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Abstract. At large aggregation points, traffic growth processes are observed, which can be modeled
by non-stationary quasi-periodic functions. A formal and informal analysis of traffic at a number of
international aggregation points was performed. The traffic growth model was confirmed in the form of an
algebraic sum of the main regular component and a number of cyclic components. The main cycles detected
are in good agreement with the laws of rotation and rotation of the Earth and its interaction with neighboring
celestial bodies. Not entirely obvious, but confirmed by the actual measurements of traffic, the dependence
of human biological and social cycles on the rotation of all the same stars turned out to be. The daily, weekly,
seasonal and annual traffic cycles turned out to be clearly pronounced. The nine-month and four-month
cycles were unexpected. The latter are reflected only in the ancient calendars of the Slavs. In the daily
dynamics, natural cycles prevail: day-night, the division of days into business and home ftraffic. Definitely
unexpected was the discovered effect of desynchronization of Ukrainian traffic relative to the traffic of other
European countries. The article concludes that this is due to incorrect determination of the decree time. A
number of traffic dynamics models are proposed for solving subsequent prediction problems. It was found
that in short time intervals the amplitude and phase components of the cyclic components are almost
constant. An algorithm for selecting amplitudes of cyclical components and a regular trend component in a
polynomial model of the latter is given. Software has been developed for solving similar problems of
analyzing and predicting traffic using the instant spectra method.

Key words: traffic, random process, traffic aggregation point, prediction, Fourier transform, social
and biological cycles.

AHoTauif. Ha Benuknx Bysnax arperauii cnocrepiraloTbCa npouecu 3pocTaHHs Tpadika, ki MoXHa
MOZeNtoBaT! HecTauioOHapHUMK  KBasinepioanyHnMmn  yHKUisMKU. Y cTaTTi 3pobneHo dopMarnbHum i
HecpopmanbHUIM aHanis Tpadika Ha HU3LI MbXHapoOHUX TOYOK arperauii. [igTBepakeHO Moaernb 3pOCTaHHSA
Tpachika y Burnsgi anrebpaidHoi CyMu OCHOBHOI PEryrsipHOi KOMMOHEHTU i psAa UMKMIYHUX CKIagoBUX.
CycCigHiMM HebecHMMM Tinamu. He 30BCiM 04eBUAHOLO, ane MiaTBEPAXXEHOI pearnbHMMK BUMipamMn Tpadika
BUSIBUNACS 3areXHiCTb GionoriyHmx i couianbHMX LUMKNIB NMIOOWHN Big obepTaHHs TUX camux cBiTun. YiTko
BMpPaXXeHUMU CcTanuM A000BWIA, TWXKHEBWUW, CE30HHUWA i pivHWMIA umknu Tpadika. HecnopgiBaHumu ctanm
OEB'ATUMICAYHI | YoTUpUMICAYHI UMk, OCTaHHI MaloThb BiZOOpaXKeHHs TiNbKM B CTapogaBHiX KaneHgapsx
cnoB'sH. Y poboBi guMHaMili nepeBaxawTb MNPUPOAHI LUMKNWU: OeHb-HiY, AOineHHs 0obu Ha AainoBui i
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JomaluHin Tpadik. besyMoBHO HecnofiBaHUM 3'ABMBCS BUSIBIIEHUN edeKT pPO3CUHXPOHI3aLii yKpaiHCbKOro
Tpadika woao Tpadika iHWMX EBPONENCLKMX KpaiH. Y CTaTTi HagaHO BUCHOBOK NPO Te, WO Lie NoB'A3aHo 3
HEKOPEKTHMM BM3HAYEHHAM OEKPETHOro 4Yacy. 3anpornoHOBaHO HWU3KY Mogenen AuHamiku Tpacdpika ans
BMPILLEHHS HACTYMHMX 3aBAaHb MPOrHO3yBaHHs. 3'ACOBAHO, LLO HA Manux 4YacoBMX Bigpi3kax aMnuiTygHi i
(ha3oBi KOMMOHEHTU LMKIIYHUX CKNaJoOBUX — MPaKTUYHO KOHCTaHTHI. [JaHo anropuTm cenekuii amnnityg
LUMKIMIYHUX CKINagoBUX | PErynsipHoi CKnagoBoi TpeH4a B NomiHOMianbHin Mogeni ocTaHHboro. Po3pobneHo
nporpamHe 3abes3nevyeHHst 48 BUPILLEHHS aHanoriyHux 3aBgaHb aHaniay i NporHo3yBaHHS Tpadoika MeToaoM
MUTTEBUX CMEKTPIB.

