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Using spline-extrapolation in the research
of self-similar traffic characteristics
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∗
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The problem of predicting self-similar traffic is considered, the solution of which modeling of self-similar traffic was per-
formed using the Simulink software package in MATLAB environment. For the simulation, the queuing system WB/M/1/K
with Weibull distribution was used. The use of the spline-extrapolation method made it possible to predict self-similar traffic
outside the considered period of time on which packet data transmission is considered. Extrapolation of traffic for short-term
and long-term forecasts is considered. Comparison of the results of the prediction of self-similar traffic using various spline
functions has shown that the accuracy of the forecast can be improved through the use of cubic splines. A method is proposed
for estimating the error of traffic prediction for each variant of traffic forecasting using linear, cubic splines. The results of
the research will allow you to perform effective traffic management with the support of quality characteristics, by providing
the required parameters of network hardware and software in order to avoid overloads in the network.
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1 Introduction

The rapid development of mobile communication tech-

nologies in the direction of 4G/5G generation networks
is connected, first of all, with the development of a

wide range of high-speed services provided to users. The

most popular today are video services (YouTube, Video

Surviliance, Smart-TV, HD-video, 3D-video) and M2M
inter-machine interaction services (IoT-cameras, Smart-

M2M objects, IoT-telematra) Internet of things (IoT).

The introduction of multimedia services and interactive

applications requires the operator to significantly increase
the data transfer rate and ensure the required QoS (qual-

ity of service) characteristics. In this case, IoT services are

characterized by high-speed video and data traffic [1, 2].

In such networks using packet switching, it is required

to solve the problem of supporting QoS characteristics:

determining the delay time of packets, the probability of

their loss, and supporting the required bandwidth. The
main difficulty in solving this problem is the self-similar

nature of the traffic in question, which manifests itself as

a long-term relationship between traffic values at different

time periods. Significant and frequent bursts of intensity

look statistically similar at different time scales [3, 4].

This property allows, based on the accumulated sta-

tistical data or based on the results of traffic modeling, to
predict its state in the future. In practice, the appearance

of a significant amount of long-term pulsations of traffic

intensities at arbitrary times often leads to a sharp in-

crease in packet delay time, which causes network nodes

and buffer devices to overload and, accordingly, signifi-
cantly affect the quality of traffic servicing.

Predicting self-similar traffic will allow for possible
peak loads in the network and perform efficient traffic
management, thus ensuring the required QoS character-
istics. Taking into account the above facts, it is possi-
ble to note the urgency of solving the problem of pre-
dicting self-similar traffic. A number of works by the au-
thors are devoted to the problem of predicting self-similar
traffic [5–12]. The proposed models and methods of fore-
casting are not universal, so autoregression models [5]
are used only for processes with poorly expressed self-
similarity, and models ARIMA and FARIMA [6–8] are
recommended only for short-term forecasts. As an alter-
native method, a method of neural network prediction
was proposed in [9, 10], allows solving a number of prac-
tical forecasting problems, such as dynamic bandwidth re-
distribution in order to make optimal use of available net-
work resources and maintain QoS characteristics. How-
ever, it is important to note that the use of the neural
network method implies the need for network training,
this is a complex and time-consuming process, and even
a “trained” network is not always clearly predictable due
to heuristic approaches to its construction. The accuracy
of the forecast in such a network depends on the num-
ber of options for its training, and the implementation
has high requirements for computing capabilities. In [11],
the author of the comparison results of network traffic
prediction using linear regression models and neural net-
works shown that in most cases the use of complicated
and labor-intensive techniques of neural networks is im-
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Fig. 1. Simulation of CMO of type WB/M/1/K in simulink package in MATLAB environment

practical. There is no single method for predicting self-
similar traffic.

Therefore, the development of effective methods for

predicting self-similar traffic is only an element in the de-
velopment of the theory of telecommunication systems,
which will allow us to move from purely technological so-
lutions based on engineering intuition to solutions based

on systems theory. All this allows us to affirm the signif-
icant interest of many scientists to the issue under con-
sideration.

In this regard, the subject of this work is topical and
its goal is to solve the problem of predicting self-similar

traffic and choosing an approximating device, with which
the traffic forecast will be most accurate. This will allow
taking timely measures to prevent overloading of network
nodes and buffer devices and the corresponding effects of

these changes on the quality of service.

