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The IP networks are the most powerful tool for sharing information offering many services and 

using many technologies. When planning telecommunication networks it is important to determine the 

link throughput to provide quality of services and to avoid congestions and bottlenecks in the network. 

There are many studies that describe complicated queueing systems with specific behaviour such as 

long-range dependence, peakedness, self-similarity and heavy tail distributions. This behaviour at IP 

network at packet level can be analysed by queueing systems with Polya distribution. Ensuring proper 

link capacity at the packet level in IP networks is a challenging problem. In this article, a method to 

evaluate the link capacity of IP networks at the packet level based on a Polya/G/1 queue is suggested. 

The dependence of the link offered traffic from the mean waiting time at defined values of the arrival 

and departure processes burstiness is shown. The presented graphic dependencies give a possibility to 

determine the network resource utilization at defined delays. 
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1. Introduction 
The development of telecommunications networks 

is related to ensuring quality of the provided services. 
A number of authors based on measured traffic 
indicate that there are no suitable methods for the 
analysis of modern packet switching networks. Traffic 
flows in modern broadband networks have the 
following characteristics [1]: self-similarity, long term 
dependency, uniformity, presence of long intervals 
between moments of packets arrivals and very large 
packets. There are many articles analyzing traffic in 
the IP networks that show its peakedness at different 
scales of time. 

Best-effort IP interconnected networks cannot 
guarantee quality of service. The planning and 
building of IP networks is a complex process, which is 
based on teletraffic engineering, but also uses many 
practical rules. This leads not only to inefficiencies 
due to inappropriate sizing but also to misconceptions 
regarding the effectiveness of traffic controls. Many 
studies that have been performed have considered 
Internet traffic in terms of stochastic processes of 
packet, flow, and session arrivals and the main 
problem is a lack of awareness of known results and 
their implications as pointed out in [2]. For assuring 
quality of service (QoS), understanding the demand – 
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capacity – performance relation of IP networks is 
required. 

Operators adjust contention ratios and 
oversubscription periodically in order to attain the 
quality of experience and revenue targets while 
keeping an eye on the expenses. An overprovisioned 
best-effort IP network can meet most user 
requirements and has the advantages of relatively low 
capital and operational costs as pointed out in [3]. 
This network cannot ensure high throughput and low 
latency for real-time services. 

The packet switching in the Internet and the huge 
number of different services and applications lead to 
the specific characteristics of traffic flows. Poisson 
processes describe the random processes in telephone 
networks with packet switching. In IP networks, the 
arrival and service processes have specific properties 
as long-range dependence, self-similar, or fractal-like 
behaviour as pointed out in [4]. 

When planning telecommunication networks it is 
important to determine the link throughput to provide 
quality of services and to avoid congestions and 
bottlenecks in the network [5].  

In this article a method to evaluate the relation 
between demand, capacity, and performance in IP 
networks by Polya/G/1 queue is suggested. We 
propose the usage of Polya distribution for specific 
teletraffic analysis of IP networks. Determining the 
packet-level link capacity gives efficient mechanism 
for traffic congestion control in the modern 
telecommunications networks with packet switching. 

The teletraffic engineering provides useful tools 
for the stochastic processes modelling in 
telecommunication networks. Usually the queueing 
models are widely used in the network planning and 
evaluation of the quality of service as pointed out in 
[6]. There is no single traffic model that can 
efficiently capture the traffic characteristics of all 
types of networks. Traffic modeling is a basic 
requirement for accurate capacity planning as pointed 
out in [7]. The queueing systems are used to evaluate 
the parameters of the quality of service as probability 
of packet loss, average packet delay and throughput. 

2. IP link capacity evaluation 
Internet traffic is due to the interaction among 

millions of users, hundreds of heterogeneous 
applications, and dozens of sophisticated protocols as 
pointed out in [8]. The technical components of the 
Internet are complex in themselves and they are 
augmented by a general unpredictability and diversity 
of human components as pointed out in [9]. Internet 
traffic is variable, with individual connections ranging 

from extremely short to extremely long and from 
extremely low-rate to extremely high-rate. 

There are three traffic regimes that help in 
understanding the performance requirements in IP 
networks – transparent, elastic and overload as 
presented in [10]. 

The transparent regime occurs when all flows have 
a relatively low peak rate. The probability that the 
sum of the rates is less than the link capacity is very 
high. The congestion probability is negligible and the 
delays are very small in this regime. The contention 
between arrival packets can be solved by a simple 
first-in, first-out buffer. 

In the elastic regime, some flows have a high peak 
rate and try to occupy the all link capacity. The 
buffers overflow and the networks flows will have 
significant losses and delays. To improve the quality 
of service, rates of some flows must be reduced. The 
transmission control protocol normally realizes the 
necessary adjustment. With max-min fairness, only 
the high peak rate flows are constrained for rate 
reduction. The others maintain their rate and suffer 
negligible loss, as experienced in the transparent 
regime as pointed out in [10]. 

The overload regime occurs when the demand 
exceeds the link capacity. The congestion probability 
and the delays are very high for all flows and the 
performance is very poor in this regime. The bursty 
traffic flows lead to frequently and lengthy overloads. 
This regime should be avoided through appropriate 
traffic engineering. 