KnrouoBi cnoBa: Tpadik, BMNagkoBui NpoLec, Touka arperauii Tpadiky, NporHos, nepeTBOpPeHHs
®yp'e, couianbHi Ta GioNoriyHi LMKIK.

AHHOTaumA. Ha KpynHbix y3nax arperaumm HabnwogarTcs npouecchl pocta Tpadmka, KoTopble
MOXHO MOAennpoBaTb HeCTaLUMOHapPHbIMW KBasuNepuoauMyecknmu QyHkunamn. B ctatbe BbINOMHEH
dopmarnbHbii 1 HedopMarbHbIA  aHanu3 Tpaduvka Ha psge  MexayHapoAHbIX TOYeK  arperauuu.
MogTBepxgeHa Mopenb pocTa Tpadwuka B Buae anrebpamyeckord CyMMbl OCHOBHOW  PEryrsipHOM
KOMMOHEHTbI U psiga LUKIMYeckmx cocTaBnsowmx. OCHOBHbIE OOHapYXEHHbIE LMKITbl XOPOLLO COrfacylTcs
C 3aKOHOMEPHOCTSIMM BpaLLeHMs M BpalleHuss 3emnum 1 B3auMOOEWNCTBUSA €e C COoceqHUMU HebeCHbIMU
Tenamn. He coBceM 04YeBMOHOW, HO MNOATBEPXKAEHHOW peanbHbIMU M3MEpeHUsMU Tpaduka okasanacb
3aBMCMMOCTb OMOMOrMYECKNX UM coLMalbHbIX LMKIIOB YEroBeka OT BpalleHWst BCe TeX ke CBeTun. YeTko
BbIpaXX€HHbIMW OKa3anucb CYTOMHbIN, HeAemNbHbIA, CE30HHbIN U FOA0BON LMKNbI Tpaduka. HeoxunaaHHbIMN
OKas3anucb BbISBMEHHbIE AEBATUMECSYHbIE U YeTblpexMecsdHble Uuknbl. [locrnegHue uMerT oTpaxeHue
TONbKO B OPEBHUX KaneHaapsx criaBsH. B cyTouHon anHamuke npeobnafatoT eCTECTBEHHbIE LIMKIbI: AEHb-
HOYb, [JeneHuMe CyTOK Ha [enoBoM W JomawwHui Tpaduk. OnpegeneHHo HeoXuOaHHbIM — SBUIICS
OOHapyXeHHbIW 3(PdEKT PACCUHXPOHU3ALMM YKPAMHCKOrO Tpadmka OTHOCUTENbHO Tpaduka Apyrux
€Bponencknx cTpaH. B crtatebe AaH BbIBOO O TOM, YTO 9TO CBSI3AHO C HEKOPPEKTHbIM onpeaeneHvem
JeKpeTHoro BpemeHu. NpeanoxeH psa Moaenen AuHaMuKM Tpaduka Ans pelleHus nocnegyowmx sagad
NPOrHO3npoBaHus. BbISICHEHO, YTO Ha MarnbIX BPEMEHHbIX OTpe3kax amnnuTyaHble U pasoBble KOMMOHEHTbI
LIMKINNYECKMX COCTaBNAOLLMX — NPAaKTUYECKN KOHCTaHTHbI. [laH anroputm cenekumm amnnutyn LMKIMYecKnx
COCTaBMSAOWMNX M pPeryndapHon CcocTaBnsiowen TpeHaa B MNOMNWMHOMWANbHOW MoAenu nocrefHero.
Pa3paboTaHo nporpaMMHoe obecneyeHne anst peLleHns aHanormdHbIX 3agaqy aHanvaa v NporHo3npoBaHus
Tpaduka MeTOAOM MIHOBEHHbIX CMEKTPOB.

KnroueBble cnoBa: Tpadwuk, cryvarWHbIi Mpouecc, Todka arperaummM Tpaduka, MpPOrHos,
npeobpasoBaHne Pypbe, coumanbHble 1 OMONOrMYecKne LUKbI.

