Waiting Time{500) W 'Waiting time |750)

Fig. 5 Waiting time per Node (seconds)
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Residual Energy: Figure 6 illustrates the remaining
energy levels of the system following the successful
processing of 500 and 750 data packets. While the
residual energy naturally decreases as the packet load
increases, the system remains operational and has not
yet reached its critical depletion threshold.

Eesidual Energy (T}

Mods 3 Wods 4

[=C PR R = A ]

MNode 1 Hode 2

B Fesicual Energy (3000 [ Pesidual ensrey (T30)

g. 6 Residual Energy per Node (J)

Execution Time: The graph in Figure 7 illustrates
the system's performance in terms of execution time
as the packet load increases from 500 to 750. While
a higher volume of data packets naturally leads to
longer processing periods, the rise in execution time
remains marginal, demonstrating the system's
efficiency under increased traffic.

Exacunon Tone

——

=00 350 GO0 650 T 750

Fig. 7 Overall Execution Time (seconds)

2) Performance Comparison of single-server (M/M/1)
and multi-server (M/M/c)

This section compares the basic single-server queuing
model (M/M/1) and multi-server queuing model (M/M/c).

Queue Length: As illustrated in Figure 8, the
comparative analysis of the single-server and multi-
server models across all nodes for 500 data packets,
demonstrates a significant performance disparity.
While the single-server model results in substantial
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queue accumulation, the multi-server system
maintains negligible queue lengths, showcasing its
superior efficiency in handling data traffic.

Quens Longih

HNiede 1 Niode Nide 3 Moda 4

[
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Fig. 8 Queue Length single-server Vs multi-server

e Waiting Time: The following graph in Figure 9

illustrates the substantial difference in the waiting
time between single and multi server models when
the load is 500 data packets. While the basic model
experiences delays at each node, the waiting time for
the multi-server model is minimal, highlighting the
efficiency of the multi-server model in reducing
latency.

Waiting time
0.4

0.5

0.4

0.2
18
a

Mode 1 Mode 2
[0S

Fig. 9 Waiting time single-server Vs multi-server

Overall Residual Energy of the System: Figure 10
illustrates the residual energy levels across the edge
computing system. Starting from an initial capacity
of 20J per node which amounts to a total system
energy of 80J, it determines the residuals after
complete task execution. It indicates that the multi-
server model maintains a marginally higher energy
level compared to the single-server system across
packet loads varying from 500 to 750

978-81-689089-0-1
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Fig. 10 Overall residual Energy (J) single-server Vs multi-
server

Execution Time: The graph in Figure 11 illustrates
that the multi-server model maintains a performance
advantage over the basic single-server model in terms
of total execution time for varying data loads. While
both models experience longer durations as the
number of data packets increases, the basic model
displays a 41% increase in time compared to a
controlled 26% rise for the multi-server model, when
packets are increased from 500 to 750. This
difference confirms that the multi-server model
achieves faster execution under higher data loads.

Execnton Tune

[

b5l i TS0

=M

Fig. 11 Execution Time single-server Vs multi-server

The proposed model, that is multi-server works much

better than basic single-server system when managing the

length of the queue and waiting time for the system. Also,

a

significant gap is found in processing the entire data

packets in single-server and multi-server systems, where

the multi-server system completes a task much faster as
compared to the single-server basic system.
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VI. CONCLUSION

In this paper, we present a smart task offloading model
designed to boost efficiency through a multi-server
system that resembles the M/M/c queuing model
phenomena. By moving to this multi-server setup, the
system achieves a major performance leap, cutting down
both waiting times and queue lengths by about 95% at
every node. We also see a significant jump in processing
speeds, as the execution time drops by over 74% when
handling 500 data packets and stays 48% lower even as
the load climbs to 750 packets. In addition to improving
speed, the model enhances battery conservation by
balancing the workload more effectively, which keeps the
overall residual energy higher across the edge computing
network. As a result, it reduces data loss and ensures a
more stable and dependable data processing environment.
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