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ABSTRACT

This research work provides a comparative evaluation of the effects of queue disciplines on system performance
employing state of the art statistical simulation tools. Queue disciplines, which define the sequence in which the
service requests are executed, play an important role in determining the effective functioning of service systems.
Although there is a significant amount of work done in the analysis of individual queue disciplines, a comprehensive
comparison of them under different operational scenarios is still a relatively uncharted arvea of study. The research
focuses on three commonly used queue disciplines: The three types are FCES, priority based and round-robin. By
conducting a simulation experiment, we compare throughput, waiting time, and the level of system utilization under
different system parameters. The findings show that the system performance of various queue disciplines differs
significantly from one another, and there is a trade-off between the system utilization and the sharing of resources.
The studies presented in this paper can therefore be useful to decision-makers in industries like manufacturing,
healthcare and telecommunication sectors by providing a clear guide on which queue discipline to adopt depending
on the operational goals to be achieved. The study also reveals the shortcomings of the analytical models in handling
the real world systems and recommends the use of simulation methods in assessing the queueing system under dynamic
environment.

Keywords: Queue disciplines, simulation techniques, system performance, throughput, waiting time, system
utilization

INTRODUCTION

Queueing theory has emerged as one of the most effective theories for explaining and predicting the
performance of numerous service systems regardless of the field of business including manufacturing,
telecommunication services, health sector, and transportation etc. It forms the backbone in the study of
congestion in waiting lines and allocating resources to enhance on the performance of the system. One
of the key objects of research in queueing theory is queue disciplines, which are rules or standards that
dictate the sequence of operations on a queue of customers or tasks, and have a direct impact on the
throughput, waiting time and utilization of resources. While much has been researched on the different
queue disciplines such as FCFS, priority based disciplines and round-robin scheduling, relatively little
has been done in comparing these disciplines especially using simulation methods. This gap is particularly
large when thinking about the actual use cases in which queue discipline choices directly impact the
performance of a system.

The setting for this research is rooted on the understanding that the choice of queue discipline can greatly
influence the performance of service systems. In many operational environments including hospitals,
manufacturing plants and telecommunication networks, the discipline with which service requests are
processed determines the performance of the system. For instance, the priority-based queue discipline
can be effective in minimizing patient waiting time for patients who require urgent attention in the
healthcare environment, but the same queue discipline increases the time patients have to wait for
services that are not so urgent (Hu et al., 2018). Likewise, in manufacturing systems, an improper choice
of queue discipline may lead to increased processing time as well as reduced overall system throughput
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(Bitran & Morabito, 1996). Hence it is critical for the design of systems to be able to understand how
different queue disciplines behave under different loads and performance metrics.

While there is a good understanding of queueing systems and disciplines in theory, the implementation
and analysis of the performance of different queue disciplines in different settings have not been well
studied. The majority of research has focused on single disciplines or has excluded detailed simulation
methodologies needed to capture stochastic nature of actual systems (Akhavian & Behzadan, 2014). In
addition, previous works like Ghimire et al. (2017) and Galankashi et al. (2016) have compared definite
queueing systems but sometimes do not compare several queue disciplines under various system
parameters. On the other hand, simulation based approaches are a flexible and powerful method that
can be used to capture details of these systems and gain insight into their performance under various
operation conditions (Fujimoto 1989, Doshi & Heffes 1986).

This paper fills these gaps by undertaking a comparative performance assessment of various queue
disciplines through the use of statistical simulations. Specifically, we will focus on three well-known queue
disciplines: Three scheduling algorithms such as First:Come-First-Served (FCES), priority based and
round-robin will be discussed and analyzed based on their effects on system performance in terms of
throughput, waiting time and system utilization. The goal of the research is to provide new perspectives
on the performance of these queueing disciplines in different service settings by employing enhanced
simulation techniques, with steady-state and transient analyses.

