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Abstract. The increasing reliance on cloud computing has brought both remarkable
opportunities and complex challenges. Distributed networks, such as cloud computing envi-
ronments, are inherently dynamic and require robust systems to handle varying workloads
efficiently. This study explores the intricate interactions between multiple queueing models
within these systems, providing a fresh perspective on their impact on performance. By us-
ing queueing theory, we delve into key metrics like response time, system throughput, and
resource allocation strategies. The authors’ analysis highlights the advantages of horizontal
and vertical scaling, container orchestration, and the critical role of network bandwidth and
latency in optimizing cloud infrastructure performance. The researchers also examines how
queueing behaviors affect service-level agreements (SLAs), system availability, fault toler-
ance, and energy efficiency. The integration of analytical and simulation-based approaches
enables to evaluate real-world scenarios and identify performance bottlenecks. The findings
not only demonstrate the practical applications of queueing theory but also emphasize its
relevance in managing resource contention and improving elasticity in multi-tenant environ-
ments. This research lays the groundwork for future development of predictive and adaptive
models, contributing to the design of smarter, more scalable, and resilient cloud-based sys-
tems.
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AHHoOTauus. Pactymas 3aBUCUMOCTb OT OOJAayHBIX BBIUMCIIEHUH MpHUHECHA
KaK 3aMevarebHble BO3MOXKHOCTH, TaK M CJIOXHbIE MpoOsieMbl. PacnpeneneHHbie
CeTH, TaKH€ KaK Cpeabl OOJaYHBIX BBIYMCIEHHH, MO CBOEH CYTH TUHAMHUYHBI U
TpeOYIOT HAASKHBIX cUCTeM s 3(P(eKTUBHOW OOpabOTKH H3MEHSIOLIMXCS
pabouux  Harpy3ok. B  JaHHOM  HUCCIEOBaHMM  HM3YYalOTCS  CJOXHBIE
B3aUMOJICHCTBUA MEX]y HECKOJbKUMH MOJEISIMH MacCOBOTO OOCITY>XHBaHHUS B
U3yyaeMbIX  CHCTEeMaX, 4YTO [JaeT CBEeXWUH B3I HAa MX BIUSHHE Ha
POM3BOIUTENBHOCTh. VICIIONB3ysl TEOPHUI0O MAacCOBOTO OOCIY>KMBAHHS, aBTOPHI
yIIyOJISIOTCS B KJIIOUEBBIE IOKA3aTelH, TaKMe Kak BpeMsl OTKJIMKAa M CTpaTeruu
pacripenienenusi pecypcoB. [IpoBeaeHHBIH aHaIM3 TMOAYEPKUBAET IMPEUMYILECTBA
TOPU30HTAJILHOTO ~ MacIITa0OUPOBaHMSA, BEPTHUKAIBHOTO MaclITaOUpOBaHHUS U
KPUTUYECKYIO  POJIb  HIPOMYCKHOW  CHOCOOHOCTH CEeTH B  ONTUMH3ALMH
IPOM3BOJUTENLHOCTH  OOJNaYHOM HMHQPACTPYKTYpbl. Pe3ynpTarbl HE TOJBKO
JEMOHCTPHUPYIOT MPAKTUUECKOE MPUMEHEHUE TEOPUU MACCOBOT0 0OCTY>KUBAHHS, HO
U TI0/I-4€PKUBAIOT €€ LIEHHOCTh B PELICHUU PeaJIbHBIX MPOOJIeM B pacipeeseHHbIX
ceTsX. JTO HMC-CIEeOBAHUE 3aKJIAJBIBAET OCHOBY JUIsl OYyIyLIMX MCCIEOBAaHUI B
00J1aCTH MPOTHOCTUYECKUX MOJENed M THMOPUAHBIX MOAXO0J0B, MPOKIAAbIBAS MyTh
Juis 6osiee YMHBIX, Oojiee MacIITabu-pyeMbIX O0JIaYHbIX PELICHUH.