The article [1] concluded that in the near future there may be a need for radical technical re-
equipment of fiber-optic transmission systems (FOTS). Reason: a sharp increase in the volume of
processed traffic at the aggregation points. At the same time, this conclusion was based on data
from various sources. Thus, the source [2] gives an estimate of about 20% of the annual increase in
traffic volumes in world telecommunication networks. In [3], this indicator is taken at the level of
30%. The ITU report [4] shows a diagram from which it is clear that this indicator is approximately
equal to 20%. (unfortunately, according to the citation rights of this source, it is impossible to
provide this diagram here). In more recent research by Cisco [5], a forecast was made until 2022,
from which it follows that, depending on the type of traffic, its volume may have an annual increase
from 26% to 77%. Nokia's research [6] provides estimates of the annual increase in total traffic
volume of about 25%, and peak values up to 40%.

As can be seen, the estimates are very different. Cisco and Nokia companies can be
suspected of some tendentiousness as telecommunications equipment manufacturers. In this case,
any of these estimates makes you think at least.

To formalize the growth rate of traffic in the global networks, the well-known from
economic theory index is used CAGR (Compound Annual Growth Rate). In the calculations by the
method of compound interest, the CAGR index appears in the formula for the prediction:

V(nT)=Vy(1+CAGR)", (1)

where V' (nT) — the value of the investigated parameter in n periods of duration 7'; V|, —base value
of this parameter; CAGR index is taken as a unit fraction.
In Fig. 1 given conditional predictions of traffic growth in accordance with the formula (1)
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for different CAGR index values.
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Figure 1 — Traffic growth prediction for various CAGR index values

In this figure, the value of the quantity being investigated (traffic volume) in 2018 is taken
as 1. As you can see, traffic increases by an order of magnitude when CAGR = 0,3 in about 8 years,
when CAGR =0,4 — in 6 years, and when CAGR = 0,5 — in less than 5 years. The rapid growth of
traffic in the latter case may require not only upgrading the equipment of traffic aggregation nodes,
but perhaps even replacing the backbone optical cable. The latter task is not solved in a short time
and requires significant capital expenditures.

Therefore, adequate prediction of the growth of traffic volumes in telecommunication
networks is a very topical issue from an economic and technical point of view. At the same time,
predictions should not be too high, but not too low. In case of significant errors in either case,
operators may incur unjustified losses due to incorrect planning of the development of their
networks.

The positive aspect is that, in order to solve this problem, it is possible to involve not only
(and not so much) a well-developed teletraffic theory, but a real metrological basis. As such a basis,
can be taken directly the data of monitoring the traffic of aggregation nodes and data transmission
channels. At the same time, even operators at the international and national levels often use the
freely distributed software package MRTG (Multi Router Traffic Grapher) [7]. In particular, the
results of measuring the averaged instantaneous values of traffic [8] using the MRTG for 5 years for
the Brazilian exchange point IX.br are given in Fig.2.
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Figure 2 — Multi-year growth graph of instant traffic at the point of exchange IX.br

In accordance with Fig. 2 the instantaneous volume of traffic at the end of 2016 was about
1,4 Tbit/s, whereas at the end of 2017 it increased to 2,4 Tbit/s. The value per year was about 0,71.
This value even exceeds all options of CAGR, presented in Fig. 1.
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Thus, the solution of real problems of traffic prediction can and should be based on the data
of monitoring the traffic of specific nodes and data transmission channels.

The purpose of this article is to develop a traffic analysis methodology for large
aggregation sites, which requires solving the following tasks:

1. Synthesize the traffic model taking into account its non-stationarity.
2. Develop algorithms and software for traffic analysis.
3. Develop algorithms for parametric identification of predictive traffic models.

Synthesis of traffic patterns. In this case, the classical understanding of teletraffic [9], as a

"o <

stream of elementary events (such as "call", "failure", “receiving a packet for processing”, etc.), is
not entirely constructive. Reason: significant amounts of data processed on aggregation sites. In this
case, well-developed models such as Markov processes turn out to be unobservable, since the
available measuring instruments do not allow separating elementary events from one another. In
addition, the ideal solution of the practical problems of forecasting should be reduced not so much
to extrapolating the statistical characteristics of the process being studied, as to obtaining an
adequate point prediction.