2 Modeling of self-similar traffic using the

Simulink package in MATLAB environment

Let us perform modeling of self-similar traffic for queu-
ing system (QS) of WB/M/1/K type that serves the re-
quests stream, which intervals are described by arbitrary

distribution WB, the time of service has exponential dis-
tribution M, QS has 1 line and length of requests queue
is K . To develop a simulation model of self-similar traf-

fic, we use the Simulink software package in the Matlab

environment, which allows using SimEvents blockset [13]
to create different QS with traffic generating sources with
different distribution laws and service disciplines, as well
as queue maintenance methods, including priorities.

Let us consider the Weibull distribution, given by the
differential distribution function [14–17]

f(x) =

{

αβα−1e−βxα

, x ≥ 0,

0 , x ≤ 0
(1)

where α is a parameter of Weibull distribution curve
form, 0 < α < 1, which is determined according to
[14–16] by expression α = 2 − 2H , with H being the
Hurst parameter, 0.5 ≤ H ≤ 1, and β = [λΓ(1 + 1/α)]α

the Weibull distribution parameter with β > 0, λ is the
intensity of requests arrivals for QS servicing, Γ(k) is the
Euler gamma function

Γ(k) =

∫ ∞

0

tk−1e−tdt .

The integral function of Weibull distribution is [14]

F (x) = 1− e−βxα

. (2)

To generate a sample of random variables with the
Weibull distribution, let us find the inverse function of
the integral distribution function (2), solving the latter
for the unknown x we obtain

x =
[

−
1

β
ln(1− y)

]
1
α

. (3)

Unauthentifiziert   | Heruntergeladen  22.10.19 21:26   UTC



312 I. Strelkovskaya, I. Solovskaya: USING SPLINE-EXTRAPOLATION IN THE RESEARCH OF SELF-SIMILAR TRAFFIC . . .

all ( 10Y x

3
)

0 2 6all ( 10 )X x

3

0.5

1

1.5

2

Fig. 2. Results of self-similar traffic modelling for QS type
WB/M/1/K

Thus, the inverse function, which is determined finite only
on the interval (0, 1), is

F−1(y) =
[

−
1

β
ln(1− y)

]
1
α

. (4)

Having a sequence of uniformly distributed random num-
bers, we can calculate the values of random numbers with
the Weibull distribution and the mean value

µ = β
1
λΓ

(

1 +
1

λ

)

using the following algorithm

Xi =

[

−
1

β
ln(1− Ui)

]
1
α

(5)

where Ui denotes random values uniformly distributed
within the interval (0 , 1).

As the initial data of QS WB/M/1/K operation, we
use its following characteristics: λ = 250 pack/s, is in-
tensity of packets arrivals for servicing in QS, µ = 150 s
is packets servicing durability, K = 1000 packets is the
length of packets queue. The QS model of WB/M/1/K
type, developed in the Simulink package (the MATLAB
environment) is shown in Fig. 1.

Figure 2 shows the results of simulating self-similar
traffic for QS of type WB/M/1/K, where N is the num-
ber of applications; it is a time of receipt of applications.

The model consists of a single source that gener-
ates packets using the developed Weibull Distribution
Generator, which generates a sequence of random num-
bers (5) with the specified Weibull distribution parame-
ters (α ≈ 0.4, β ≈ 13.46) and intensity λ = 250 pack/s,
Hurst parameter H = 0.8.

All packages are served by the Output Switch informa-
tion distribution system with a service time of µ = 150 s,
exponentially distributed in the Single Server. The disci-
pline of service in the QS, with waiting, the queue length
of packets is K = 1000, and the packet maintenance is

performed in the queue according to the FIFO principle
in the Queue “first come, first come out”. During mainte-
nance, packets are registered in Entity Sink Success, and
in case of losses arising in the event of a buffer device
overflow in Entity Sink Loss.

For demonstration of simulation results, windows are
used that record the results of servicing traffic in a QS of
the WB/M/1/Ktype in real time: Average waiting time,
Average queue length, Count in queue is queue length
packets and Count out is number is lost of packets [12].

According to Fig. 2, for self-similar traffic in the inter-
val [0 , 6000] ms scale invariance, the presence of “bursts”
of packages and a long-term relationship between the mo-
ments of their arrival are observed.

3 Prediction of the self-similar traffic

To predict the self-similar traffic, we use the extrapo-
lation method. The research task is as follows:

1) predict the traffic beyond the considered time pe-
riod, where the transmission of packet data is considered;

2) choose an approximating device, with the help of
which it is possible to perform a more accurate prediction
of self-similar traffic; and

3) determine the error in restoring self-traffic outside
the gap.

