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Abstract. The problem of predicting self-similar traffic with significant and frequent ripples and the
property of long-term dependence is considered. For short-term prediction of self-similar traffic, which is
performed outside the considered time interval, a method of spline extrapolation based on various spline
functions (cubic and cubic B-splines) is proposed. We recommend a method for estimating traffic prediction
errors for each traffic prediction option using cubic or cubic B-splines. Comparison of the results of
predicting self-similar traffic using various spline functions (cubic and cubic B-splines) show that the
accuracy of the prediction can be improved by using cubic B-splines. According to the results of the study,
it is established that cubic B-splines are characterized by high constructively, adequacy to the tasks and
simplicity of practical implementation. Their use makes it possible to greatly simplify computational
processes using formalized mathematical constructs. The use of the proposed method of spline
extrapolation based on cubic B-splines has several advantages over other known methods, namely, ease
of practical implementation, high accuracy of forecasting, the ability to accurately extrapolate peak "bursts"
of traffic, which is especially important when solving problems in real time. The results of predicting self-
similar traffic will allow the operator, at the stage of design and further operation of the mobile
communication network, to provide the required amount of buffer devices for the network hardware and
software, thereby avoiding network congestion and exceeding standard values of traffic service quality
indicators. Proposed is the prospect of further research through the use of wavelet-extrapolation in order
to improve the accuracy of prediction. Practical significance is determined by the developed
recommendations for using the spline-extrapolation method in solving various problems of designing
networks of various technologies and structures.

Key words: self-similar traffic, quality of service, predicting, extrapolation, spline function

