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The current trend of convergence of networks of dif-
ferent types, the increase in the volume of traffic, the
emergence of multimedia applications running in real time,
necessitates ensuring the end-to-end quality of service
(Quality of Service, QoS). To date, there exist several ap-
proaches to ensure QoS (A1-A3):

— A1l: based on the use of routing metrics of communi-
cation channels, interconnected through QoS-indicators;

— A2: based on the implementation of technology of
Traffic Engineering (TE), which focuses on the effective
load balancing along an infocommunication network;

— A3: through the implementation of a multipath rout-
ing while ensuring the required QoS indicators.

When analyzing these approaches, it is worth noting
that A1 and A2 are focused only on improving the quality
of service in an infocommunication network in general
and give no warranties regarding the numerical values
for the main indicators of QoS. In contrast to the first
two approaches, the third approach is aimed precisely at

calculating the routes that guarantee the specified values
of such QoS metrics as the packet transfer rate, average
end-to-end delay, the probability of packet loss, etc. The
given approaches largely determine the quality of network
performance (NP). However, in practice, ensuring QoS is
defined, taken all together, by the quality of network per-
formance (NP) and the quality of experience (QoE) at the
user level. In this case, providing the required level of QoE
is central and essential in order to optimize the income and
resources of the provider/operator.

2. Literature review and problem statement

To analyze existing solutions in the field of ensuring
QoE-metrics, it is necessary first to consider the mecha-
nisms of their estimation. It is known that each type of the
transmitted traffic (voice, video, data) employs two types
of methods for evaluating the quality of experience (QoE):
subjective [1-4] and objective [5-7] (Fig. 1). However, each
of the specified methods is applied only for a certain type




of traffic. Moreover, the use of each method is limited by
a possibility to implement it within existing technological
solutions.

application of this method in modern networks does not
make it possible to execute quality control in real time
and respond timely to potential problems in a network.

QoE estimation methods

Subjective

Objective

Mean Opinion Score
(MOS)
/ITU-T G.711, P.800

Quality Rating (R),
based on E-models
/ITU-T G. 107, G.1011

Quality Rating (R),
based on QL-models
/ITU-T G. 107, G.1011

Double Stimulus

Impairment Scale
(DSIS)

/ITU-R BT.500

Root Mean Square Error
(RMSE)
/ANSI/BPI1-2400-S-

2015

Perceptual Objective
Listening Quality
Assessment (POLQA)
/ITU-T Rec. P.863

Double-Stimulus
Continuous Quality
Evaluation (DSCQE)

/ITU-T P.913

Signal-to-Noise Ratio
(SNR)
/ITU-R F.339-8

Perceptual Evaluation of
Speech Quality (PESQ)
/ITU-T Rec. P.862

Single-Stimulus

In addition, the main drawback of a
given method is the consumption of
additional network resources, and the
need for specific settings of network
equipment.

To receive an objective assessment
of quality, paper [11] proposes using
the Q-learning mechanism based on a
pseudo-subjective quality assessment
(PSQA). A given mechanism is based
on selecting the best path based on the
comparison of indicators for the rate
of transmission and packet losses in
the network. In addition, there are a
number of studies [12] aimed at ensur-
ing QoE in terms of the type of trans-
mitted traffic (video, data, voice, etc.),
but these approaches do not make it
possible to manage network resources.

The basis of objective methods
could be formed by the E-model pre-
sented in [13] that relates to the mea-

/ATU-T P.861, P.910

Continuous Quality Peal;i;ﬁ??;;;g; 15 Momiiiﬁ;gl%hty surement of characteristics of termi-
Evaluation (SSCQE) ATU-T 1.340 ATU-T G.711. P.800 nals and networks in accordance with
AITUR BT.500, P13 ’ recommendations from [14-16]. A giv-
Perceptual ' ' . ' ‘ . en eval}lation method takes intovcon-
Speech Quality Picture Quality Ratio Video Quality Metric 51deratlog t.he strﬁuctural—fungmpal
Measurement (PSQM) (PQR) (VQM) characteristics of infocommunication
/ITU-R T.24, G.1080 /ITU-T J.149 networks, as well as more than twen-