Earlier, problem solving extrapolation of random pro-
cesses was based on the use of Lagrange interpolation
polynomials, Chebyshev polynomials, etc. When predict-
ing self-similar traffic, we use the extrapolation method
based on the spline-function, since [14]:

1) splines are more resistant to local perturbations,
that is, the behavior of the spline in the neighborhood of
the point does not affect the spline behavior as a whole,
as, for example, this occurs in polynomial interpolation;
and

2) good convergence of spline-interpolation as op-
posed to polynomial interpolation. In particular, spline-
interpolation is an indisputable priority for functions with
irregular smoothness properties (an example of which
self-similar traffic serves).

The task of predicting self-similar traffic is solved by
the “spline-extrapolation” method, that is, the recovery
of self-similar traffic outside the considered time interval
based on spline-functions (for example, linear, cubic, etc).
Considering that self-similar traffic is characterized by
the presence of “bursts” packets, it is possible to use
extrapolation based on wavelet-functions to improve the
accuracy of prediction.

Let us dwell on the method of spline-extrapolation.
With the term spline-extrapolation we mean an extrap-
olation based on the use of spline functions. Consider
self-similar traffic on the interval [a, b] . Let a partition
∆ : a = x0 < x1 < · · · < xN = b be given. The first-
degree spline S1(x) on the grid ∆ is a continuous piece-
wise linear function. Let the grid points be given values of
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Fig. 3. The extrapolation of self-similar traffic on the interval [a, b]
under condition f(xc) = f(x1)
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Fig. 4. The extrapolation of self-similar traffic on the interval [a, b]
under condition f(xkh) = f(xc)

self-similar traffic fi = f(xi), that describe the function
f(x), defined on interval [a, b] . The interpolation spline
is defined by the following conditions

S1(xi) = fi , i− 1, . . . , N . (6)

Geometrically, it is a polygonal line passing through
the points (xi, yi), where yi = f(xi). Let hi = xi+1−xi .
Then, according to [18], for x∈ [xi, xi+1] ,i = 0, . . . , N−1,
the linear spline will be

S1(x) = fi
xi+1 − x

hi

+ fi+1
x− xi

hi

(7)

or

S1(x) = fi +
x− xi

hi

(fi+1 − fi) . (8)

We will also consider a cubic interpolation spline S3(x),
constructed similarly to a linear spline, with the only
difference being that this is a cubic function on each
interval [xi, xi+1] , i = 1, . . . , N − 1.

According to [18], for x ∈ [xi, xi+1] , i = 1, . . . , N − 1
the cubic spline has the form:

S3(x) = fi(1− t)2(1 + 2t) + fi+1t
2(3 − 2t)+

mihit(1− t)2 −mi+1hit
2(1− t) , (9)

where t = x−xi

hi
, S3(xi) = fi , S3(xi+1) = fi+1 , mi =

S′(f ;xi), or

S3(x) = fi(1− t) + fi+1t−

h2
i

6
t(1− t)[(2− t)Mi + (1 + t)Mi+1] , (10)

where S′′(xi) = Mi , S
′′(xi+1) = Mi+1 .

The boundary conditions are used to determine the
cubic spline of the form (9) on the interval [a, b] [18]

S′
(f ; a) = f ′(a) , S′

(f ; b) = f ′(b) . (11)

For determining a cubic spline type (10) using the bound-
ary conditions of the form [18]

S′′(f ; a) = f ′′(a) , S′′(f ; b) = f ′′(b) (12)

We consider a uniform partition of the interval [a, b] , ie

hi =
b− a

N
, i = 0, 1, . . . , N − 1 .

It is necessary to restore the self-similar traffic outside
the interval [a, b] , namely, the right of the point b . For
definiteness, let this be a point xc > xN = b , xc − b = h ,
where h is a partition step of interval [a, b] . Then we
construct spline-function (linear or cubic) on the interval
[b, xc] .

Let us consider two variants. In the first case, we as-
sume that f(xc) = f(x1) and construct the spline in
interval [b, xc] , Fig. 3.

In the second case, Fig. 4, we set f(xk) = f(xc),
where xk = x0 + kh , where k is any natural number.
If khx6 = xc − b , then for f(xc) we take the value of the
function f(x) which are closest to the point xk .

According to [18], it is not difficult to find the error of
restoring self-similar traffic on the interval [b, xc] , using
the following theorems.