AHoTauif. Po3rnsHyTto 3agady nporHo3yBaHHS CamMonogibHoro tpadika, Lo Mae 3Ha4Hi i yacTi
nynecawji Ta BNacTMBICTb 4OBrOCTPOKOBOT 3aNEXHOCTI. N5 KOPOTKOCTPOKOBOIO NPOrHO3y camonoaibHoro
Tpadika, SIKUA BUKOHYETLCA M03a pPO3rfsayBaHOro MPOMDKKY 4vacy, 3anpornoHOBAHWWA METO[ ChnnamH-
ekcTpanonauii Ha 6asi pisHux cnnanH-PyHKLiN (KyOiyHuX i KyOiuHUX B-cnnanHiB). PekoMeHa0BaHMn METOA
OUjiHKM MOXMB KU NPOrHO3yBaHHSA Tpadika AN KOXXHOMO BapiaHTa NporHo3yBaHHs Tpadika 3 BUKOPUCTAHHAM
KyBiyHUX ab0 KyBiyHux B-cnnaiiHis. MOpiBHAHHA pe3ynbTaTiB NPOrHO3yBaHHA camonodibHoro Tpadika 3
BUKOPUCTAHHAM Pi3HMX crnnanH-PyHKUin (KyOivHMX i KyDiyHMX B-cnnanHiB) 4O3BONMNN AOBECTM, LLO
TOYHICTE NPOrHO3y MOXe OyTWM nigBuLLEHA 3a paxyHOK BUKOPUCTAHHA KybidHux B-cnnanHi. 3a
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pesynbtaTaMu AOCNIAKEHHST BCTAHOBMEHO, WO KyOiyHi B-cnnaiHu XxapakTepu3yloTbCA BUCOKOKO
KOHCTPYKTWUBHICTIO, aA€KBATHICTIO A0 MOCTaBNEHWX 3aBAaHb Ta MPOCTOTOK MPAaKTUYHOI peanisauii. Ix
BUKOPUCTAHHST A03BOMSAE 3HAYHO CNPOCTUTKU 0BuMCHOBanbHI NpoLIeCU, BUKOPUCTOBYOYU (PpopMari3oBaHi
MaTemMaTuYHi KOHCTPYKUil. BUKOPUCTAHHA 3anponoOHOBAHOTO METOAY CNIanH-ekCcTpanonsauii Mae HU3Ky
rnepesar MOPIBHAHO 3 iHWMMMW BiAOMMMU METOAAMM, a came, MPOCTOTa NPaKTUYHOT peanisauii, BUCOKa
TOYHICTb MPOrHO3y, MOXMMBOCTI AOCTaTHLO TOYHO EKCTPAaMnonioBaTWM MiKOBI «cCrinecku» Tpadika, Lo
0COOMMBO BaXKNUBO MpPU BUPILLEHHI 3aBAaHb B peanbHOMYy maclutabi yacy. Pe3ynbTaTu NpOrHo3yBaHHA
camonoaibHoro Tpadika A03BONATL ONEPATOPy HA €Tani NPoeKTyBaHHA i No4anbLUOT ekcrnyartadii Mepexi
MOBINbHOro 3B's13Ky NepeadaunTu HeobXxiaHuin obcar 6ydepHUX NPUCTPOIB anapaTHO-NPOrpamMHUX 3acobis
MEepEexi, TUM CaMMM YHWUKHYBLUU MEPEBAHTAXEHb B MEpPEeXi | MNEepPeBUEHb HOPMAaTUBHUX 3HAYEHb
MOKa3HUKIB AKOCTi 06cnyropyBaHHs Tpacpika. 3anponoHOBaAHO NepCcnekTuBy noganslinx AOCRIAKEHb 3a
pPaxyHOK BMKOPUCTAHHA BEWBMET-KCTpanonAuii 3 MEeTOo niagBULLEHHST TOYHOCTI MPOrHO3yBaHHS.
MpakTuyHa 3HaYMMICTb BM3HAYaAETLCA PO3POONEeHUMU pekoMeHAauiMU AN BUKOPUCTAHHA METOoAY
CMNanH-eKCTPanonAuii Npu BUPILLEHHI Pi3HMX 3aBAaHb MNPOEKTYBAHHA MEPEX PI3HUX TEexXHOmMorin Ta
CTPYKTYP.