Fig. 1. Classification of methods for evaluating the quality of experience

It is known that the subjective rating of perceived
quality yields only the integral evaluation of quality
indicators for the transmitted video and audio traffic. A
given method of evaluation is used mainly at a point in
time when the transmitted audio and video information
undergoes distortions arising in the process of digitizing,
compressing, transmitting, decoding, etc. That makes the
subjective evaluation of perceived quality a very laborious
process associated with considerable time cost. Thus, au-
thors in paper [8], in order to evaluate the video stream
in line with the standard ITU-R BT.500-8-11, employed
subjective metrics Single-Stimulus Continuous Quality
Evaluation (SSCQE), Double Stimulus Impairment Scale
(DSIS) and Double Stimulus Continuous Quality Scale
(DSCQS). These metrics exploit the features of human
vision and make it possible to estimate, based on a five-
point scale, the differences between the original and
the distorted video footage using static algorithms. The
disadvantage of a given approach is the labor-intensity of
experimental subjective assessment and time cost, which
is unacceptable for applications running in real time.

There are also papers [9, 10], which, in order to assess
the quality of experience; apply the method of Mean Opin-
ion Score (MOS). However, an analysis that was conduct-
ed revealed that a given method does not make it possible
to quantitatively consider the factors that affect the qual-
ity of service, specifically does not take into consideration
the end-to-end delay and losses of packets. Therefore, the

ty different parameters to define the
Transmission Rating Factor (R-Fac-
tor). The range of the measured pa-
rameters include, for example, a travel
time of the signal, delay variation (Jitter), packet loss and
packet loss peaks (Bursts). In this case, the result of cal-
culations in accordance with the E-model is the Quality
Rating (QR). QR defines the quality level in a network
and makes it possible to combine into a single indicator
both the individual characteristics of signals and the
network transmission parameters (delay and magnitude
of packet losses in a network). However, the main short-
coming of this direction is the lack of a direct relationship
between network settings and a quality rating.

All the above-specified QoE assessment methods are
used to ensure quality of service in infocommunication
networks and typically underlie the mathematical models
of routing aimed to effectively manage network resources.
However, one of the most effective means to ensure the
required QoE in infocommunication networks is the appli-
cation of a multipath routing strategy. Thus, papers [17-19]
suggest approaches to using the routing models in order to
ensure service quality for a variety of network performance
indicators: average delay, the probability of losses, and the
packet transmission rate. However, in the context of ensur-
ing QoE, a given approach makes it possible to calculate the
separate network parameters only (for example, an average
delay or the probability of loss) with further assessment
bases on a quality rating. Therefore, to date, it is necessary
to develop the direction of ensuring the QoE-indicators
with simultaneous control based on the indicators of an
end-to-end delay and packet losses. These very indicators



have a direct impact on the quality of experience of the
service provided to the end user. Given this, to describe the
structural-functional characteristics of an infocommunica-
tion network, it is advisable to also use a traditional mathe-
matical model of the multipath routing, but with the intro-
duction of conditions for ensuring such QoE-metrics as an
end-to-end delay and a packet loss probability. At the same
time, the introduction of these conditions is possible only
owing to their tensor formalization that would enable ob-
taining the mathematical expressions that relate the above
indicators. Thus, the study to be conducted would make
it possible to satisfy the QoE requirements (according to
a quality rating) using the multipath routing with control
over an average end-to-end delay and the packet loss level.

3. The aim and objectives of the study

The aim of this work is to ensure the predefined qual-
ity rating using the multipath QoE-routing with control
over indicators of an average end-to-end delay and packet
losses in a network.

To accomplish the aim, the following tasks have been set:

— to select a flow model of the multipath QoE-routing
to account for the indicators of an end-to-end delay and a
packet loss probability;

— to perform the tensor formalization of a model of the
multipath QoE-routing in order to analytically describe
the relationship between indicators of an end-to-end delay
and a packet loss probability;

— to study experimentally the proposed flow model of
the multipath QoE-routing to estimate its effectiveness
in comparison with the traditional flow model based on
using the IGRP metric.

4. A flow model of the multipath QoE-routing with
respect to the indicators of an end-to-end delay and
a packet loss probability

Within the proposed model, the structure of an info-
communication network is described using a one-dimen-
sional network S=(U, V), where Uz{ui,i=1,m} is the set
of zero-dimensional simplexes - the nodes (routers) of the
network,

v={o.=Gyz=tm i j=tm; i% j}

is the set of one-dimensional simplexes — the edges of the
network, where edge V.=(i, /) models the z-th communica-
tion link that connects the i-th and j-th ICN routers via
the appropriate j-th interface, and U;" is the subset of rout-
ers that are incidental to routers U;. Then, to implement a
multipath routing, it is necessary to ensure the calculation
of route variables xfj which characterize the intensity
share of the k-th flow along link (i, 7). The route variables
are superimposed with the following conditions:

