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Abstract

A polling system is a type of queueing system in which a single server serves many queues. In contrast
to classical queueing systems, the server switches between queues and serves the customers under
different routing and service policies. The problem addressed in this study is to define the load balancing
problem in polling systems, where the balancing behaviour is dependent on server shifts, not the
distribution of customers among queues. Although the load balancing problem in multi-server queuing
systems is very common, modelling the load balancing problem in polling systems is the novelty of this
study. Furthermore, not only the performance of the system has been analysed as in the previous
simulation studies but also the balanced queues with optimal routing probabilities for multi-class queues
under different routing and service policies are achieved by using Arena-OptQuest.

(Received in February 2022, accepted in April 2022. This paper was with the author 2 weeks for 2 revisions.)

Keywords: Multi-Class Queues, Polling Systems, Routing, Simulation

1. INTRODUCTION

There are numerous types of queueing systems, which are classed based on the number of
queues and servers, customer behaviour, and service policies, among other factors. Polling
system is one of the queueing systems which have multiple queues with one server switching
between the queues under different routing and service policies. The customers in the system
are in competition for accessing to a common single server. Computer communication,
transportation, manufacturing, robotics, and road traffic networks are among the most common
uses of polling systems. The load balancing problem arises in such systems that aim to distribute
traffic between multiple servers in the queueing system. This problem is similar to the line
balancing problem in manufacturing systems. However, it is modelled differently in polling
systems due to the single server and the server's ability to shift between queues.

In today's world, where the population and data volume are increasing rapidly, the use of
scarce resources in both physical and virtual systems will be a problem to be tackled. Therefore,
the importance of well-structured polling systems that serve many customers with a single
server will increase. The policies used in polling systems have a significant impact on the
system'’s performance. The routing policies describes the order of queues that server visits one
from another and are named by static (cyclic/periodic), probabilistic (random) and dynamic.
Static routing policies are predetermined and do not change throughout the process. In
probabilistic models, the server routes randomly, while in dynamic routing policies algorithms
are applied to route the server based on the current state of the system. Another important point
in polling systems is the behaviour of the server that is determined by the service policies. In
general, service policies are divided into two categories: server-driven policies and customer-
driven policies. The difference is that customer-related rules influence service decisions in some
systems, whereas server time or other factors can influence service policy decisions in others.
These can be categorized mainly into three types: 1) limited, 2) gated, 3) exhaustive. These
service policies are extended to more than these main types in [1] and [2]. In limited policy
sometimes called I-limited or k-limited policy, the queue is served for a fixed number of entity
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or a specified time. In a gated service policy, the number of entities in the queue at the instant
when the server arrived is served, but next arrivals during the service must wait until the next
visit of the server. In an exhaustive service, the queue is served until it becomes empty. The
time of visit is called as the vacation time, while the time to switch between queues is
switchover time.

Although the concept of polling systems dates back to a work by [3], a particularly
noteworthy study on the fundamental concepts of polling systems and analytical inferences with
some modelling challenges can be found in [4]. Since then, some analytical and theoretical
studies have been taken place in the literature. A number of numerical examples are given in
[5] for determining the effect of customer priorities on the performance of two-queue polling
systems under mixed gated/exhaustive service policies. In [6], the discrete time analysis of
gated time-limited service policy for MAP/PH/1 queue is given. The key performances in the
polling systems are mean waiting times in each queue, overall waiting time or sometimes the
fairness between the queues are other performance outputs as emphasized in [7]. In terms of
analytical models of polling systems, it has also been emphasized that some necessary
conditions should be considered regarding the behaviour modelling of k-limited polling systems
under heavy-traffic [8].

A mean waiting time approximation method is proposed for cyclic polling models with
three [9] and four queues in [10]. They compared the time-limited service policy with dynamic
routing rule that routes the server to the most loaded queue. The method allows explicit
minimization of the weighted sum of the mean waiting times with respect to visiting frequencies
of the queues in the routing table. In [11], the Markov chain of nonhomogeneous finite-source
queueing model was proposed to describe the performance of a multi-terminal system subject
to random breakdowns under different polling service policies.