KnrouoBi cnoea: camonoaibHuin Tpadik, akicte 06cnyroByBaHHsl, NPOrHO3yBaHHA, EKCTPanonALis,
cnnamH-yHKUiA.

AHHoTauma. PaccmoTpeHna 3agaya nporHo3mpoBaHua caMmonogobHoro tpaduka, obnagatowlero
3HAYMTENbHBIMM M YacTbiMM  NynbCauusMuM U CBOWCTBOM  JOMrOCPOYHOW  3aBucumocTu. [na
KPaTKOCPOYHOrO MpOrHo3a camonofgofHoro tpaduka, KOTOpPbIW BHIMOMHAETCS BHE paccMarpuBaemMoro
NpoMeXXyTka BpeMEHU, NPEANOXEH METOA CNNANH-3KCTPanonsuMm Ha 6ase pasznuyHblX CrnanH-QyHKUMi
(kyGuuecknx n kybudeckux B-cnnaviHos). PekomeHaoBaH MeToA OLEHKW NOrpewwHoCcTU NPOrHOo3UupoBaHus
Tpacdhmka ANS KaKAOro BapuaHTa nNpPOorHo3upoBaHust Tpadwmka € UCMOMb30BAHUEM KYOWUYECKMX WIU
Kybuyeckux B-cnnaiiHoB. CpaBHEHWE pe3ynbTaTOB MNPOrHO3MpoOBaHUA camonogobHoro Tpadwmka ¢
MCMONb30BaHWEM Pa3nuUUHbIX ChnanH-QyHKUUA (kybudyecknx u Kybuyeckux B-cnnawHOB) MO3BOAMIIM
nokasaTb, YTO TOYHOCTb NPOrHO3a MOXeT OblTb MOBbLILIEHA 3a CYET WUCNONb30BaHUA Kybuyeckux B-
cnnaiHoB. CornacHo pesynbrataM WCCMNEAOBAHMSA YCTAHOBMNEHO, 4TO Kybuyeckue B-cnnanHbl
XapakTepUu3ylTCsa BbICOKON KOHCTPYKTUBHOCTbIO, a1EKBATHOCTLIO K NOCTABMNEHHbLIM 3aJa4aM U NPOCTOTOW
npakTu4eckon peanusauun. Mix ucnonb3oBaHue nNO3BONSAET 3HAYUTEMLHO YNPOCTUTh BbIYUCAUTENbHbIE
MpoOLECCbl, UCNONb3yss  (PopManu3oBaHHbIE  MAaTeEMaTUYeCKUe  KOHCTpykuuu.  Ucrnonb3oBaHue
NPeAnOXXeHHOro MeToAAa CMNaWH-3KCTPanonAuuu UMeeT psaa MpPeUMYLLECTB B CPABHEHUM C APYrUMHU
M3BECTHbIMM METOAAMU, 8 UMEHHO, NPOCTOTA MPAaKTUYECKON peanu3auuu, BbICOKAd TOYHOCTb NPOrHO3a,
BO3MO>HOCTM JJ0CTAaTOYHO TOYHO IKCTPANONUPOBATL NUKOBLIE «BCMMECKWY TPAaduUKa, 4TO OCOOEHHO BAXKHO
npu peLleHMn 3ajady B peanbHoM maclutabe BpeMeHu. Pe3ynbraTbl MPOrHO3MPOBaHMa camonogobHoro
Tpadhuka NO3BONSAT ONEpATOpPy Ha aTane NPOEKTUPOBAHUSA W AanbHENLIEn aKennyaTauum cetu ModunbHoM
CBA3U NpegycMoTpeTh TpebyeMbin 00bem OydPepHbIX YCTPOUCTB annapaTHo-NporpamMMHbIX CpecTB CeTH,
Tem caMbiM u3bexaB neperpy3ok B CETU U NPEBbILLEHUIA HOPMATUBHBIX 3HAYEHUI NoKa3aTenei kayecTea
obcnyxusaHus Tpaduka. NpegnoxeHo NEPCNEKTUBY AarnbHEeNnWMX UCCNeA0BaHNUI 3a CHET UCNONB30BaAHNUA
BEMBMNET-IKCTPANONALUUN C LENbI NOBLILEHUA TOYHOCTU NPOrHo3upoBaHus. MpakTuyeckaa 3Ha4UMOCTb
onpeaensieTca paspaboTaHHbIMK PEKOMEeHdauuMaMuU AN UCMonb30BaHUA MET0oAa CrnaiH-3KeTpanonAuum
MpW pPeLLeH PasnuYHbIX 3a4a4 NPOEKTUPOBAHUA CETEN PA3NUYHBIX TEXHOMOTUIA U CTPYKTYP.

Knioueeble crnioBa: camonofobHeini Tpaduk, kKadyectso OOCMYXMUBAHMS, MPOrHO3UPOBAHUE,
3KCTPaANoONAUUS, cnnamH-yHKUNUA.

The development of fifth generation SG/NR mobile networks (New Radio) primarily
involves the introduction of a new range of services for users. These are video service Video
Surveillance, Smart-TV, IoT-cameras, smart-M2M objects services, loT-telemetry services, [oT-
telemedicine telemedicine services, Smart house systems, Smart house, Smart parking lots, Smart
grids and, in perspective, holographic TV, virtual VR (Virtual reality) services and augmented AR
(Augmented reality) realities [1-2].

The development of these services requires the operator, first of all, to increase the data
transfer speed and provide the required values of the quality of service traffic. The traffic served
on the IoT network is quite heterogeneous. It has different indicators depending on each type of
service. At times it is low-speed data transfer by IoT sensors, and at times real-time HD video
transmission.

