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Background. The last decades were marked by a significant achievement in the field of teletraffic theory — the
discovery of self-similar properties of processes occurring in modern networks. Modern telecommunication networks
and information systems are complex, dynamic structures in which data flows are formed by a large number of
independent sources. Studies show that traffic in such systems exhibits the property of correlation on different time
scales. This means that changes in network load can affect its operation not only in the short term, but also over
significant time intervals.

Objective. The purpose of the paper is to investigate how the queuing systems’ (QS) characteristics sensitivity
changes in the Hurst parameter (H) under conditions of self-similar traffic. Additionally, it aims to assess the impact
of the traffic correlation properties on the quality indicators of the telecommunication networks’ functioning.

Methods. The mathematical basis of the study is the use of the Weibull distribution for the incoming self-similar
flow to describe the characteristics of the SMO, as well as the dynamics description of the self-similar traffic property
for different values of the Hurst parameters.

Results. The influence of the traffic self-similarity property on the sensitivity of changes in service quality
indicators in queuing systems, depending on the intensity of incoming traffic, the intensity of service requests, and
different values of the Hurst parameters, was investigated.

Conclusions. The influence of the traffic self-similarity property on the sensitivity of changes in QS quality of
service indicators is most significant with an increase in the intensity of incoming traffic, the intensity of application
service, and with values of the Hurst parameter close to 1. This emphasises the importance of taking into account the

self-similarity factor when determining the characteristics of similar information and communication systems.
Keywords: queuing system QS; self-similarity,; quality of service QoS; the sensitivity of QS parameters.

Introduction

The article aims to investigate how the queuing
systems’ (QS) characteristics sensitivity changes in
the Hurst parameter (H) under conditions of self-
similar traffic, as well as to assess the impact of the
traffic correlation properties on the qualitative
indicators of the functioning of telecommunication
networks within the Weibull model to describe the
characteristics of the incoming application flow.

The object of the study is a queuing system
with incoming flows that exhibit self-similarity,
characterised by a generalised structure of the class
G/M/1.

Modern telecommunication networks and
information systems are complex, dynamic
structures in which data flows are formed by a
large number of  independent sources
[1-4]. Studies show that traffic in such systems
demonstrates the property of correlation on
different time scales [5-6]. This means that
changes in network load can affect its operation
not only in the short term, but also at significant
time intervals.

The task of the work is to determine the
sensitivity of the QS characteristics to changes in
the parameter H, the intensity of incoming traffic A
and the intensity of service .

A new result of the study is the determination
of the sensitivity characteristics of the parameters
of self-similar traffic to changes in the intensity of
incoming service flows within the Weibull model,
in contrast to the known results, where the object
of the study was the absolute values of the QoS
indicators without taking into account the degree
of sensitivity of such indicators to factors of the
organization of the telecommunication network.

Problem statement

Traditional models of queuing systems (QS),
based on the assumption of a Poisson distribution
of the incoming flow of requests [7], do not
account for this feature, which can lead to
inaccurate estimates of network performance.

An alternative approach is to use self-similar
models that take into account long-term correlation
in traffic and allow for more accurate prediction of
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network behaviour for different loads, in particular,
using the Weibull distribution to describe the
intervals between neighbouring incoming service
requests [8-11].

The density of the Weibull distribution is

determined by the formula:
P(x)=a-B-x%1.e Fx*
where o = 2 (1— H) is the argument of the
Weibull function, which depends on the Hurst
coefficient H and characterises the degree of self-
similarity of the described process;

B is the argument of the Weibull function,
which is related to the coefficient a and the
intensity of incoming requests A:

p=[r-r(1+2)|" @
a

An additional parameter of the Weibull
distribution is the variable o, which depends on
both coefficients a and B and is used for the
analytical description of service parameters in
queuing systems [12-14]:

c=a-f- f0+°° e—(u—waort . pa=1. ,—Bt% . 4¢

o=Fu—u-o), )

where o — the root of the equation 0 < o < 1;

F — Laplace-Stiltjes transformation of the
density distribution of intervals between
applications f(t) in queuing system.

Formulas (1) — (4) indicate the connection
between traditional traffic parameters (incoming
requests A, service intensity p), which are the
parameters of classical, “Poissonian” QS, with the
characteristics of the QS based on the properties of
self-similarity.

The key parameter of self-similar traffic is the
Hurst parameter (H), which reflects the level of
density between active users of the network [15].

The object of the study is a queuing system
with incoming flows that have the property of self-
similarity, with a generalised structure of the class
G/M/1 [11, 16, 17].