The rest of the studies are mainly on the applications of polling systems in different areas.
An ATM network system with priorities for two types of customers are studied and analytical
solutions are given in [12]. Two queueing models with state dependent setups are suggested
and applied in logistics [13]. They considered one queue with high priority and exhaustively
served, whereas the other as low priority queue is served according to k-limited strategy. Two
echelon supply chain system with simulation is applied in [14]. They compared the results based
on minimum lead times of cyclic routing under different service policies. An attractive
application area of polling systems is fluid systems in [15]. They analysed the performances of
the polling system with cyclic and probabilistic policies. An application of polling scheme in
the computer systems provides an efficient approach that acts as time-limited policy to
minimize the CPU time and maximize the 1/0 performance for ultra-low latency storage devices
in [16]. An adaptive scheme of polling for cyclic and gated service systems are examined by
generating function method in [17]. A continuous system case that a fluid switched over two
queues for random time-limited policy is studied in [18]. A recent study of polling system
belongs to [19] analysed the performance of a tandem queue modelled as a polling system in
an aluminium manufacturing process. The policies for service and routing of the server have
been applied in different systems. Applications in appointment driven systems and landside
operations of container ports can be found in [20] and [21].

The optimization of polling systems with exact methods has been widely studied in the
literature. Although simulation modelling of such systems is capable of giving the approximate
performance evaluations, there is a few works on simulation models. One of the salient studies
belongs to [22]. They applied the exact methods and simulation to obtain performance measures
of polling system operating under exhaustive, gated and mixed service policies without
considering routing policies. The simulation of polling systems with time-limited service with
random and cyclic routing policies are given in [23]. Most of the previous studies have attended
on the performance of the polling systems rather than the optimal policies. For more on
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applications of polling systems, [24] can be investigated. An actual review of polling systems
can be found in [25].

Most of the previous studies focus on the performance analysis of the polling systems in
terms of mean waiting time minimization, in this study load balancing between queues in terms
of average waiting times are considered to satisfy all the customers waiting for the service in
different queues. The polling systems with three and four queues studied in [10] are extended
to gated and exhaustive service policy. Optimal routes are obtained by using OptQuest which
IS an optimization tool embedded in Arena. The contribution of this study is to provide the
simulation of polling systems under different service and routing policies while balancing
average waiting times in the queues. The results of this study are evaluated using the routing
tables of polling models in [9] and [10].

2. PROBLEM DEFINITION

Polling systems have an N-queue structure, with only one server serving all of them based on
varied routing and service policies. The arrival rate of queue i (i=1, 2, ..., N) is 4 and the service
rate of each queue is ui (i=1, 2, ..., N). The switch over time between the queues is dj (i =1, 2,
.. N,j=1,2, .., N)the time spent by the server moving to the queue i from the queue j. An
illustration of polling systems is represented in Fig. 1, for three-queues and four-queues,

respectively.
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Customers and queues are expected to be identical in this study since the polling mechanism
is assumed to be homogeneous. Customers, on the other hand, arrive at various rates in each
queue. The standard deviation is used to minimize the difference between the expected average
waiting time in each line and the overall expected average waiting time in order to balance the
average waiting time of queues. The objective function is given as:

Min z:\/(ZiN_l(E[qu]—E[Wq])Z)/ N 1)

where the expected average waiting time at queue i and the overall expected average waiting
time are given respectively, E[ W,;] and E[W,].

The server is assumed to move between queues under different routing and service policies
within a constant switch-over time. The related policies and parameters for three and four
queues polling systems are given in Table | and Table I, respectively.

Figure 1: Illustration of polling systems.
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Table I: The simulation parameters of models with three queues.

Models Routing policy | Service policy Common parameters
Model 3Q-1@? | Cyclic Time-Limited Service Rate Arrival Rates
Model 3Q-2 Probabilistic Time-Limited u=1 A1=0.54
Model 3Q-3@" | Cyclic Gated Switch-over Time /2=0.24
Model 3Q-4 Probabilistic Gated d=1min /3 =0.06
Model 3Q-5@" | Cyclic Exhaustive
Model 3Q-6 Probabilistic Exhaustive

@b Routes from studies in [9] and [10], respectively.

Table 1I: The simulation parameters of models with four queues.

Models Routing policy | Service policy Common parameters
Model 4Q-1© | Cyclic Time-Limited Service Rate Arrival Rates
Model 4Q-2 Probabilistic Time-Limited u=1 A1, 43 =0.02
Model 4Q-3© | Cyclic Gated Switch-over Time | 42,44 =0.005
Model 4Q-4 Probabilistic Gated d=1min
Model 4Q-5© | Cyclic Exhaustive
Model 4Q-6 Probabilistic Exhaustive

© Route from study in [10].

The simulation models of polling systems are created by Arena software. It is challenging
due to the logic of Arena depends on the entity movements. However, in polling models the
server moves among the queues. Hence, some extra blocks are used to overcome this drawback.
The block models are only given for the three-queue models as an instance for simulation
models.