KuroueBble ciioBa: pacnpesiesieHHbIe CeTH, 007IauyHble BBIYMCICHHS, TEOPUS
MaccoBOro o0OCTyXMBaHUS, BpeMsl OTKJIHMKa, ympaBieHue pabouell Harpy3Kkoi,
UCTIOJIb30Ba-HHUE CEpBEpa.
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Introduction

Nowadays, cloud computing has become a popular and efficient tool for industrial
and academic applications. Traditional on-premises computing is becoming less efficient for
businesses with the evolution of servers. Cloud computing provides capabilities of distrib-
uted networks, in which resources are dynamically allocated for tasks on demand and scal-
ability (Katal et al., 2023). Additionally, it provides different service models: Infrastructure
as a Service (IaaS), Platform as a Service (PaaS), and Software as a Service (SaaS). Cloud
computing enables scaling vertically, like increasing performance and resources within one
virtual machine, and horizontally, like adding more virtual machines to improve performance
and balance the load (Chun & Choi, 2014).

However, despite these advantages, cloud environments come with several challeng-

es. One major issue arises when there is a high flow of requests to the servers. In such cases,
the waiting time increases, server utilization may exceed optimal thresholds, and system
responsiveness deteriorates, potentially leading to increased operational costs and reduced
quality of service. Another critical problem is the possibility of task rejection or dropping due
to queue overflow or time constraints. Tasks may be discarded before execution because of
users’ impatience, deadline expiration, or system failures, which can negatively affect user
satisfaction and SLA compliance.
To address these problems and minimize the impact of unexpected outcomes, cloud comput-
ing systems have widely adopted queueing theory for performance analysis and modeling.
Queueing theory allows system architects and researchers to analyze the behavior of cloud
infrastructures under different load conditions by studying metrics such as arrival rate, ser-
vice rate, number of servers, queue length, and system utilization. By modeling and simulat-
ing these parameters, decision-makers can identify bottlenecks, predict future behavior under
varying workloads, and improve system design.

Furthermore, by applying queueing models, organizations can fine-tune cloud config-
urations to achieve a balance between performance and cost. For instance, resource allocation
strategies can be optimized to dynamically provision or de-provision virtual machines based
on demand, thus ensuring efficient use of computational resources. This helps in maximizing
resource utilization while minimizing idle time and unnecessary expenditures.

The application of queueing models also supports the design of more reliable and
scalable cloud systems. By predicting queue lengths and response times, it is possible to
enhance elasticity, reduce latency, and ensure high availability, even under bursty or unpre-
dictable traffic conditions. Moreover, queueing theory can be extended to consider priority
scheduling, load balancing algorithms, and multi-class task handling, making it a versatile
tool for modern cloud computing environments.

This study aims to analyze the interactions between multiple queueing models in
distributed networks as well as their impact on performance of the system.

The main objectives of research:

- Analyze how the queueing interactions in cloud computing affect performance;

- Develop mathematical models for each queueing system within the distributed net-
work;

- Identify key parameters for accurate modeling;

- Compare model in different scenarios.

The relevance of this research is that the cloud computing is increasingly becom-
ing the preferred choice for both industrial and academic applications, surpassing traditional
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computing in efficiency and scalability. Despite its advantages, cloud computing faces chal-
lenges such as high request flow that leads to increased waiting times and server utilization,
potentially incurring unexpected costs. Queueing theory provides a robust framework for an-
alyzing and addressing these challenges to improve efficiency of resource utilization. Cloud
environments are inherently dynamic and must handle unpredictable workloads, fluctuating
user demands, and varying task execution times. When the inflow of service requests exceeds
the processing capability of the system, delays increase, resources may become overutilized,
and quality of service deteriorates. In some cases, tasks may even be dropped due to queue
overflow, user impatience, or service deadlines, affecting system reliability and violating ser-
vice-level agreements (SLAs).

To address these concerns, queueing theory is employed to model the behavior of
cloud systems under different load conditions. It enables the analysis of key parameters such
as arrival rate, service rate, queue length, and system utilization. By simulating these interac-
tions, it is possible to design more responsive and scalable cloud infrastructures.