As an example, we give the daily graph of instantaneous total traffic in all directions in the
Ukrainian exchange point UA-IX [10] (Fig. 3). This graph gives the results of the preliminary
processing of incoming requests for service, which can be expressed as follows:

N
V=13 w =10 @
TS T
where V(z,7) — the result of averaging the flow of applications received for processing, starting

from the moment ¢ and ending with the moment #+1; N — total number of applications (for
example, IP packets) received during this time; w; — length of i-th packet (in bits or bytes);

W(t,t) — amount of traffic received during time t. As you can see, the values of the process
V(t,7) have the dimension of the speed of transmission, reception or processing of data. At small

values of the averaging interval t “instantaneous” increment values of traffic volumes are obtained.
Therefore, below, processes of the form (2) will be called instantaneous traffic or simply traffic,
omitting the parameter t.
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Figure 3 — Volume of total traffic per day at the exchange point UA-IX

For solving the problems of analyzing and predicting traffic at the data link layer, the
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representation (2) is sufficient. In the case of traffic analysis at the aggregation sites, it may still be
necessary to represent it as characteristics of the flow of requests. For example, an important
characteristic of routers is the maximum number of packets processed per unit of time. In this case,
given the large number of applications, you can determine the average packet length and recalculate
the instantaneous traffic values into the number of conditional packets. Errors at the same time will
be minimal.

Thus, for our purposes, the representation of traffic in the form (2) is quite sufficient. Also,
from Fig. 3 shows that traffic in this case is of a regular nature: there are no sharp outliers, which
allows it to be approximated by smooth functions. In addition, the characteristic minima (about 5
o'clock in the morning) and maximums (about 9 pm o'clock) are noticeable. If we conditionally
divide the time interval from 8 am to 11 pm into two components - “business” (approximately from
8 to 18 hours) and “home” (approximately from 16 hours), then the prevalence of “home” traffic is
noticeable. It is important to note that about 20 years ago, in Ukraine, an inverse pattern was
observed: business traffic prevailed. The reason is simple: at the cost of a round-the-clock package
of $ 50 per month with dial-up access at a speed of 33.6 Kbps, Internet services turned out to be
almost inaccessible for most users. And at work these services were paid by the employer.

Even from a separate graph in Fig. 3, it can be seen that the total incoming traffic on the
exchange node is not just strongly correlated with outgoing traffic, but practically repeats it.
Analysis of traffic for longer periods shows the presence of additional patterns. Thus, the analysis
of graphs at the DE-CIX exchange point in Frankfurt [11] (Fig. 4 and 5) allows us to draw the
following conclusions.

00: 00 06: 00 12: 00 18: 00 09: 00 06: 09 12: 09

Figure 4 — Traffic at the exchange point of DE-CIX for two days

Mon Wed Fra Sun Tue Thu Sat MHon Wed Fra Sun Tue Thu Sat

Figure 5 — Traffic at the exchange point DE-CIX for the month

As can be seen, there is a pronounced daily cyclical. In the strict sense, the observed process
is not a periodic one, as can be seen from Fig. 5, where some pulsations are also noticeable: in the
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middle of the week, the process values are slightly higher than on weekends. In the same accounting
system [11] a long-term chart is given (Fig. 6).
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Figure 6 — Traffic at the DE-CIX interchange point for five years

In Fig. 6, patterns of long periods are observed: the presence of seasonal effects (in winter,
user activity increases slightly) and the tendency to a gradual increase in traffic.

Taking into account the visible traffic trends at large aggregation sites (non-stationarity and
the presence of cyclical patterns), the processes under consideration can be attributed to non-
stationary quasi-periodic processes. To synthesize models of such processes, unfortunately, it is
difficult to use models of rare events, including models of self-similar traffic [12, 13] and models
derived from queuing theory [14]. At the same time, given the almost regular nature of such
processes, autoregressive models or moving averages, or composite models, may be productive
[15]. The advantage of such models in this case is their obvious connection with the differential
equations that describe the observed processes on the substantive level. A certain complexity of
using them for large traffic aggregation nodes is the substantial dependence of the obtained
solutions on the order of equations and the discretization step. Some information on the order of the
equations is provided by the analysis of autocorrelation functions [16], but this method is applicable
for stationary processes. In our case, this is not true. The review article [17] considers, among other
things, linear models of factor analysis. But what are the real factors involved in processing the
analysis of dispersions is far from obvious.