2.1 Time-limited and gated polling models

The time-limited and gated policy can be modelled in a similar manner in terms of service
policy. In the time-limited, it is assumed that the server visits each queue for 5000 minutes,
while in the gated policy the server ends its visit after processing the last part that is the one
when the server enters the queue. The Arena blocks for both policies are illustrated in Fig. 2.
However, additional HOLD blocks are used in the gated system after the RouteforTx to prevent
the server processing the parts that are not in the system when the server enters that queue.
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Figure 2: Model for time-limited and gated policy.
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2.2 Exhaustive polling model

The first group of modules that creates the parts includes CREATE-ASSIGN-Signal-HOLD
blocks and is shown in Fig. 3. This group creates and holds the customers in each queue waiting
the idle signal to start the next visit of the server.
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Figure 3: The group of blocks for entity generation and service policy design.

In Fig. 4, the SEQUENCE module with STATION-ROUTE blocks is used to provide the
route for the server. PICKUP-SEARCH- DROPOFF blocks enable the entities to be served by
server by sending them to PROCESS block when the server switches to the corresponding
queue. For only optimization model, DECIDE blocks are added for routing the server based on
a probability of choosing the next queue to visit. Throughout the simulation and optimization,
the optimal values of probabilities are obtained as a result of minimum deviation from the
expected average waiting times at each queue.
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Figure 4: Stations and blocks in the exhaustive model.

3. RESULTS

In order to achieve 95 % confidence level, the simulation is run for 10 replications and one year
period with a warm up period of one month. The static routings are taken from the study of [9]
and [10]. The sequence of visits of server to each queue are set up by random probabilities
changing through optimization process. In the time limited, the server switches to another queue
based on the probabilities assigned in each optimization run. In the model for the gated policy,
the server visits randomly to each queue by starting with initial probabilities of visiting each
gueue and serves the queue down to the last customer who is the one when the server arrives
that queue.

The results for three-queue polling models with different policies are given in Table I11. The
coefficient of variation (CV) that allows to rank the dispersion level is calculated for each
model. For each of the service policy, the probabilistic routing suggests the best balance
between the queues visited by the server while compared with other given cyclic/static routes
based on the CV. Although, the average waiting times in time-limited model are higher than the
other models, the lowest CV indicates that the best balance is obtained in time-limited with the
probabilistic routing policy. Additionally, the expected waiting times and the overall expected
waiting time in the system are the lowest in exhaustive model among all the routing policies.
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Table 111: Simulation results of three-queue models for different policies.

i Average waiting times at queues (min
Models Ser\_/lce Route — J — J — g —( )| st CV |Rank
policy Wa W W3 W, dev.
30-1 - 121213 1245.67 {4062.76|10385.76| 5231.40 |3821.83|0.73| 8
“r::‘tgd 12123121231213| 2115.21 [3318.13| 7375.13 | 4269.49 |2250.260.53| 6
3Q-2 Probabilistic 3595.38 |3477.81| 3591.94 | 3555.04 | 261.70 |0.07| 1
30-3 121213 10.37 13.10 81.74 35.07 33.02 {094 9
Gated |12123121231213| 15.25 15.22 22.87 17.78 3.60 (0.20| 3
30Q-4 Probabilistic 16.29 23.28 20.34 19.97 287 (014 2
30-5 121213 6.75 16.12 34.65 19.17 1159 |0.60 7
Exhaustive | 12123121231213| 7.24 13.87 25.89 15.67 772 (049 5
3Q-6 Probabilistic 9.43 15.28 17.12 13.94 402 |0.29| 4
Model 3Q-Time Limited
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Figure 5: Comparison of the expected waiting times for three-queue polling models.

278




Uncu: Load Balancing in Polling Systems under Different Policies via Simulation Optimization

The comparison of the expected waiting times based on the routing policies for each model
is illustrated in Fig. 5. It is obvious that there is a high dispersion between the expected waiting
times of queues in the refereed studies in which the routing tables were obtained by
approximation methods.

Similar in three-queue model, the best balance is achieved in the probabilistic model for
each service policy. The first one is the time-limited policy and it is followed by the gated policy
based on their CV ranking. However, the lowest average waiting times and overall mean are
achieved by the exhaustive policy. The results are illustrated and compared in Fig. 6.
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Figure 6: Comparison of the expected waiting times for four-queue polling models.
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Table 1V: Simulation results of four-queue models for different policies.

i Average waiting times at queues (min
Service | oo ol A ge waiting tin qu (_) Std. | v |Rank
policy Wa1 W W3 W W, dev.