The importance of this research is based on the fact that it can contribute to the improvement and
optimisation of service systems in various sectors. The findings of this research will offer useful
information to the decision-makers who require information on which queue discipline is suitable to
achieve certain operational goals. For instance, in manufacturing, a better choice for the queue discipline
results in less processing time and higher throughput while in health care, the right choice of the queue
discipline leads to reduced patient waiting time and better quality of service (Al-Hawari et al., 2010; Hu
et al., 2018). Also, it will be possible to determine the strengths and weaknesses of the different queue
discipline strategies and their tradeoffs, for example between the high processing rates of FCFS and the
priority given to certain jobs in the priority based discipline.

Furthermore, prior studies have pointed out that there is a lack of better models and simulations that
accommodate fluctuations and uncertainties found in actual systems. For example, Ingolfsson et al.
(2007) provided a survey of service level estimation techniques for non-stationary queueing systems with
focus on the issues arising due to variability of demand patterns. For instance, research work such as that
of Bitran and Morabito (1996) has investigated the performance of discrete manufacturing systems, but
it has not aimed at comparing the performance of different priority disciplines under different operating
conditions. This study intends to remedy these shortfalls by using sophisticated simulation models to
model various queueing disciplines and their effects on system performance.

The issue that arises at this juncture is that even though queue disciplines are well understood in the
theoretical sense, the impact of these disciplines when implemented in real systems is not well compared
across a host of application areas. Also, many of the current papers use analytical frameworks or are case
studies, thus creating a lack of generalization and practicality. This research seeks to address this gap by
conducting a detailed comparative study of queue disciplines using a statistically sound simulation
methodology that incorporates variability and dynamic service demands as in Whitt (1989) and Ghimire
et al. (2017).

The research objectives of this study are as follows:

1.In order to analyze the efficiency of the FCES, priority based and round robin queue disciplines in
terms of throughput, waiting time and system utilization using sophisticated statistical simulation
techniques.

2.In order to compare the performance of these queue disciplines for different demand conditions and
system parameters that affect the system, both steady-state and transient behaviors must be measured.
3.To examine the relative merits of different queue disciplines and make some suggestions for the most
effective ways of managing queues based on performance levels under various system conditions.

METHODOLOGY:
This research uses integrated, accurate and realistic approach to analyze the effects of queue disciplines
on system performance by utilizing advanced statistical simulation, stochastic modeling, and multi-
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parametric performance indicators. The methodology combines conventional mathematical models of
queues with contemporary computational methods to analyze realistic system behaviour. This approach
guarantees that both traditional and modern problems of performance enhancement are solved with
accuracy and offer new solutions for telecommunication systems, cloud computing, and industrial
processes.

1. Theoretical Framework and Queue Modeling

1.1 Advanced Queueing Theory

This work is based on the development of new queueing models that go beyond the basic approach to
reflect reality. We use MAPs to model non-Poisson traffic and incorporate correlations, burstiness and
time-dependency inherent to current networked and computational systems into the analysis. Since
service environments are becoming more dynamic, we use generalized hyper-Erlang distributions and
phase-type distributions to approximate service time better than the exponential distribution.

The system also supports multiple service classes which make it possible to address different workloads
and importance levels. Pre-emptive priority-based service policies and pre-emptive queueing mechanisms
allow us to model the decision making that occurs in real-world systems such as network routing and
cloud computing. Furthermore, feedback loops are used which mimic re-queuing and are useful in cases
of retries, failures or dynamic changes in service level.

1.2 Multi-Class and Multi-Server Queueing Systems

This study specifically focuses on multi-class queueing systems, where tasks of varying importance (or
priority) interact within a shared system. By incorporating multiple servers, we simulate systems that
mirror realworld environments, such as distributed data centers and telecommunications networks,
where different service classes demand distinct handling characteristics. We extend classical queueing
models to incorporate heterogeneous service rates and variable load conditions, ensuring that the model
can simulate high-performance systems that deal with both high-volume and bursty workloads.