(D

Sensitivity assessment methodology

Given the importance of Hurst parameters (H),
intensities of incoming flow (A) and service (u) for
determining the performance of a queuing system
(QS), it is important to investigate how changes in
these quantities affect the quality of service (QoS)
indicators. In particular, the sensitivity of quality-
of-service (QoS) indicators to these parameters can
have a significant impact on network efficiency.

To assess the sensitivity of each indicator to
changes in the value of the SMO parameter, the
following method is used. All parameters are fixed,
except for one selected one, then all indicators are
determined depending on the variable parameter
[18,19].

From the totality of the obtained results, a
matrix of dependencies of indicators P on the
parameter r is formed, which can be used to
conduct additional analysis of the prospects for
movement (improvement of indicators) in one
direction or another. The slope of the curves shows
the sensitivity, the effect of movement for a certain
indicator. In mathematics, this matrix is called the
Jacobian J, in which the role of the slope of the
curves is played by the values of the derivatives
Pi/Rj:
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In accordance with this methodology, analytical
calculations were carried out, and graphical
dependencies were constructed, which demonstrate
different sensitivity es of each indicator (low,
medium and high sensitivity zones).

The low sensitivity zone is characterised by the
fact that changes in the parameters (H, A, p) do not
have a significant impact on the QoS indicators. It
is usually observed at stable or close to optimal
values of the incoming flow and service intensities.
In this zone, the system can efficiently process
requests, and changes in the parameters do not
cause significant fluctuations in performance.

The zone of medium sensitivity indicates that
changes in parameters have a noticeable, but not
critical, impact on the efficiency of the system. In
this zone, there is a certain fluctuation in the QoS
indicators, but the system can adapt to these
changes without significant disruptions in its
operation.

The zone of high sensitivity reflects situations
where even small changes in parameters can lead
to significant changes in the performance of the
queuing system. In this zone, the system exhibits a
significant dependence on the values of H, A and p,
and each change can cause significant deviations in
waiting time, throughput or other critical indicators
of quality of service. This indicates the need for
fine-tuning of these parameters to achieve optimal
results.

Analysis of the resulting dependencies

Matlab and Excel software were used to obtain
the data.

Using Excel software, the values of service
quality indicators were calculated and their
changes were determined for sensitivity analysis.

For quantitative analysis of the influence of the
parameter H on the system characteristics, the
following metrics were used, which are based on
the Little formula methodology [20, 14]:



— the absolute values of the average values of the
parameters of the functioning of the QS:
v’ Average time the request is in the system (Wys)
1
&)

Wayse = oy

v’ Average waiting time for a service request (Wwait)

(6)

o

Wwaie = 705y

v' Average number of requests in the queue (L)

— P
L= 1-0o )
v' Average number of requests in the system (Q)
Q== (®)

— indicators of the sensitivity of the average
values of the parameters of the SMO functioning to
changes in the intensity of application flows

v" AWsyst — change in the average time the
application stays in the system;

v" AWwait — change in the average waiting time of
an application in the queue;

v" AL — change in the average queue length;

v' AQ - change in the average number of
applications in the system.

The values of these indicators were calculated
for the parameters H = 0.5...0.8 with a step of 0.1,
the values of the input flow intensity A = 0.7...1.5
s! with a step of 0.1 s™' and the service intensity p
=1.75 ...2.75 s™" with a step of 0.25 s7".

To study the sensitivity of indicators depending
on the intensity of service p, calculations of
absolute values of indicators were performed [21].

At the first stage, for a visual comparison of
the sensitivity of the studied indicators, namely:
the average time of the application in the system
AWsyst, the average waiting time in the queue
AWwait, the average queue length AL and the
average number of applications in the system AQ —
graphs of the dependence of the sensitivity
indicators on the intensity of the incoming flow A
for certain values of the Hurst parameter in the
service intensity designations p = 1.75 s-1
(moderate length of applications) and pu = 2.75 s-1
(short length of applications) are presented (Fig. 1
— Fig. 4).

It should be noted that at H = 0.5 the system is
described by an exponential distribution, which
corresponds to the classical model of random
receipts of applications without the self-similarity
property. Under such conditions, the system
demonstrates more stable behaviour, and the
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impact of changes in A is less pronounced. As A
increases, the behaviour of the system also changes
depending on the value of H. As H approaches 1,
the self-similarity property becomes increasingly
evident, which increases the sensitivity of the
system to changes in the flow, in particular, in the
indicator of the average residence time of the
application in the system Wsyst.
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Fig. 1 Sensitivity of the average request dwell time
in the system AWsyst to the intensity of the
incoming flow at u=1.75 s"'and p=2,75 s’!