In this article, we accept the traffic model as follows:
N
V(t)=a,)+ Z a,(t)cos(kot +¢, (1)) +&(t), o=2n/T, 3)
k=1

where a((¢#) — non-harmonic trend component; a; (#) — some real functions (hereinafter - harmonic

coefficients); N — the number of explicitly taken into account cyclical components of the quasi-
harmonic component of the trend; ¢, () — constituent phases; 7 — baseline observation period;

() — implementation of a random process on the studied time interval. Depending on the problem

being solved, the parameter 77 may be days, weeks, years, etc. In the most general form, the
functions entering into equation (3) must meet the only formal requirement: to form a system of
linearly independent functions.

An expression similar to equation (3) for discrete time is obtained by simply indexing the
argument.

Model (3) in general form can describe any implementation of any random process of
continuous time. We emphasize that it is precisely one single implementation that the researcher has
only in the case of a non-stationary process with non-stationary increments. This model is
phenomenological and does not follow from any theory. It is based on numerous observations of
traffic schedules, similar to those shown in Fig. 2-5. With the proper choice of the type of free
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functions, it takes into account the laws of rotation and rotation of the Earth, cycles caused by
biological and social factors, geographical features, and many others. For example, the comparison
of graphs in Fig. 2 and 5 shows that in countries close to the equator, seasonal effects are practically
absent. Another observation: the only European country in which the minimum traffic phase occurs
at 5 am is Ukraine (in all other countries the typical minimum phase is 4 am). Or we have a
different biological entity, or the decree time does not correspond to human biorhythms.

Instant traffic spectra analysis. P Let us consider the result of the fast Fourier transform
(FFT) traffic per week at the node [11] in the form of the amplitude spectrum (Fig. 7). As you can
see, the characteristic periodicity reflects the main cycles of human life: day; half day; eight hours
(a third of the day to work, a third of the day to rest, a third of the day to sleep); six o'clock
(morning, afternoon, evening, night). Note that cycles with shorter periods are less pronounced. The
peak at a frequency of 1/7 days (position 5 in Fig. 6) is also noticeable - a weekly cycle. It is due to
the social schedule of the week, and the week, in turn, due to the phases of the moon with a period
of 714 days.

Over longer periods, additional patterns appear. In Fig. 8 are graphs of the amplitude spectra
of traffic at the same exchange point for 4 weeks. In this case, the FFT was performed separately for
each week without overlapping the readings. Here it can be seen that the week shift has practically
no effect on the amplitudes of the first four harmonics. Non-stationarity manifests itself in low
stability of the amplitude of the weekly cycle.

Definitely, an unexpected result is obtained by analyzing the phase spectrum on the same
sample of data for 4 weeks (Fig. 9). At the points of local maxima of the amplitude spectrum, the
phases of the cyclic components of model (3) are stationary. It follows that in some cases in the
model (3) the constituent phases ¢, () can be considered constant.

Spectral analysis on samples that include annual intervals provides information on slow
cycles, which is required in real forecasting problems. In Fig. 10 shows the traffic graph at the
MSK-IX Moscow exchange point [18], and Fig. 11 — its amplitude spectrum. Two obvious peaks
are visible here: with a frequency of 1 period per year and approximately 53 cycles per year
(weekly cycle).
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Figure 7 — The amplitude spectrum of traffic at the DE-CIX exchange point for the week:
1 — daily cycle; 2 — day-night cycle; 3 — eight hour cycle; 4 — six hour cycle; 5 — cycle of 7 days
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At a different time scale (Fig. 12) the semi-annual cycle (winter - summer) and the three-
month cycle (seasons of the year) are clearly visible. There is also a blurred extremum in the
vicinity of 13-18 cycles per year (20-28 days), which is consistent with the lunar month and the
biological cycles of a part of humanity.