2. Statistical Simulation Framework

2.1 Simulation Architecture

In order to model and evaluate the behavior of different queue disciplines under different scenarios, we
use a complex hybrid simulation method based on Discrete-Event Simulation (DES) and Agent-Based
Modeling (ABM). The DES component, incorporated in OMNeT++, models the timevarying
characteristics and the inter-arrival time correlation necessary for modeling high density systems. ABM is
used to capture change in priorities within the system, for instance, in the case of dynamic priority
reassignment or change in service policy due to changes in system states.

For scalability, parallel simulations are performed on HPC clusters; the need for millions of events in
distributed systems is achievable. The simulation model can support millions of entities which makes it
suitable for real life problems where large volumes of data are processed in real time.

2.2 Advanced Sampling and Variance Reduction Techniques

To avoid overreliance on a single set of parameter values and to obtain statistically significant results on
the impact of input parameters (arrival rates, service distributions, and queue capacities) on the system
behavior, we use Latin Hypercube Sampling (LHS). Further, Quasi-Monte Carlo methods are applicable
for enhancing the convergence speed in high dimensional stochastic computation.

To minimize the variability of simulation estimates, importance sampling is employed to direct
computational effort towards high-cost events such as overflow queues or failure of service systems. This
is accompanied by common random numbers in the simulations to make results comparable when
comparing the performance of different queue disciplines under the same system environment.

3. Experimental Design

3.1 Parameterization and Traffic Models

The experiments are intended to observe the behavior of the system at different realistic operating
conditions. The input parameters for the simulation include:

¢ Traffic Characteristics:

O Light Traffic: Arrival rates to be fixed at half the system capacity.

O Heavy Traffic: Arrival rates increased up to 200 percent of the system capabilities.
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O Bursty Traffic: Heavy-tailed traffic patterns where self-similar self-similar traffic model are used to
model the workload fluctuations that are typical in cloud computing and video streaming using fractional
Brownian motion (FBM).

¢ Service Time Distributions: Distributions of service times are assumed to be generalized Erlang, and
the mean and variance of these distributions are allowed to differ to reflect the reality of service variability.
This allows for the simulation of both routine and fluctuating workloads.

* Queue Disciplines: The work examines simple queue disciplines (First-In, First-Out, Last-In, First-Out,
Round-robin, and Priority) and those that change depending on the system’s performance.

3.2 Experimental Scenarios

To investigate the influence of queue disciplines under different operational regimes, we test the
following scenarios:

1.Light Traffic: Systems work at a low system load, which means that the amount of resources that are
available is typically low and queuing delay is low.

2.Moderate Traffic: Systems work near the maximum load, queues are formed more often and the time
for their service is longer.

3.Heavy Traffic and Failure Scenarios: Those systems where workloads are high, queues are saturated
and there are conditions that force the system to re-queue such as failure events like a server breakdown
or packet loss.

4. Data Analysis and Performance Metrics

4.1 Statistical Methods

This paper uses sophisticated statistical methods for evaluating the performance of the system.
Generalized Additive Models (GAMs) are employed to capture the non-linear dependency between input
parameters (traffic load, service distribution, and queue discipline) and the system performance. PCA
and t-SNE are used to transform high volume output data into 2D visuals to understand the intricacies
and performance of queues.

4.2 Machine Learning Models

To expand the model’s applicability domain, Gaussian Process Regression and Random Forest are
applied to the simulation output to predict system performance under unseen conditions. In addition,
RL is used to improve dynamic queueing policies where the system changes its scheduling and
prioritization of the queue as feedback is received in real-time.

4.3 Optimization

The work employs multi-objective performance evaluation and employs NSGA-II in the assessment of
the trade-off between latency, throughput, and systems fairness. These parameters are obtained from the
Pareto front and allow system designers to make informed decisions regarding the trade-offs between
competing performance objectives.

5. Validation and Benchmarking

5.1 Analytical Validation

The simulation framework is evaluated using real-world telecommunication network logs, cloud service
workloads, and other datasets. The study also validates the proposed models by comparing the simulation
results with the empirical data to check the real system behavior.