The graphs (Fig. 1) show that at lower service
intensity, when p = 1.75 s-1 (longer service time),
the relative increase in the average request dwell
time in the system AWSsyst changes significantly
with increasing flow intensity (A) for all values of
H (increasing the sensitivity index by 2.5...4
times). When p increases to 2.75 s-1 (service of
short requests), the relative increase in AWsyst for
all values of H becomes smaller, which confirms
the effectiveness of increasing service intensity to
optimise system operation. For H = 0.5, the
increase is limited to the range of 4.9% - 8.0%, and
for H=0.8 - 10.7% - 12.0%.

Therefore, the relative increase in the average
application dwell time in the system AWsyst
depends on the intensity of the incoming flow A
and the parameter H, and its decrease is possible
due to an increase in the intensity of service. To
minimise changes in AWsyst at high values of A, it
is necessary to increase u, which allows
compensating for the increasing load and
improving the efficiency of application processing.

The analysis of relative changes in indicators
depending on A showed that for all values of H, the
increase in the average application dwell time in
the system (AWSsyst) increases with increasing A.
However, this increase significantly depends on
the parameter H: the sensitivity to flow changes
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increases at high values of H (0.8), which is
expressed in more significant relative increases in
AWsyst.
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Fig. 2 Sensitivity of the average waiting time
indicator AWwait to the intensity of the incoming
flow at p=1.75 s and p=2.75 s

The graphs in Fig. 2 indicate that the average
waiting time in the queue AWwait also
demonstrates high sensitivity to the service
intensity p: at low values of the service intensity
(long messages), the dependence of the waiting
time in the queue Wwait on the parameter A
increases, creating significant delays in the passage
of applications through the system. Increasing the
service intensity p allows reducing the dependence
of the indicator on the parameter A. At the same
time, the dependence of AWwait on the self-

similarity factor H is more pronounced
(50%...100%) at lower values of
r<lso,
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Fig. 3 Sensitivity of the average queue length
indicator AL to the intensity of the incoming flow
at u=1.75 s'and p=2.75 s

Fig. 3 shows that the average queue length AL
directly depends on the service intensity p. At
lower application processing intensity, the queues
become longer, since the system does not have
time to process them on time. With increasing
service intensity, the queue length decreases.

Similar to the estimate of the average
application dwell time Wsyst, the relative level of
the average queue length changes with increasing
flow intensity, but the nature of these changes
depends on the parameter H (20%...30%) only at
low input flow intensity A < 1 s-1.

At low service intensity values p=1.75 s-1 (long
messages), the dependence of AL on A has
significant dynamics (AL =0.3... 0.5).

As p increases to 2.75 s-1, the relative values of
the average queue length (AL) decrease. For H =
0.5, this indicator changes from 42.8% to 24%, and
for H = 0.8, from 35.6% to 22.3%.

This confirms that an increase in p contributes
to a decrease in the relative indicators of the queue
length, which improves load distribution and
reduces the overall delay in processing requests.

Therefore, an increase in p allows you to reduce
the dependence of the average queue length (AL),
which indicates a more efficient use of system
resources with increased service intensity.
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Fig. 4 Sensitivity of the indicator of the average
number of requests in the system AQ to the
intensity of the incoming flow at u=1.75 s and
u=2.75s!

The graph in Fig. 4 shows that the average
number of applications Q in the system also
demonstrates sensitivity to changes in the service
intensity p. At low values of the processing
intensity (u=1.75 s-1 ), this indicator AQ increases
significantly (AQ = 0.4...0.6), which indicates
system overload simultaneously with an increase in
both the input flow intensity A and the self-



similarity factor H. With an increase in the service
intensity (u=2.75 s-1), the sensitivity of the
indicator of the average number of applications in
the system AQ decreases (AQ = 0.3...0.2).

Thus, the analysis of the results shown in Fig.
1- 4 shows that the average application stay time in
the system AWsyst, the average waiting time in the
queue AWwait, the average queue length AL and
the average number of applications in the system
AQ change depending on the input flow intensity
A, the Hurst parameter and the service intensity L.
But this dependence is more pronounced in a
system with a significant load on the input stream
A and with long messages (small values of ). The
sensitivity of QoS parameters increases with
increasing values of the parameter H.