AMnﬂMTyAHbIﬁ CNeKTp

6 ———————————————F——F——————————————————————————
) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
{ i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 A S Y J N S!S (S N S SUU IPNPUY S PR MNP SO RUNPU! S SRP [RSNPE SPRUI RPN SN SUPPE PRSS JPNPEY SRR RPN B
! 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1
© ! 1 1 Ll 1 1 1 1 ! 1 1 ! 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1
[t ! 1 1 1 1 1 1 1 ! 1 1 ! 1 1 1 1 1 ! 1 ! ! 1 1 1 1 1 1 1 1
5 T T T T T T R S
' T R R T T T S B B T T T e S T S B
—~
00 Bk e e e e e e i e i e e e
@ S e R T
-2 | 1 ' ' ' ' 1 ' 1 1 1 ' ' ' ' [ 1 [l 1 1 ' 1 '
54 T T T T T T T A
[ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
= 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
r=) . i i ey S B R i B B e e e A D e e e B e D i S S
[ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
!‘ 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1
= 1 1 1 1 ! 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
.8. 2 — [ IR IR (S | P SR S R i T Sy Ry I (R | R Ry P R i P R R I -
1 1 ! 1 ! 1 1 ! 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1
g 1 1 1 1 ! 1 1 ! 1 1 1 1 1 1 ! ! 1 1 1 1 1 1 1 1
= Lo T T T
P o I Vo
L e g s A - T g
o i ' i i i i T
Py AN | i i T T 2D R R
1 1 1 1 1 ] 1 1 1 1 I_]I_’_'_,_L_h_‘_:_'_’_:_-_:/—_:,/\’l_\v_ 1 '
1 1 1 1 1 L L | - ! 1
0 T T T T T T LI T T T T T T T LI T I r~rrrrTr T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 33 40 42 44 46 43 50 52 54 56 58 60

Konu4ecTeo LMKNOB B rogy

Figure 11 — The amplitude spectrum of the graph in Fig. 9

The four-month cycle (position 1 in Fig. 11) and the forty-day cycle (position 2 in Fig. 11)
deserve special attention. In this case, the division of the year into three, rather than four seasons,
and the division of the year into nine rather than twelve months is perhaps more appropriate for the
person’s biorhythms than the periods of the current calendar. Indeed, it can be seen that the
amplitude of the 9-month cycle prevails over the amplitude of the 10-month cycle, and the 12-
month cycle is generally lost against this background. It can be assumed that for a man, due to the
not quite obvious patterns of planetary motion, a year that includes 9 months is more natural. The
ten-month calendar is a tribute to the decimal number system. And the 12-month annual cycle is
generally complete nonsense to please two narcissistic Roman emperors. From this graph it follows
that our ancestors were still wiser: they subordinated their lives to natural laws, and not to social
conventions [19].
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Figure 12 — Additional traffic cycles:
1 — four months; 2 — forty days; 3 — lunar
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In all cases presented in Fig. 6 — 12, performed by the FFT was a discrete analogue of the
instantaneous spectrum [20]:

S(o,T)=[V(t)e ™ dt, (4)

where S(w,7") — traffic spectral density; V' (¢) — traffic; T — baseline observation period (day,
week, month, year). In Fig. 8 and Fig. 9 are given the images of instant traffic for several base
periods (week) with a shift by the value of the base period. In this case, the results of instantaneous
spectral transformations can be represented as a sequence of functions:

nT
S (o,T) = j Vt)ye ' dt, n=12... (5)
(n-1)T

Discrete analogs of transformations (4-5) suggest that at relatively short time intervals (when the
observation interval slightly exceeds the base period) in model (3), the phases and harmonic
coefficients can be considered approximately constant values. Then the non-harmonic component of
the trend a((t) makes the greatest contribution to the nonstationarity of the observed processes.

Therefore, it is important to parameterize the model of this dependency.
Taking into account the obvious correlation of traffic at large aggregation sites with the
growth of the economies of individual countries, in some cases, the compound percentage model is

productive (1). A definite lack of an analytical representation of this model is an obvious
dependence on the period 7'. Imagine this relationship in general:

a,(n7) = a,(1+ a(1))",

where a(t) — COGR coefficient, represented as an explicit function of period 7. If you run the

no(t)
limit on o(t) = 0 in the identity [1+o(t)]" =[1+a(t)]*® and use the second remarkable limit,
then you can go to the model of continuous time:

ay(n7) = ay (1) exp(nai(v)). (©)

Such a model of “infinite growth” is in good agreement with traffic at the Brazilian
exchange point (Fig. 2) at a certain time interval. In Fig. 13 given the original graph at this point of
exchange and its approximation using the model (6). The model identification was performed in the
area from the last quarter of 2012 to the middle of 2018. As you can see, in this area the model is in
good agreement with the traffic measurement data. At the same time, from the end of 2018 to the
current moment, there is an imbalance of the forecast. The growth rate of traffic is slowing. The
growth rate of traffic is slowing.

ay (1) = 4y(1-exp(B(2))), P()<0 V>0, (7)
where 4, — saturation level; B(#) — monotone function of .