Moreover, queueing models support decision-making related to horizontal and verti-
cal scaling strategies, efficient load balancing, and dynamic resource provisioning. This leads
to improved elasticity, cost optimization, and better management of computing resources. By
predicting potential bottlenecks and evaluating system performance in advance, organiza-
tions can prevent service degradation and maintain high availability.

Therefore, integrating queueing theory into the design and operation of cloud plat-
forms not only enhances system efficiency but also contributes to building resilient, adaptive,
and cost-effective cloud computing environments that meet the evolving demands of modern
users and applications.

Literature Review

Cloud infrastructure may have various problems, like unexpected internet connec-
tion failure, hardware failures, security breaches, resource overload, latency issues, data loss
or corruption, which results in disconnection of users and server maintenance, thus leading
to performance issues and customer dropout. All these events can happen randomly. Liter-
ature review of current study reveals multiple queueing theory approaches for distributed
networks, like cloud. Authors use different queueing theory approaches in their works for
performance evaluation and system modeling.

Adhikari used M/M/c queueing model for comparison of average waiting time and
its analysis, and they focused on reduction of these parameters (Adhikari et al., 2021). They
conducted an analysis of web application development on cloud environment at cost point
of view and came to conclusion that by increasing the number of severs the average time
decreases the server utilization factor, average waiting time and average queue.

Kumar in his paper with the help of queueing theory modelled a cloud computing
infrastructure in which some requests being dropped (Kumar et al., 2021). Load balancing
performance of cloud computing systems were evaluated using M/M/1/N queueing model
with related drops in queues. They used a single server Markovian queueing model with re-
neging, customers arrive by one based on Poisson process, with the finite capacity.

Ghazali proposed that effective task scheduling algorithms can balance the load, opti-
mize resource usage and performance (Ghazali & Ben Tahar, 2024). They conducted analysis
based on queueing theory. They also evaluated generalized processor sharing, in which the
server handles all jobs simultaneously.

Arul Freeda assessed the efficiency of cloud service and also tried to improve it by
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trying to make waiting time smaller (Arul Freeda Vinodhini, 2020). By their observations,
transient solution shows better results rather than one in steady state solution. In real time
cloud, high end queue concepts are important to consider.

Jordi Vilaplana explores queuing models to analyze and optimize resource alloca-
tion in cloud computing environments (Vilaplana et al., 2014). The authors investigate how
virtual machines share resources, focusing on CPU (Central Processing Unit), memory, and
network utilization, and use queuing theory to address performance and efficiency challenges
in cloud systems. Our study integrates some of their proposed techniques to further analyze
system performance.

Jordi Vilaplana in his other study explores a queuing-based framework for analyzing
fog computing systems (Mas et al., 2022). The study models fog architectures using a closed
Jackson network to evaluate interactions between fog, cloud, and client devices. The pro-
posed model focuses on resource allocation, data processing, and performance optimization
in fog environments. It provides insights into task o oading, load balancing, and the proba-
bility-based routing of jobs in distributed systems.

Queueing theory in practice is used for performance optimization and automation. In
an article by Tolosana-Calasanz et al., autonomic controller for streaming applications were
proposed (Tolosana-Calasanz et al., 2017). Their system is based on queueing theory and
feedback control.

In the work of Guo et al. strategies for optimization of scheduling of virtual machines
in cloud computing environments were investigated (Guo et al., 2018), in which authors
modeled the system using queueing theory for buffering virtual machines jobs requests into
different virtual queues. For intra-queue buffering, a shortest-job-first (SJF) policy is applied,
arranging job requests in ascending order based on their lengths. This method aims to reduce
the average job completion time by prioritizing shorter tasks. However, SJF can lead to job
starvation for longer-duration tasks. To mitigate this issue, the authors propose shortest-job-
first buffering and reinforcement-learning-based scheduling (SJF-RL) to provide a low delay
and throughput performances.