The next stage is the study of the above
indicators, namely: the average time an application
spends in the system AWSsyst, the average waiting
time in the queue AWwait, the average queue
length AL and the average number of applications
in the system AQ — graphs of the dependence of
sensitivity indicators on the intensity of the
incoming flow A p for certain values of the Hurst
parameter for service intensity assignments A = 0.7
s-1 (moderate activity) and A = 1.5 s-1 (high
activity) are presented (Fig. 5 — Fig. 8).
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Fig. 5. Sensitivity of the average request dwell
time in the system AWSsyst to the service intensity
atA=0.7 s'and A=1.5 57!

As can be seen from Fig. 5, the sensitivity of
the average request dwell time in the system
(AWSsyst) to changes in the intensities of the input
flow A and service p indicates its significant
dependence on the load. At A = 1.5 s-1, the
dependence of the average request dwell time in
the system AWsyst on the parameter p is
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significantly determined by the range of values
0.5...0.1, especially at low values
n<2s-l

At the same time, increasing p effectively
reduces the dynamics of this indicator, and this

effect is more pronounced at lower values
A=0.7s".
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Fig. 6. Sensitivity of the average waiting time
indicator AWwait to the service intensity at
2=0.7 s and A=1.5 57

Fig. 6 shows that the sensitivity of the average
waiting time (AWwait) is similar to AWsyst: at A =
1.5 s-1, the dependence of the average waiting time
Wwait on the parameter p is significantly
determined by the range of values 0.5...0.2,
especially at low values p < 2 s-1. In this range of
values, the service indicator practically does not
depend on the values of the parameter H. At A =
0.7 s-1, the dependence of the load indicators
depends to a significant extent on the dynamics of
the parameter H.
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Fig. 7. Sensitivity of the average queue length
indicator AL to the service intensity at A=0.7 s
and A=1.5 s
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From the graphs in Fig. 7 it is seen that the
sensitivity of the average queue length (AL) is
manifested in its growth with increasing A,
especially at low values of pu < 2.25 s-1. However,
increasing p allows effectively reducing the queue
length, and this effect is most pronounced at lower
values of A = 0.7 s-1. At A = 0.7 s-1, the AL
indicator loses sensitivity to the parameter H.

Therefore, the queue length (AL) also shows a
dependence on H. The relative indicator — the
change in the average queue length AL — with a
change in A is higher for smaller values of H,
which indicates better adaptation of the system at
low values of the Hurst parameter. At high values
of H, the system distributes the load Iless
efficiently, which is manifested in a smaller
decrease in the relative indicator of the queue
length.
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Fig. 8 Sensitivity of the average number of
requests in the system AQ to the service intensity
at2=0.7 s' and A=1.5 5!

The graphs in Fig. 8 indicate that the sensitivity
of the average number of requests in the system
(AQ) shows a similar trend: at A = 0.7 s-1 the
indicator is smooth (0.38...0.28), and at A = 1.5 s-1
it has significant dynamics (0.60...0.18), the
dynamics of changes is highest at p < 2.25 s-1. The
sensitivity of AQ to p is higher at high A, which
indicates the need to increase the intensity of
service to prevent the accumulation of requests in
the system.

Conclusions

1. Traditional models of queuing systems (QS),
based on the assumption of a Poisson distribution
of the incoming flow of independent requests, do
not take into account the peculiarity of modern
information and communication systems
associated with the manifestation of self-similarity
(correlation) of information flows, which can lead
to inaccurate estimates of network performance
and other characteristics.

2. A new result of the study is the determination
of the sensitivity characteristics of the parameters
of self-similar traffic to changes in the intensity of
incoming service flows within the Weibull model,
in contrast to the known results, where the object
of the study was the absolute values of the QoS
indicators without taking into account the degree
of sensitivity of such indicators to factors of the
organization of the telecommunication network.

3. Serving short messages (increasing ) allows
significantly reducing the relative residence time of
requests in the system AWsyst, making it less
sensitive to changes in the input flow A and
changes in the parameter H. Therefore, increasing
the parameter p is an effective way to improve
performance, since it allows compensating for the
influence of traffic self-similarity and stabilise the
system performance.

4. The Hurst parameter H plays a key role in
shaping the behaviour of the system. At the same
time, increasing p allows compensating for the
effect of self-similarity and improving the quality
of service. At H = 0.5, the system operates more
stably, while at H — 1, the self-similarity of traffic
causes significant sensitivity to changes in the
flow.