It is known [3] that the high-speed data traffic that is generated by the IoT network objects
is self-similar. This is determined by the long-term relationship between traffic values at different
time periods, significant and frequent bursts of intensity, which are statistically similar for different
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time scales. In practice, the appearance of long-term traffic pulsations at arbitrary points in time
often leads to a sharp increase in packet delay time, which causes congestion of network nodes
and buffer devices and, accordingly, has a significant impact on the quality of traffic service [3].
Predicting the characteristics of self-similar traffic will allow for possible peak loads in the
network and efficient traffic management, thereby ensuring the required quality indicators. Given
the above facts, the urgency of the task of predicting self-similar traffic is obvious.

The aim of the work is to solve the problem of predicting self-similar traffic and choosing
a method by which traffic will be restored more accurately outside the considered interval, on
which traffic is defined.

In predicting the indicators of self-similar traffic, which is determined on a given interval
of consideration by a certain function, the extrapolation of the function is used, which allows
obtaining the continuation of the function outside its domain of definition using information about
the behavior of the function in the extrapolation nodes belonging to its domain of definition. The
spline extrapolation method has several advantages over the currently known extrapolation
methods: resistance to local disturbances, good convergence of spline interpolation, in particular,
for functions with irregular smoothness properties (an example of which is self-similar traffic),
spline has an undeniable priority -interpolation.

A significant number of scientific papers [5—15] have been devoted to the issues of
predicting self-similar traffic, in which the authors proposed various predicting methods. A
“classical” approach to predicting traffic characteristics was used in [4], where various
extrapolation methods were compared (Lagrange polynomial, Markov chains, automaton method)
and the expediency of using the extrapolation method to predict self-similar traffic was shown.
One of the generally accepted traffic predicting mechanisms is the linear regression models
ARIMA and FARIMA, considered in [5—7]. However, their use is recommended for traffic with
weak self-similarity, which is difficult to attribute to the traffic considered in this work. The neural
network predicting method considered in [8-9] allows one to solve several of practical predicting
problems, such as dynamically redistributing the bandwidth in order to use network resources and
support quality characteristics.

However, it is important to note that the use of the neural network method implies the need
for network training, it is a complex and time-consuming process, and even a “trained” network is
not always clearly predictable due to heuristic approaches in its construction. The prediction
accuracy in such a network depends on the number of training options, and the implementation
has high requirements for computing capabilities. In work [10], the author, in comparing the results
of predicting network traffic with the help of the linear regression model of SARIMA and neural
networks, showed that in most cases the use of complex and time-consuming methods of neural
networks is impractical.

Review of the literature in the field of prediction of self-similar traffic characteristics leads
to the conclusion about the complexity of the known methods of predicting and achieving
prediction accuracy. This significantly reduces the scope of their practical use, especially in
predicting in real time for networks with a large bandwidth. The extrapolation methods considered
by the authors [4-10] are, as a rule, laborious, have significant errors under conditions of frequent
and significant bursts of traffic intensity, and are difficult to implement in predicting traffic in real
time. The solution of the problem of extrapolation by cubic splines or piecewise polynomial
representation of them in many cases is a convenient tool in the computational sense [11-13].
Consider the spline extrapolation method for self-similar traffic, which is modeled in the Simulink
package of the Matlab environment using various spline functions (cubic and B-splines).

Method of Self-Similar Traffic Prediction. Consider self-similar traffic in a segment [a:5]
. Let a partition A: a=x,<x <..<x, =b be given on a segment [a;h]. Consider a cubic
interpolation spline S;(x), for which at each interval [x,:x,,], i=1.., N-1 it will be a cubic
function. According to [14], for xe|[x,:x,,], =0, 1,.., N—1 the cubic spline has the form:
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Sxm:fxv4»amg—%30—0K24M4+«H4MLHL (1)

X—X.
where t:/’l_l; S;(x) =15 Si(x)= S S"(x) =M, S"(x,)=M_; h=x,-Xx,

7

xelx.x, ] i=L., N-1.