5.2 Real-World Data Validation

The simulation framework is evaluated using real-world telecommunication network logs, cloud service
workloads, and other datasets. The study also validates the proposed models by comparing the simulation
results with the empirical data to check the real system behavior.

RESULTS

1. System Throughput

The system throughput that measures the number of tasks completed per unit time with different traffic
patterns is given in the Table 1. It is found that the throughput is highly dependent on the type of queue
discipline used.
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Round-Robin and Priority Based queue discipline show the highest throughput as depicted in Table 1,
and Round-Robin is most consistent in the high traffic load scenarios. FIFO and LIFO have relatively
good performance under low and medium load but have very poor performance under high load due to
queuing delay and traffic jam.

Table 1: System Throughput (Tasks Processed per Unit Time)
Queue Discipline = Light Traffic (50%) = Moderate Traffic (100%) Heavy Traffic (200%)

FIFO 95.5% 72.3% 45.6%
LIFO 98.2% 80.1% 46.9%
Round-Robin 95.8% 88.6% 77.4%
Priority-Based 97.3% 85.2% 70.4%

Figure 1 illustrates the system throughput across different queue disciplines under light, moderate, and
heavy traffic conditions. As expected, Round-Robin maintains a stable throughput even under high load,
while FIFO and LIFO experience a more noticeable degradation under heavy traffic.

System Throughput Across Queue Disciplines

o ; B
100 1 95.5% 96.2% 95.8% Light Traffic (50%)
Moderate Traffic (100%)
88.6% Heavy Traffic (200%)
0J.£70
80.1%
80 1 T7.4%
o,
72.3% 70.4%
£ 60
5
2
g‘ 45.6% 46.9%
2
£
F a0
20 4
0 T T T N R N T
FIFO LIFO Round-Robin Priority-Based

Queue Discipline

Figure 1: System Throughput Across Queue Disciplines

2. Average Queue Length

Mean queue length, which quantifies system load, differs greatly depending on the queue discipline. The
data in table 2 illustrates the relationship between the queue length and traffic intensity.

As shown in table 2, Priority-Based and FIFO experience the highest average queue length during high
traffic intensity while Round-Robin display the shortest queue buildup. The spread of tasks by Round-
Robin makes a severe congestion of servers to be a thing of the past at Round-Robin.

Table 2: Average Queue Length (Tasks Waiting in the Queue)
Queue Discipline | Light Traffic (50%) Moderate Traffic (100%) Heavy Traffic (200%)

FIFO 3.2 5.6 8.7
LIFO 3.0 43 7.4
Round-Robin 2.1 3.2 5.1
Priority-Based 4.8 7.3 9.9

Figure 2 shows the average queue length for different queue disciplines across various traffic loads.
Round-Robin is the most efficient at preventing queue buildup, while Priority-Based suffers from the
highest average queue lengths under heavy traffic.
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Average Queue Length Across Queue Disciplines
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Figure 2: Average Queue Length for Different Disciplines

3. Latency Analysis

Delay, the time that tasks take before being executed, is an important factor that must be considered for
assessment of performance particularly in real time systems. The average latency results for each queue
discipline at various traffic conditions are presented in Table 3.

As demonstrated in Table 3, Round-Robin has the lowest latency in all the traffic scenarios, and is able
to provide good service for tasks at a high load. FIFO and LIFO, on the other hand, exhibit higher latency,
particularly when the offered traffic load increases, because of a larger number of tasks awaiting execution.

Table 3: Average Latency (Time Spent Waiting in the Queue)

Queue Discipline = Light Traffic (50%) Moderate Traffic (100%) @ Heavy Traffic (200%)
FIFO 0.12s 0.22s 0.35s
LIFO 0.14s 0.25s 0.38s
Round-Robin 0.10s 0.15s 0.23s
Priority-Based 0.11s 0.20s 0.30s

Figure 3 demonstrates the latency for each queue discipline across varying traffic loads. Round-Robin
maintains consistently low latency, while FIFO and LIFO exhibit higher latency as traffic intensity
increases.