The combined use of functions (6) and (7) at different time intervals allows us to simulate
typical phases of the development of real systems: growth, growth slowdown, plateau, growth, etc.

The task of separating and predicting these phases is not formally solved. At the same time,
a simple and universal model of dependence of anything on time is a polynomial function. The
disadvantage of such a model is the sensitivity to the depth of the prediction: the highest
components provide “candles” for relatively long-term extrapolations. For short-term predictions,
such a model is probably the most adequate.
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Figure 13 — Approximation of traffic in the Brazilian exchange point:
1 — original traffic graph; 2 — compound percentage approximation

In simple cases, using this type of dependency allows you to select a regular trend
component and cyclical components. So, from Fig. 9 it follows that in the short sections of the
forecast, the phases of the cyclic components can be considered almost constant. So, from Fig. 8
follows that the amplitudes of the cyclic components are also almost constant over short periods of
time. Suppose that the main trend has the form of a linear dependence (1st order polynomial) :
a,(t) = a,, + a,,t, then the expression (3) takes the simple form:

N
V(1) =ay +ayt + Y a, cos(kot +¢,) + (), o=2r/T. (8)

k=1
When digitally processing "signals" of the form (8) at frequencies kw¢ additional components arise
due to the FFT function a,, +a,t. For the selection of "true" coefficients a,,k >0, cyclic

components depending on (8) we differentiate twice the right and left parts of this expression:
2 N 2
ddl;(t) = —Z a, cos(kot + ¢, ) + ddi(t) , 0=2n/T. 9)
k=1

t2
As can be seen, in the representation (9) the main trend is completely absent. Of course, the second
derivative of the noise component £(¢) may also affect the identification of coefficients a,, k > 0.

Moreover, this component is due, as a rule, to sudden emissions of observed processes. Its
amplitude derivatives can thus significantly exceed the derivatives of the regular components. In
this case, to identify the "true" amplitudes of cyclical components, the following identification
algorithm turned out to be productive.

Step 1. Over the original data set is performed FFT.

Step 2. The procedure of screening high-frequency components is performed - a low-pass
filter is applied.

Step 3. The inverse FFT is performed.

Step 4. A numerical differentiation of order n+1 is performed, where n — maximum degree
of polynomial dependence a, ().

Step 5. FFT is performed.

Step 6. Band-pass filters are allocated amplitude coefficients of cyclic components.

Step 7. The inverse FFT is performed taking into account the phases and the main trend
and noise component is distinguished by the difference of functions. Next, the noise component is
eliminated by statistical data processing.
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The application of this algorithm in the cases under consideration gives quite adequate
analysis results. So, in Fig. 14 shows the results of the identification of a two-week traffic model.
Individual emissions in positions 1 and 2 do not significantly affect the accuracy of the
approximation. The relative error of the model in this case is only 3%, which can be considered a
negligible value.
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Figure 14 — Approximation of traffic at the DE-CIX Frankfurt exchange point

At the same time, in model (8) there was a limitation of the number of cyclic components N =4.
Thereby, an additional effect of information compression is achieved. The initial data set contains
685 samples, and for the approximation 4 amplitude values are used, 4 phase values and one
constant is a constant level. Compress almost 2 orders of magnitude!

Conclusions
1. The solution of traffic prediction problems is relevant for any operator.

2. On large aggregation sites, there is a mass effect of events, when traffic can be considered
an almost regular function of time.

3. In the short time sections, the studied traffic has approximately constant phases of the
main cyclic components and approximately constant amplitudes.

4. Long-term trends can be modeled as a function of increase in the form of a complex
percentage, models with saturation and polynomial functions.

5. Model in the form of a non-stationary quasi-periodic process adequate to the problem of
traffic prediction at large aggregation sites.

6. Typical periodicity, clearly following from the analysis of numerous graphs at
international exchange nodes: daily, weekly, seasonal. The article also noted some unexpected
periodicities, which are still to be understood.
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