Theorem 1 [18]. If a spline of the first degree S1(x)
interpolates a continuous function f(x) on the grid ∆ ,
then its estimation of the error is

|S1(x)− f(x)| ≤ ω(f) , (13)

ω(f) = max
0≤i≤N−1

ωi(f) ,

where ωi(f) = max
x′,x′′∈[xi, xi+1]

|f(x′′ − f(x′)| .
(14)

Theorem 2 [18]. If the cubic spline S3(x) interpolates a
continuous function f(x) on the net ∆ and satisfies the
boundary conditions (11) or (12), then

‖S3(x) − f(x)‖C ≤
(

1 +
3

4

)

ω(f) , (15)
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Fig. 5. Results of extrapolation of self-similar traffic on the interval
[4700 , 4750] ms using linear spline
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Fig. 6. Results of extrapolation of self-similar traffic on the interval
[4700 , 4750] ms using cubic spline

where ρ = maxi hi

mini hi

, ‖f(x)‖C = maxx∈[a,b] |f(x)| ,

C = [a , b] is the space of all continuous functions defined
on [a , b] .

4 Solution of the problem of

prediction self-similar traffic

Consider the spline-extrapolation using the results of
simulating self-similar traffic with various linear and cu-
bic splines. Consider the extrapolation of traffic shown in
Fig. 2, on the interval [4700 , 4750]ms and compare with
the obtained results of the simulation of self-similar traf-
fic.

The first variant of spline-extrapolation, Fig. 3, allows
to perform a short-term traffic prediction. In this case, the
prediction of traffic characteristics occurs in real time,
which allows the control and dynamic redistribution of
network resources depending on the behavior of traffic,
for example, frequent “bursts” of intensity.

We use the linear spline S1(x), (6)–(8) for the first
version of the spline-extrapolation of the simulated self-
similar traffic on the [4700 , 4750]ms segment, Fig. 5.

It is not difficult to see, Fig. 5, that the use of the linear
spline functions has a significant error, which most often
appears on segments where traffic intensity graphs have
periodic “bursts”, the extrapolation error of self-similar
traffic on the interval [4700 , 4750]ms are shown in Tab. 1.

Consider the first variant of spline-extrapolation (short
term prediction) for simulated self-similar traffic in the
[4700 , 4750]ms segment using the cubic spline S3(x), (9),
(10), see Fig. 6.

According to the results of the extrapolation of self-
similar traffic on segment [4700 , 4750]ms using the cubic
spline function shown in Fig. 6, the recovery errors are
obtained on the segments of the graph, where the traffic
intensity has “spikes” at peak points, the error shown in
Table 1. In general, the use of cubic splines allows you to
perform a short-term forecast of traffic parameters and
get the predicted “route” of self-similar traffic.

The error in recovering self-similar traffic based on a
linear and cubic spline (13)–(15) will be evaluated ac-
cording to Theorems 1 and 2. The calculation results are
shown in Tab. 1.

In general, the proposed extrapolation method based
on spline functions, according to the authors, has a num-
ber of advantages in comparison with the known methods.
It is quite simple to implement, has a small error, and can
also be used to control traffic in real time.

Table 1. The error of recovery of self-similar traffic based on a
linear and cubic spline

Interval
Time Spline
(ms) linear cubic

[x10,x11] [4710,4711] 6.12 1.02

[x11,x12] [4711,4712] 10.81 0.05

[x12,x13] [4712,4713] 16.98 2.52

[x13,x14] [4713,4714] 14.20 1.79

[x14,x15] [4714,4715] 21.38 7.11
...

...
...

...

[x20,x21] [4720,4721] 13.75 0.24

[x21,x22] [4721,4722] 18.79 0.93

[x22,x23] [4722,4723] 9.31 0.75

5 Discussion

The long-term traffic forecast allows results that are
based on a large amount of data to be obtained and allows
the choice of the size of the buffer devices of network
nodes and providing for the length of the packet queue in
these devices when designing a network.

For the study, simulated self-similar traffic was used
for the QS WB/M/1/K using the Simulink package in
Matlab with the Hurst coefficient H = 0.8 (Fig. 1). The
high value of the Hurst parameter is accompanied by high
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traffic burst and the presence of significant and frequent
bursts of traffic intensity, which is observed in Fig. 2.