In their other work they investigated efficient virtual machine scheduling in cloud
environments in which workloads vary in size and resource demands (Guo et al., 2022). By
employing queueing theory, the authors proposed two scheduling strategies: shortest-job-first
with min-min best fit and shortest-job-first with queue-length-based maxweight to optimize
job completion time and resource allocation. Their approach addresses limitations of tradi-
tional methods like first-come-first serve by dynamically prioritizing jobs based on system
conditions. Their simulation results demonstrated significant improvements in reducing de-
lay and preventing job starvation, particularly with the shortest job-first and queue-length-
based maxweight strategy.

Atmaca et al. proposed G/G/c model for the evaluation of performance with gen-
eral interarrivals and service time distributions with multiple servers to meet service level
agreement for several quality of service performance metrics like blocking probability and
task response, because, according to their assumptions, the model with Poisson arrivals not a
perfect choice for a system with arrivals’ coefficient of variations that different from value 1,
and their model best fit to realistic representation of cloud service dynamics (Atmaca et al.,
2016). They consider variability in which model Poisson can have problems with under-pro-
visioning or over-provisioning of resources in a cloud environment.

El Kafhali and Salah model cloud data centers as open queuing systems to estimate
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quality of service parameters, such as response time, drop rate, and CPU utilization, under
varying request arrival rates and different numbers of virtual machine instances (EI Kafhali
& Salah, 2017). The study provides numerical examples illustrating how the model estimates
the required number of virtual machine instances to meet specific quality of service targets.
The authors cross-validate their analytical model using a discrete event simulator, and the
results demonstrated that the proposed model effectively estimates the number of virtual ma-
chines needed to achieve quality of service objectives as arrival request rates change.

The paper of Abd Eldjalil and Lyes for electric vehicle charging-discharging service
based on cloud computing proposes a priority-queuing model integrated with cloud comput-
ing to optimize electric vehicle charging and discharging processes (Abd Eldjalil & Lyes,
2017). By considering factors such as battery state, user preferences, and station availability,
their model dynamically schedules requests to minimize waiting times and enhance infra-
structure utilization.

Bai et al. in their study introduce a queuing-based approach to evaluate the perfor-
mance of cloud data centers with heterogeneous servers in which they develop a mathemati-
cal model that accounts for varying service rates, job sizes, and resource allocation strategies
to better reflect real-world cloud environments (Bai et al., 2015).

Study of Zuo et al. proposes a scheduling approach to enhance resource utilization
and load balancing in cloud computing environments (Zuo et al., 2018). The authors catego-
rize tasks based on their resource demands—such as CPU, I/O (Input/Output), and memo-
ry—and assign them to corresponding queues.

Li in his study proposes quantitative models that treats cloud as queueing system
enable the assessment of a system’s ability to adapt to workload fluctuations by provisioning
and de-provisioning resources dynamically, which results in costs reduction and performance
improvements (Li, 2020).

Gupta et al. in their study compared multiple scheduling algorithms, like First-Come-
First-Serve, Shortest Job Next, Round Robin, and Priority Scheduling (Gupta et al., 2015).
According to their results, no single algorithm universally outperforms others across all met-
rics; instead, each has distinct advantages and limitations depending on specific workload
characteristics and system requirements

While previous studies have explored different queuing mechanisms, there remains a
need for further analysis in specific cloud environments.

Building on this, our study focuses on analyzing a queueing theory model in a cloud
computing environment, providing insights into system performance and efficiency based on
theoretical and analytical evaluation.

Materials and methods

There are lots of queueing theory models that can be considered for cloud computing.
In this study a combination of couple models will be used.
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Table 1 — queueing theory models

Regular models

M/M/1 It is a single server queueing model in both arrivals and service times. It follows exponential
distribution and is usually used for initial performance estimation and small non-scalable
applications, and basic analysis.

M/M/c Multi-server queue model, in which “c” means number of servers. Arrival and service times
follows exponential distribution. It is more useful for real world applications, especially in
load balancing.

M/M/1/K | The same as M/M/c model, but with finite capacity “K”, in which arrivals are blocked when
the system is full. Useful for applications that have limited resources and analyzing dropped
requests in real systems.

M/M/c/K Like M/M/1/K model, but with multiple servers that serve requests. Useful for analyzing
systems with limited capacity and processes that work in parallel.