40Q-1 | Time- [123143|3315.18|10235.69(3332.93/10312.08|6798.97|14012.61| 0.59 | 5

Models

4Q-2 | limited | Prob. |5631.33(5637.85 [5658.25| 5527.08 [5613.63| 50.95 | 0.01 | 1
4Q-3 Gated 123143| 23.02 | 40.53 | 41.43 | 97.38 | 50.59 | 27.99 | 055 | 6
4Q-4 Prob. | 55.88 | 44.34 | 50.55 | 51.58 | 50.59 | 4.12 | 0.08 | 2
40Q-5 Exhaustive 123143| 13.86 | 31.38 | 39.06 | 40.06 | 31.09 | 12.12 | 0.39 | 4
40Q-6 Prob. | 13.10 | 21.96 | 26.29 | 27.04 | 22.10 | 6.40 | 0.29 | 3

In optimization phase, the probabilities are randomly assigned to the pairs of switches
initially. As a result of the simulation optimization, the optimal routing probabilities of each
queue visited by the server are obtained and given in Table V and Table VI for three and four
gueue models, respectively. The total probability of each pair of switches of the server from
one of all the queues is hundred percent. The probabilities are the percent of service time that
the server switches between corresponding pair of queues. For instance, 100 % percent between
queue 2 and queue 1 in Model 3Q-2 means that the server switches from queue 2 to queue 1
without switching from queue 1 to queue 2 in any time of its service. It visits queue 1 only from
queue 3 with 100 % of its time. In terms of optimal routing probabilities, the explanation is
similar for all other pairs of queues.

Table V: Routing probabilities for model 3Q-2/4/6.

Routing probabilities
From queue | To queue | Model 3Q-2 | Model 3Q-4 | Model 3Q-6
Time-limited Gated Exhaustive
1 2 63.29 87.44 1.50
1 3 36.71 12.26 99.5
2 1 100 35.13 76.43
2 3 0 64.87 23.57
3 1 100 100 2
3 2 0 0 98

Table VI: Routing probabilities for Model 4Q-2/4/6.

Routing probabilities
From queue | To queue | Model 4Q-2 | Model 4Q-4 | Model 4Q-6
Time-limited Gated Exhaustive
1 2 0 60.63 0
1 3 0 39.37 100
1 4 100 0 0
2 1 100 0 96.01
2 3 0 54.31 3.96
2 4 0 45.69 0.03
3 1 0 53.04 0
3 2 100 0 100
3 4 0 46.96 0
4 1 0 52.56 0
4 2 0 47.44 100
4 3 100 0 0
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Based on the optimal probabilities, the trade-off between the number of switches and
expected average waiting times for three-queue polling model simulation results is illustrated
in Fig. 7 as an instance. The results for the time-limited policy are not depicted in the figure
because a fixed number of switches as 105 times occur in the defined simulation period. The
graph indicates no significant relationship between average waiting times and the number of
switches for different policies. However, it can be concluded that in the time-limited policy the
number of switches is constant and less than other policies. If there is a noticeable effect of the
number of switches to the cost in the system, then the time-limited policy can be preferable to
others.
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Figure 7: Relation between the expected waiting times and the number of switches.

4. CONCLUSION

Despite the fact that polling systems have been studied since the 1950s, there is still a large
study and application area that needs to be investigated and analysed through simulation due to
the applicability of various routing and service policies that result in varying performance
levels. The decision of using such policies should be evaluated before design of the system or
new algorithms and online searching algorithms may be embedded in the real-world systems.
In most of the previous studies, static or predetermined routing or service policies are widely
analysed by exact and approximation methods. They mainly focus on performance analysis or
mean waiting time minimization. In this study, the load balancing problem in queueing systems
are modelled for polling systems. Time-limited, gated and exhaustive service policies with
predefined routing tables and the probabilistic routing policy for three-queue and four-queue
polling systems are simulated, and optimized to balance the waiting times between the queues
while improving the system responsiveness. The probabilistic routing policy for each service
policy resulted as the best among other proposed models considering minimum dispersion of
average waiting times between queues. Another analysis is conducted for determining the
relationship between the number of switches and average waiting times for three-queue models
only as an instance. However, there is no noticeable relationship. But, if the number of switches
is not negligible, the time-limited policy is better than the gated or exhaustive policies which
result in higher waiting times in the system. If the gated or exhaustive policy is preferred due
to the low waiting times, there should be negligible amount of cost for switchover time.
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For further research, the load balancing problem in polling systems can also be applied to
appointment-driven queueing systems, fluid systems, wireless systems, and many forms of
server routing problems. Other service policies, such as dynamic, priority-based, and
decrementing or mixed policies, can be analysed using the simulation models for polling
systems.
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