To determine the cubic spline of the form (1), boundary conditions of the form are used
[14]:

SP(fia) =8 (f3b), r=1, 2. (2)

Let us consider the uniform partition of the interval [a;5], i.€.

hi:h:b_a
N

, 1=0]1,.,

N-1.

Supplement the grid Aia=x, <x <..<x, =b with the nodes x ,<x,<x, <a,
b<x,, <Xy, <Xy,;. Consider a cubic B-spline that is different from zero on the interval
(x,;zyxm ) It is convenient to number B-splines of odd degrees by the middle node of their carrier
intervals. The desired B-spline will be denoted by B,(x).Put y, = B,(x,), M, = B, (x,). As for
any cubic spline, B,(x)hold the following equations [14]:

6 Yo =Y, V=V,
HpMpfl_*—‘?‘Mp_'_?\'pMpH:h 4 [ p;l £ ph : 1} (3)
1771+ P P p-1
. - h,
where p=i—1, i, i+1; u, =————; &, =1-p,.
h_, +h
As B,(x)=0 at x¢[x,,;x,,], then

BU(x, ;)= B{"(x,,)=0,r=0,1, 2, @

Considering that for B-spline the relation [14]:
h2
B.(x)=y,(1-0)+y,,1 - ér(l ~Ox[e-oM, +q+0M ], ©5)

h . . XX
where x [x,,xiﬂ], 1= o h =x,,—x,,

1

we get
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B;(x):%—%[(Z—&jL%z)Mi -3, ], (6)

B/(x)=M,(1-0)+M,t. 7
Then conditions (4), due to equalities (5-7), can be represented by the equalities:

Via =Y, =0, M, , =M, =0,
(3)

i+

1 ) 1 #
=M. Vo= M,
yz—l 6 i-2 i-1 y 1 6 1

According to [14], it is not difficult to find the error in recovering self-similar traffic on a
segment [b;xc] using cubic spline functions.

Theorem 1. [14] If f(x) € C [a;b] and S,(x) satisfies the boundary conditions (2) then

_ 3 0" (e+te ™) :
NE) f(x)HCs{H o) %}w(f), ©)

where 1 — positive integer; ¢ <¢", ¢° — positive root of the equation; 2¢p(1+¢)—¢* —2/¢ =0;
o(f)=o,(fh) = Jmax ‘ 7" = 1) | — function continuity module f(x).

<h

‘,\'"—x'
According to Theorem 1, we find the error in extrapolating self-similar traffic to a cubic
B-spline.

Experiments. Consider spline extrapolation of self-similar traffic using various spline
functions. As splines we will consider cubic and cubic B-splines.

We simulate self-similar traffic for the queuing system (QS) Wg/M/1/K on the interval
[3000; 4080] ms with the following parameters: A — packet arrival rate for service in the QS;
A = 140 pack/s, p — packet serving duration, p = 140 pack/s; K — packet queue length,
K=1000 packets; Hurst parameter H=0,7; Weibull distribution parameters oc ~ 0,6 and 3 ~24,781.
The results of modeling self-similar traffic in the Simulink package of the Matlab environment for
the given source data are shown in Fig. 1, where & is the number of packets, 7 is the time of arrival
of packets [11-13]. A high value of the Hurst parameter is accompanied by a high traffic burden
and the presence of significant and frequent bursts of traffic intensity, which is observed in Fig. 1.
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Figure 1 — The results of modelling self-similar traffic
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According to Fig. 1, for the obtained self-similar traffic on the interval [3000;4080] ms,
there is a large-scale invariance, a significant number of “bursts” of traffic intensity and a long-
term relationship between the moments of their arrival. Let us consider the extrapolation of traffic
over the interval [4070;4080] ms and compare with the results of modeling self-similar traffic.
From Fig. 1 we can see that for the obtained self-similar traffic on the interval
[3000;4080] ms, there is a large-scale traffic invariance, the presence of bursts of packets and a
long-term relationship between the moments of their arrival. It is the presence of a significant
number of frequent “bursts” of traffic intensity that leads to a sharp increase in packet delay time,
which causes congestion of network nodes and buffer devices and, accordingly, has a significant
impact on the quality of traffic service.