M/M/c/N | Like M/M/C, but with a finite N number of people that should be served. Useful for services
in which we know number of people that should be served.

Advanced models that are used in complex real-world applications

G/G/1 Like M/M/1 model, but with non-exponential arrival and service time distributions
G/Gle Like M/M/c model, but with non-exponential arrival and service time distributions
G/G/1/K Like M/M/1/K model, but with non-exponential arrival and service time distributions

In this study the M/M/1 queueing system represents a load balancer in network. In
M/M/1 model system consists of a single server with both arrivals and service times follow-
ing exponential distributions (Atefi et al., 2016). It is a single-entry point, which then for-
wards requests to processing servers that are represented by computational resource in cloud,
like core of processor or entire CPU, GPU, which are implemented by M/M/c system. M/M/c
queueing system includes multiple servers with exponential distributions and Poisson arriv-
als (Rathod & Chowdhary, 2019). Then the processing server node accesses database server
with certain probability and represented by M/M/1 system to avoid inconsistences in data.

Client server represented by M/M/1 as well because it needs to receive responses
from server.

Selecting the right model is crucial for cloud-based servers’ evaluation of perfor-
mance. Distributed Network is represented by simulation of cloud computing models (e.g.,
public cloud, hybrid cloud) and their challenges related to distributed queueing systems.
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Figure I — queueing theory model in cloud computing

Markov chains and stochastic models are used to represent queue states.
Programming Language: Python. Libraries that are used: numpy, matplotlib.pyplot.
Kolmogorov equations represent continuous-time Markov processes.

ES - Entering Server MM1 Calculates the waiting time in the entering server.

1
Wgs = ——
ES 7 ups-1(1)

Where A is the arrival rate, is the service rate of the Entering Server.
PS: Processing Servers MMC Calculates the waiting time in the processing servers
using the MMC model.
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Where is the service rate of processing servers, and c is the number of servers.
Database Server MM1 Calculates the waiting time in the database server using the
adjusted arrival rate. Scaling Factor for Arrival Rate Modifies the effective arrival rate for
the database server DS and adjusts the impact of y on the system’s service capacity. Effective
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Arrival Rate considers the utilization factor, or time-dependent factor

1
pps—8-y

(6)

I"V_D 5 =

_A
F=1=m

Where is a scaling factor for arrival rate (probability of processing node accessing
the database server), is the service rate of the database server, is utilization factor.

OS: Output Server (MM1) with Bandwidth Calculates the waiting time in the output
server.

1
HOS—Y
®)
Where v is the arrival rate, is the service rate of the Output Server.
Client Server (MM 1) with Bandwidth Calculates the waiting time in the client server.

I"Fg 5 =

1
HCETY
©)

Where vy is the arrival rate, is the service rate of the Client Server.

Wes =

H"F - I"VE_I:; + I"V_p_r_' + I"F_D_l:_' + I"V,g_r_' + I'VE_I:_'(IO)
The total waiting time W is the sum of the waiting times for each server component
in the system. Using this method the performance of servers will be modeled and evaluated.
Discussions and results
In this section multiple queueing systems in a distributed cloud computing environ-
ment are analyzed to assess interactions between these systems and how they affect perfor-

mance metrics.
MM1 Probability Distributions for Different A

—8— MM1 (A=2)
—&— MM1 (A=5)
—— MM1 (A=8)

Probability
o
b

0.2 1

0.1+

0.0 1

Number of Customers

Figure 2 — Probability distributions for M/M/1 model with different arrival rates
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Figure 2 illustrates the probability distributions for an M/M/1 queueing model to
visualize different arrival rates. The x-axis represents the number of customers, while the
y-axis denotes the probability. Higher arrival rates lead to an increased probability of having
more customers in the system, which is crucial for performance and capacity planning. Ar-

rival rates with a value of 8 have higher probabilities across the graph than those with values
2 and 5.