From Fig. 2 it can be seen that for the obtained self-
similar traffic in [0 , 6000]ms segment, there is large-scale
traffic invariance, the presence of packet “bursts” and a
long-term relationship between the moments of their ar-
rival. 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 overloading of network
nodes and buffer devices and, accordingly, has a signifi-
cant impact on the quality of service of traffic.

Using linear spline functions, as can be seen from the
Tab. 1, has a significant error in some segments of ex-
trapolation. At the same time, it is not difficult to see
in Fig. 5, that the error is noted on the segments with
significant periodic “bursts” of traffic. From this it fol-
lows that the use of linear spline functions does not allow
extrapolating bursts of traffic intensity. For example, at
the interval [4716 , 4717]ms and [4726 , 4727]ms, the lin-
ear spline restores the intensity value of traffic only by
20–25%. These results were obtained for a given segment
of traffic prediction [4700 , 4750]ms, with a small parti-
tioning step of 1 ms. Increasing the partitioning step will
inevitably lead to an increase in the recovery error values.
When building a spline-extrapolation, it is important to
choose the size of the prediction segment. In this case,
the traffic forecast is short-term in the [4700 , 4750]ms
interval.

Therefore, under the given conditions of traffic fore-
casting, the use of linear spline functions seems to be
inappropriate to the authors, since it does not allow en-
suring the required accuracy of the short-term forecast.
In practice, short-term forecasts are used in traffic man-
agement and routing, and decisions are made in real time,
which leads to a decrease in the quality of QoS, especially
for high-speed data traffic and high-definition video.

During the experiment, self-similar traffic with the
Hurst coefficient H = 0.8 was used in the work. It is
possible that for traffic with a lower Hurst coefficient and
other self-similar traffic, the use of spline-extrapolations
based on linear splines will provide the required forecast
accuracy.

The use of cubic spline functions for extrapolation
of self-similar traffic, characterized by frequent intensity
“bursts” compared with the use of linear spline functions,
makes it possible to achieve a decrease in error values
throughout the extrapolation interval [4700 , 4750]ms. It
is not difficult to see in Fig. 6, that the errors are obtained
on segments of the “bursts” of traffic intensity at peak
points. For example, this is observed at [4716 , 4717]ms
and [4726 , 4727]ms, with a sharp increase and decrease
in traffic intensity. It is possible to increase the accu-
racy of prediction of traffic characteristics using wavelet-
extrapolation.

In general, the proposed extrapolation method based
on spline functions, according to the authors, has a num-
ber of advantages in comparison with the known methods.

It is quite simple to implement, has a small error, and can

also be used to control traffic in real time.

The practical significance of the results obtained is

that the obtained results of predicting self-similar traffic

will provide for the required amount of buffer devices,

thereby avoiding overloads in the network and exceeding

the standard values of QoS characteristics.

Based on the results of traffic forecasting taking into

account the maximum workloads of network nodes, prac-

tical recommendations can be given on traffic redistri-

bution over IP networks, for example, the operation of

TCP/IP protocol. Reduce the delay time compared with

the TCP protocol, allows the protocol without the guar-

anteed delivery of UDP. However, it is rather difficult

to provide the required QoS quality characteristics using

only the UDP/TCP transport protocol, since the reasons

causing the delays are mostly at the network level. Using

the proposed spline-extrapolation method will allow you

to perform prediction of traffic characteristics, balance

the loading of network objects and improve the efficiency

of network equipment use.

6 Conclusions

• The solution of the problem of predicting the self-

similar traffic received using the Simulink software

package in the Matlab environment is considered.

• The proposed method of extrapolation based on spline

functions has a number of advantages in compar-

ison with known methods. First of all it is easy

enough to implement, requires low resource consump-

tion for the accuracy of the forecast, which can be

enhanced through the use of quadratic or cubic spline-

interpolation functions.

• Using the spline-extrapolation prediction results ob-

tained self-similar traffic, which will provide the re-

quired amount of buffer devices, thus avoiding network

congestion and exceeding regulatory QoS characteris-

tics values.

• Using the spline-extrapolation, the results of predic-

tion of self-similar traffic were obtained, which will al-

low to foresee the required amount of buffer devices,

thereby avoiding congestion in the network and ex-

ceeding the standard values of QoS characteristics.

• Taking into account that the self-similar traffic is char-

acterized by the presence of ”bursts” and the long-

term dependence between the time of receipt of ap-

plications in this study with given initial data, it is

possible to use extrapolation based on wavelet func-

tions, the so-called ”wavelet-extrapolation” method to

increase the prediction accuracy.
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