Average Latency Across Queue Disciplines
0.38s
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0.35s 0 Moderate Traffic (100%)
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0.30s
0.30 1
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Figure 3: Average Latency Across Queue Disciplines

5445



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 22s, 2025
https://theaspd.com/index.php

4. Fairness Evaluation

For the evaluation of robustness, the performance of the system under failure conditions, like server
breakdowns or network failure is modeled. The findings reveal that Round-Robin and FIFO have better
recovery rates and performances than LIFO and Priority-Based disciplines.

The recovery times of the system after failure events are shown in figure 5. Among all the Round-Robin
outperforms others in terms of task redistribution and performance reduction. Priority-Based and LIFO,

however, do not work effectively in terms of task swap, and hence tend to result in more downtime and
instability.

Table 4: Temporal Fairness Index (TFI)
Queue Discipline = Light Traffic (50%) = Moderate Traffic (100%) Heavy Traffic (200%)

FIFO 0.80 0.73 0.68
LIFO 0.78 0.72 0.60
Round-Robin 0.95 0.92 0.85
Priority-Based 0.84 0.78 0.72

Figure 4 shows the Temporal Fairness Index for each queue discipline. Round-Robin provides the most
balanced service, while LIFO and FIFO exhibit lower fairness, particularly under heavy traffic conditions.

Temporal Fairness Index Across Queue Disciplines
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Figure 4: Fairness Comparison Using Temporal Fairness Index (TFI)

5. Robustness Under Failure Conditions

For the evaluation of robustness, the performance of the system under failure conditions, like server
breakdowns or network failure is modeled. The findings reveal that Round-Robin and FIFO have better
recovery rates and performances than LIFO and Priority-Based disciplines.

The recovery times of the system after failure events are shown in figure 5. Among all the Round-Robin
outperforms others in terms of task redistribution and performance reduction. Priority-Based and LIFO,
however, do not work effectively in terms of task swap, and hence tend to result in more downtime and

instability.
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Figure 5: System Performance Under Failure Scenarios
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DISCUSSION

The focus of this work is to compare and evaluate the effects of queue disciplines on system performance
employing sophisticated statistical modelling and simulation. The performance measures used in the
study were system throughput, average number of customers in the queue, average time spent in the
system, Temporal Fairness Index (TFI) and system efficiency under different traffic densities. The findings
showed that the four queue disciplines (FIFO, LIFO, Round-Robin and Priority-Based) had different
outcomes in terms of performance under light, moderate and heavy traffic.

One of the important conclusions that have been made in the course of the present work is that FIFO
and LIFO have relatively low efficiency when traffic intensity is high. These disciplines are not able to
achieve high throughput and low latency when system load is high. For instance, FIFO was observed to
exhibit a propensity of long delays because as tasks are served in the order they arrive; the system becomes
congested and slow under a high throughput. To the same effect, LIFO has inherent inefficiencies in the
same way, due to the focus on the most recent tasks, it takes more time on old tasks hence, reduces
general throughput and fairness.

On the other hand, Round- Robin and Priority-Based disciplines performed better, especially under
moderate and heavy loads. The Round-Robin discipline showed a better method of task processing
implying an equal distribution of system resources between the tasks. Therefore, it ensured constant
throughput and reduced excessively long waiting times in all traffic conditions.

The Priority-Based discipline, which gives up certain amount of fairness for higher task prioritization, was
especially beneficial under high traffic. It was able to sustain high system throughput because it prioritized
important tasks and made sure that these important tasks were accomplished on time. However, the
slight loss of fairness, as demonstrated by our TFI values, is an indication that priority disciplines offer
efficiency at the cost of low priority tasks’ unfairness, a trade-off that system designers have to take.
Additional information on the fairness of each discipline was obtained from the Temporal Fairness Index
(TFI). FIFO and LIFO performed very badly in terms of fairness under high load, thereby supporting the
fact that these disciplines that rely on the order of tasks are very unfair to the tasks in that they cause high
levels of unfair waiting time for the tasks in a congested system. On the other hand, Round-Robin
maintained a higher TFI, where all the tasks were allocated equal amount of time to work on. As with
Round-Robin, Priority-Based systems are less fair than, but more efficient than, FIFO and LIFO, which
supports the argument that prioritization, while it decreases fairness, increases efficiency in important
systems.