k
A

800
600
400

1
200+
]

S

4,0-10° 4,02x10° 4,04x10° 4,06x10° 4,08<10° £, ms

Figure 2 — Comparison of the results of extrapolation of self-similar traffic
using cubic and cubic B-spline for the interval [4070; 4080] ms: 1 — self-
similar traffic; 2 — extrapolation of self-similar traffic using a cubic spline
function; 3 — extrapolation of self-similar traffic using a cubic B-spline

Using the results obtained by the authors using cubic splines in [12—13], we consider the
use of a cubic B-spline to extrapolate simulated self-similar traffic over the interval [4070;4080]
ms, the results of which are shown in Fig. 2.

The errors in reconstructing self-similar traffic using a cubic B-spline were estimated using
Theorem 1 and are summarized in Table 1.

Table 1 — Errors of recovery of self-similar traffic using linear, cubic and cubic B-spline

Line Numerical interval Error of recovery based | Error of recovery based
segment values, ms on a cubic spline on a cubic B- spline
[x70; X71] [x4070; X4071] 223 8,3
[x71; X72] [X4071; X4072] 16,4 6,2
[x73; X74] [x4072; X4073] 8,7 43
[X74; X75] [X4074; X4075] 1,9 2,8

It is easy to see that the use of cubic spline functions has an error, which most often appears
on extrapolation segments, where traffic intensity graphs have periodic “bursts” (Table 1).
Moreover, it is easy to see in Fig. 2, that the error is noted on segments with significant periodic
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“bursts” of traffic [12-13]. It is possible to increase the accuracy of predicting traffic characteristics
using the spline extrapolation method based on cubic B-splines.

The use of cubic B-splines allows achieving a reduction in error compared to the use of
cubic splines, as shown in the Tab. 1. In general, the use of cubic B-splines allows predicting traffic
parameters and almost completely restoring the “path” of self-similar traffic.

In this case, the traffic prediction is short-term in the interval [4070;4080] ms. Therefore,
under the given traffic predicting conditions, the use of cubic spline-functions does not seem
appropriate to the authors, since it does not allow to provide the required accuracy of the short-
term prediction. In practice, short-term predictions are used in traffic management and routing,
and decisions are made in real time, which leads to a decrease in QoS quality characteristics,
especially for high-speed data and high-definition video traffic.

Conclusions:

1. An extrapolation method based on spline functions (cubic and cubic B-splines) is
proposed. Using the method of spline extrapolation allowed us to predict self-similar traffic outside
the considered period of time using the approximating apparatus of spline functions.

2. Estimates of the error in traffic recovery are obtained. The results of predicting self-
similar traffic using spline functions show that predicting accuracy can be improved by using cubic
B-splines.

3. The practical significance of the obtained results lies in the fact that the obtained results
of predicting self-similar traffic will make it possible to provide the required volume of buffer
devices, thereby avoiding network congestion and exceeding the standard values of QoS
indicators.

4. Based on the results of traffic predicting under the condition of maximum network nodes,
practical recommendations can be made on the redistribution of traffic in an IP network, for
example, the TCP/IP protocol. Reducing the delay time compared to the TCP protocol allows the
protocol without guaranteed UDP delivery. However, it is rather difficult to provide the required
QoS quality indicators using only the UDP/TCP transport protocol, since the causes of the delays
are mostly at the network level. Using the proposed method of spline extrapolation will allow
predicting traffic characteristics, balancing the loading of network objects and increasing the
efficiency of using network equipment.
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