The traffic flows in IP packet switching networks 
are peaked. In this case, the variance of the number of 
packet arrivals is bigger than the mean value. The 
typical transmission of packets in networks is in the 
form of bursts (a large amount of data sent in a short 
time). The burstiness is caused by the nature of the 
data being communicated and it leads to peaked traffic 
flow in the networks. Hence, there are many studies 
that describe complicated queueing systems with 
specific behaviour such as long-range dependence, 
peakedness, self-similar, and heavy tail distributions. 
This behaviour for IP network at packet level can be 
analysed by Polya/G/1 queueing system. 

3. Polya arrival process 
The Polya arrival process is a pure birth process 

with two parameters – the average arrival rate λ and 
the peakedness β of the input flow [11]. The 
probability Pi(t) of having i arrivals during a time 
interval t is given by the following formula: 
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The mean value M(t) and the variance (2nd central 
moment) V(t) of the number of customer arrivals 
during a time interval t are respectively: 
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The coefficient of peakedness z of the number of 
arrivals of the Polya input flow is: 
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4. Generalized Pollaczek-Khinchin Formula for 
Polya/G/1 queue 

The M/G/1 queueing model is one of the most 
researched models in operations’ research and in the 
performance evaluation area in computer sciences. 
The Polya/G/1 queue is a generalization of this model. 
The Polya/G/1 system has a Polya distributed arrival 
process with rate λ, coefficient of peakedness z, 

identically distributed general service times 
(independent of the arrival process) with mean value τ 
and coefficient of variation Ct [fig.2]. The offered 
traffic A=λ.τ is considered smaller than 1 Erl as to 
ensure stability of the system. 

The generalized Pollaczek-Khinchin formula for 
the Polya/G/1 queue is derived by the use of the 
Kendall’s Recursion in [12]. The mean waiting time 
for this queueing system (the time the customer has to 
wait for the service in the queue) is: 
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5. Numerical results 
The numerical results obtained by a computer pro-

gram are presented in this section. The maximum 
offered traffic by the link with a given coefficient of 
peakedness of the number of arrivals of the Polya 
input flow and coefficient of variation of the general 

distributed service time at a defined mean waiting 
time is calculated by the bisection iteration method in 
numerical analysis. 

Figure 2 shows the offered traffic A in a single 
server queue Polya/G/1 as a function of the normal-
ised mean waiting time Wq/τ for a defined value of the 
coefficient of variation of the general distributed ser-
vice time Ct and different values of the coefficient of 
peakedness of the number of arrivals z of the Polya 
input flow.  

Figure 3 shows the offered traffic A in a single 
server queue Polya/G/1 as a function of the mean 
waiting time Wq/τ for a defined value of the coeffi-
cient of peakedness of the number of arrivals z of the 
Polya input flow and different values of the coeffi-
cient of variation of the general distributed service 
time Ct. 

We can see high link utilization when the arrival 
and departure processes have minimum values of the 
variances. The increases of the coefficient of 
peakedness of the number of arrivals of the Polya 
input flow and the coefficient of variation of the gen-
eral distributed service time can decrease the offered 
traffic more than 0.5 Erl. The bigger values of the 
arrival and departure processes burstiness leads to 
smaller offered traffic changes when the mean waiting 
time has big value. When the arrival and departure 
processes are peaked it is necessary to have value of 
the normalised mean waiting time bigger than 40 for 
better utilisation and smaller delays. 

The presented results show that the influence of the 
burstiness of the arrival and departure processes over 
the link utilization is significant. 

In modern IP networks it is usually transmitted 
packages with the length in the order of 40, 576 and 
1500 bytes. If we know the transmission speed of the 
link, we can easily calculate the mean service time. 
By admissible delays for different services it will be 
determined the normalised mean waiting time. When 
we know the peakedness of the number of packet arri-
vals of the input flow and coefficient of variation of 
the service time we can calculate the link utilization 
by presented method based on the Polya/G/1 queue. 

 
Polya arrival process ServerQueue 

µ,Ct

λ, z 

Departure process 
µλ /A =

  3 2 1 

 
Fig.1. A generalized single-server delay system – Polya/G/1 queue 
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Fig.2. Admissible load A as a function of normalised mean waiting time Wq' for a defined value of 

the coefficient of variation of the service time Ct and different values of the coefficient of 

the number of arrivals peakedness z for the system Polya/G/1. 

 

 
Fig.3. Admissible load A as a function of normalised mean waiting time Wq' for a defined value of the coefficient of 

the number of arrivals peakedness z and different values of the coefficient  

of variation of the service time Ct for the system Polya/G/1. 
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6. Conclusion 
In this article, a method for the evaluation of the 

link capacity in IP networks at the packet level based 
on the Polya/G/1 queue is proposed. The presented 
method for determining the link offered traffic at 
defined admissible mean waiting time allows to im-
prove quality of service and to give a possibility for 
accurate designing of telecommunication systems and 
networks. 

The presented graphic dependence of the offered 
traffic on the mean waiting time at defined values of 
the arrival and departure processes burstiness give a 
possibility to determine the links utilization at de-
fined delays. Determining the links utilization allows 
for efficient operation of congestion control in mod-
ern packet switching telecommunications networks. 

The importance of the suggested method is due to 
its ability to describe peaked behavior of the arrival 
and departure processes that can be found in up-to-
date networks. 

In conclusion, we believe that the presented meth-
od for link capacity evaluation in IP networks at the 
packet level based on the Polya/G/1 queue will be 
practically useful. 
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