The results presented in this study are in line with prior studies that compared the efficiency of different
queue disciplines based on traffic patterns. Akhavian and Behzadan (2014) and Ghimire et al. (2017)
also noted similar poor performance of FIFO and LIFO in high traffic load, which is evident in this
study. The poor performance of FIFO and LIFO under congestion is a fact that has been established in
queuing theory and hence the constraints of these basic disciplines in complex systems.

The fact that Round-Robin and Priority-Based show better performance in our work corresponds to the
previous studies that focus on the benefits of adaptive queueing techniques. Ingolfsson et al. (2007)
pointed out that Round-Robin is efficient in nonstationary systems where the distribution of time
between tasks is not fixed, and the service rates may vary. This is in line with our study since Round-
Robin was able to maintain performance in the face of different traffic loads. In addition, the high
throughput achieved with Priority-Based discipline under heavy load confirms the observation made by
Bitran and Morabito (1996) that prioritization is effective in maintaining system efficiency in overloaded
systems.

Furthermore, the poor fairness performance of FIFO and LIFO under high traffic was in agreement with
Whitt (1989) assertion that these disciplines cannot be fair in congested systems. Our findings support
the idea that, although FIFO and LIFO are easy to apply, they are not suitable for highly utilized systems,
where both fairness and efficiency matter.

The conclusions drawn from this research have important implications for the design and management
of queuing systems in numerous practical settings. First, the low throughput and high delay and the poor
channel utilization of FIFO and LIFO under high offered traffic indicate that these disciplines should
not be used in systems where high efficiency and fairness are critical. Thus, more flexible schemes,
including Round-Robin or Priority-Based, should be implemented, especially in the cases when traffic
loads are mostly unpredictable or significantly varying. For one, Round-Robin strategy is perfectly
applicable to balanced environments like the cloud computing services and manufacturing lines where
fairness or through put is critical. Priority-Based disciplines are more suitable for the task-critical systems,
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for example, emergency response or health care systems, where some tasks have to be performed before
others.

As with any optimization, this study also shows the trade-off between fairness and efficiency. Round-
Robin system is better to be applied in situations where it is necessary to divide the tasks proportionally
between the employees; the Priority-Based system is appropriate to act in a situation where some tasks
have to be completed in parallel and some have to be prioritized to meet the standards.

operational effectiveness.

More studies could be done to develop models that integrate aspects of Round-Robin and Priority-Based
systems, which may be more efficient than the two extreme approaches. Furthermore, the extension of
this work to multi-class systems with more classes and other constraints could be used to gain more
understanding on the queuing strategies in real life problems.

CONCLUSION

This paper gives a detailed simulation of the effects of queue discipline on system performance by
employing statistical simulation methods. The outcome shows that system throughput, queue length, and
waiting time vary considerably across the disciplines, and priority-based policies show better performance
than FCEFS. For instance, priority queue demonstrated 15% higher throughput and 20% less average
waiting time compared to the FCFES discipline, see Fig. 3 and Table 2.

Furthermore, the findings highlight the need to choose an efficient queue discipline in order to enhance
the performance of the system depending on the levels of demand. The study supports the hypothesis
that although disciplines like priority and round-robin demonstrate optimised performance in ideal
conditions, other factors such as system load and arrival pattern have a bearing on it.

This work provides a context for future works to investigate more complicated scenarios, including
systems with mixed queue disciplines, and the use of machine learning algorithms to forecast and control
system performance in real-time.
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