5. The results obtained will be useful for
optimising queuing systems, in particular, in
telecommunication networks with self-similar
traffic.
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MeToauka OUIHKH YYTJUBOCTI mapaMerpiB CHCTEeMH MAaCOBOI0 OOCIYrOBYBaHHsI i3 BJIaCTHBOCTSIMHU
CaMOMNOAIOHOCTI 10 XapaKTEPUCTUK A00HEHTCHKOI0 JOCTYILY

!Haeuanvno-nayxoeuti incmumym menexomynixayitinux cucmem KITI im. Izops Cikopcovrozo, m. Kuie, Yrpaina

2Bopminzcoruil konedsc, Bopmine, Benuxa Bpumaris

IIpo6aemaTruka. OcCTaHHI JECATWIITTSI O3HAMEHYBAJHCS ICTOTHHM JIOCATHEHHsIM y cdepi Teopil
Tenerpadiky — BIAKPUTTIAM CaMOIIOJIOHHX BJIACTHBOCTEH IPOLIECIB, IO IMPOTIKAIOTh Yy CY4YacHHX MepeKax.
Cy4acHi TeJIeKOMyHIiKaliliHI Mepexi Ta iHdopMallifiHi CHCTEeMH € CKIaJIHUMH JMHAMIYHUMH CTPYKTYPaMH, B SIKHUX
NOTOKH HAaHUX (POPMYIOTHCS BEIIMKOIO KUTBKICTIO HE3alIeKHUX JpKepell. JloCmiKeHHs TOKa3yTh, H10 Tpadik y
TaKMX CHCTEMax JIEMOHCTPYE BJIACTHUBICTh KOpPEJIsilii Ha Pi3HMX 4dacoBUX macmrradax. Ile o3Hauae, 1m0 3MiHH B
HABAHTAXKEHHI MepeXi MOXXyTh BIUIMBATH Ha I1i poOOTy HE JIMIIE B KOPOTKOCTPOKOBIH mepcriekTuBi, a i Ha
3HA4YHUX IHTEepBaJiax 4acy.

Mera [gocCiigKeHb. Metoto poOOTH € AOCHIHKEHHSI YyTJIMBOCTI XapaKTEPUCTUK CHCTEM MacOBOTO
ob6cnyroBysaHHst (CMO) no 3min napamerpa Xepcra (H) y Bunagky camonogioHoro tpadiky, a TaKOX BU3HAYUTH,
SIK KOPEJISILIMHI BJIACTUBOCTI Tpa(iKy BIUIMBAIOTH HA SIKICHI IOKAa3HUKH (PyHKIIOHYBAHHS TEJIEKOMYHIKaIIHHUX
MEpex.

MeToauka peasizauii. MaTeMaTUYHOIO OCHOBOIO JOCIIPKCHHSI € BUKOPUCTAHHS IS OMUCY XapaKTEPUCTHUK
CMO posznoxainy BeiiOyiuia Uit BXiZHOTO €aMOMNOJIOHOrO MHOTOKY, a TaKOXX OIHMC JWHAMIKHM BJIACTHBOCTI
camornoAioHoro Tpadiky. Ipu pi3HUX 3HAYEHHSIX NapaMeTrpax XepcTa.

PesyabTaTn aociaixkenb. J[OCHiHKEHO BIUIMB BJACTHBOCTI caMOMNO/IIOHOCTI Tpadiky Ha YYyTIUBICTH 3MIiHU
MOKAa3HUKIB SIKOCTI OOCIIyTOBYBaHHSI B CHUCTEMaX MaCOBOrO OOCIYrOBYBaHHsI B 3aJIS)KHOCTI BiJ IHTEHCHBHOCTI
BXimHOTO TpadikKy, IHTEHCUBHOCTI OOCIIyrOBYyBaHHS 3asiBOK Ta BiJ PI3HHUX 3HAYCHBb mapameTrpax Xepcra.

BucnoBku. BrumB — BiracTHMBOCTI camMonofiOHOcTi Tpadiky Ha 4YyTJIHMBICTH 3MIHM IOKA3HHUKIB SKOCTI
obcinyroByBanHsi B QS HalCyTTeBille Ma€ MNposiB NpU 30UIbLISEHHI IHTEHCUBHOCTI BXigHOro Tpadiky,
1HTEeHCHUBHOCTI OOCJIyroByBaHHs 3asiBOK Ta IPU 3HA4YCHb napamerpa Xepcra, HabamkeHoro a0 1. lle migkpeciroe
BaKJIMBICTh BpaxyBaHHs (haKTOPYy CaMONOAIOHOCTI IMPUBHU3HAYCHHI XapaKTEPUCTHK CYacHHUX iH(OpMaIiiHO-
KOMYHIKaiHHUX CUCTEM.

Knrouosi cnosa: cucmema macoeoco obcayeoeyeanusi (CMO);, camonoodibuicms, sKicms 0OCAV2O08YEAHHS,
yymaugicmos 0o napamvempie CMO.
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