Total Response Times for Varying Arrival Rate (A)
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0.0055 7" --- Double Service Rate
----- Double Bandwidth
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0.0040 1
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0.0035 +

0.0030 4
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T T T T
o 200 400 600 800 1000
Arrival Rate (A)

Figure 3 — Probability distributions for M/M/c model with different arrival rates

Figure 3 illustrates the probability distributions for an M/M/C queueing model with
different arrival rates. Like the previous graph, the x-axis represents the number of customers,
and the y-axis indicates the probability of having that specific number of customers in the
system at any given time. It shows that higher arrival rates result in a greater likelihood of
more customers in the system, like the M/M/1 model but with multiple servers.
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Figure 4 — Total response time (W) with varying arrival rates for M/M/c model
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The figure 4 illustrates the relationship between the arrival rate and the response time
W in an M/M/c queueing system with varying numbers of servers. The response time increas-
es with the arrival rate for all configurations of servers. This is due to the increased overload
of the system as more customers arrive. A notable observation is the effect of the number of
servers on the response time. For lower arrival rates, the response time remains low and is
not significantly affected by the number of servers. However, as the arrival rate increases, the
response time becomes more sensitive to the number of servers. Increasing the number of
servers can help mitigate the impact of higher arrival rates on the response time.

Total Response Times for Varying Arrival Rate (A)

— Base Case
0.0055 4~ ==~ Double Service Rate
- Double Bandwidth

0.0050 4

0.0045 -

0.0040

Total Response Time (W)

0.0035 4

0.0030

0.0025 4

T T
0 200 400 600 800 1000
Arrival Rate (A)

Figure 5 — Total response time (W) with varying arrival rates, base case, double service rate and double band-
width scenario (= 1000, ES=10000,c =10, =0.5, DS=1000, OS=2000)

As from figure 5, there is three cases for total response time with respect to arrival
rates: base case, double service rate for processing servers, and double bandwidth. In case if
we double both service rate and bandwidth size, both improve in performance, but bandwidth
has more effect.
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Figure 6 — Total response time (W) with varying arrival rates, base case (increased bandwidth), double service
rate and double bandwidth scenario ( = 1000, ES=10000,c=10, =0.5, DS=1000, OS=10000)

From figure 6 we take the same parameters, but with increased base case scenario. In this
case, improving service rate in processing servers have more effect.

Higher arrival rates (A) increase the system’s workload, leading to longer response
times and higher server utilization. This trend was evident across all queueing models, par-
ticularly in the M/M/c model, where the presence of multiple servers mitigates, but does not
eliminate performance degradation.

Adding more servers (¢) in M/M/c models significantly reduced waiting times and
response times for high arrival rates, demonstrating the benefits of horizontal scaling in cloud
infrastructures. However, increasing the number of servers also decreased server utilization,
indicating a tradeoff between performance and cost efficiency.

Bandwidth increase showed significant improvement in reducing total response time
in the case of lower base bandwidth. This emphasizes the role of network infrastructure in
cloud performance.

Doubling the service rate of processing servers had a notable effect on reducing re-
sponse times in case of increased base bandwidth.

Properly modeling and analyzing queueing systems can guide resource allocation,
improve load balancing, and reduce operational costs.

Conclusion

This study demonstrated how queueing theory models can be applied to analyze
and optimize the performance of distributed cloud computing systems. Key considerations
include modeling various queueing systems, including advanced models, to evaluate their
effectiveness in different cloud scenarios. Identifying critical performance metrics, such as
response time, and showing its dependence on arrival rates, service rates, and system con-
figurations. This study demonstrated the impact of horizontal scaling, like adding servers,
and vertical scaling, like increasing service rates, on overall performance. Highlighting the
importance of network bandwidth in distributed environments, which significantly affects
the total system response time. The study opens opportunities for further research, such as
incorporating machine learning techniques to predict queue states and optimize resource al-
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location dynamically. Exploring hybrid models that combine analytical and simulation-based
approaches could also enhance the robustness of performance evaluations in complex cloud
environments. This research provides valuable insights for designing efficient distributed
systems, ensuring scalability, and maintaining high-quality service delivery in modern cloud
infrastructures.
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