OSfoSL )]

The conditions for flow conservation on the network
routers, taking into consideration the possible packet
losses caused by overloading the queue buffer, within the
proposed routing model, take the form [19]:

2 xf}.:i if ke K, i=s;

J(i.))eV

2 xikJ_ 2 x;i(i_p;i)=0 if keK, izs,d,; (2)
J(i.))eV JGiev
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where K is the set of flows in the network; s; is the rout-
er-sender; dy is the router-receiver for packets from the k-th
flow; ¥ is the share of the k-th flow serviced by the network,
that is, whose packages were successfully delivered to the
router-receiver; pf. ; s the packet loss probability of the k-th
flow at the j-th interface of the i-th router.

If the work of the j-th interface of the i-th router is mod-
eled by the mass service system with failures of the type
M/M/1/N, then the probability of packet loss in the k-th
flow could be calculated as follows:

ko (1_Pi,j)(pi,f)N

¢ = SV 3
pw 1_(piyj)1\‘+1 ( )

where Pi; = is the coefficient of utilization of the

j-th interface ag the i-th router; N is the maximum number
of packets in the queue; A;; is the flow intensity in the link
(i,j)€V, 1/c; @i is the bandwidth of the j-th interface of the
i-th router.

The intensity of the flow in the link, taking into consid-
eration the possible losses of packets, is then calculated as

hiy= 2 Al (A= pl), %)

keK

where 7»<k'5‘1> is the average intensity of the k-th flow arriving
to the network to be serviced, which assigns the QoS-re-
quirements for the package transmission rate.

In order to manage the process to eliminate the overload
of links and queues, the structure of the model is introduced
with the following constraints [20]:

Sl xk (1-ply<e,, at (i,j)eV. 5)

keK

In a general form, the QoE-requirements for the trans-
mission of voice at the predefined type of terminal equip-
ment and the codec used, in accordance with the recom-
mendations G.109 and Y.1540 [14-16], could be recorded
as follows:

R=2R,, at R=R,-1,(T)-1 (P, (6)

where 1,;4(T),) is the coefficient of quality reduction, caused
by the long delay, as a function of the network delay, and
Io-esf(Ppy) is the coefficient of quality reduction, caused
by losses of voice packets, determined by the following
expressions:

0, T,<100 ms;

L,,(T,)= 1 5T 7
w0125 (1+Xx°)5 -3 1+[§} +2|, T,>100 ms; @
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; I is the coefficient of quality reduction,

due to the use of low-speed codecs [16]; T, is the average end-
to-end packet delay in the network P, is the total probability
of packet losses in the network. B, is the factor that takes
into consideration the resistance of the codec to losses [15];
Burst is the coefficient of “burst” in losses.

When satisfying conditions (6) with respect to (7)
and (8), it is important to have mathematical expressions
that analytically describe the relationship between route
variables (1), traffic characteristics, network settings, the
indicators of end-to-end delay T, and packet loss proba-
bility P,;. Taking into consideration the results obtained
in papers [13, 19], it is appropriate to apply the functional
of tensor modeling of routing processes in infocommuni-
cation networks.

5. Tensor formalization of multipath QoE-routing model

In accordance with the methodology for tensor modeling
ICN, proposed in papers [13, 19, 21], a network structure de-
fines the anisotropic space formed by the set of contours and
nodal pairs. The dimensionality of this space is determined
by the total number of edges in the network and equals n. In
this case, each independent path (a edge, a circuit, or nodal
pair) defines the coordinate axis in the spatial structure.
Typically, ICN is modeled by a connected one-dimensional
network, that is, it contains one linked component, and then
a cyclomatic number p and rank ¢ of the network define,
respectively, the number of basis contours and nodal pairs,
for which the following expressions hold:

pu=n-m+1, o=m—-1, n=0+L. ©))

In the selected space, when transmitting packets from
each k-th flow, ICN could be represented by a mixed bivalent
tensor

Q=T®A, (10)
where ® is the operator of tensor multiplication while the
components of tensor Q are a univalent covariant tensor of
average delay of packages T and a univalent contravariant
tensor of flow intensities A in the coordinate paths of the
network. Therefore, index & is omitted in the course of tensor
description of the network.

Under the proposed model (1)-(5) when the interface
is modeled by the queuing system with failure of the type
M/M/1/N, the average delay of packets in an arbitrary
communication channel ICN is approximated by expression

p_pN+2_(N+1)pN+1(1_p)

- A(1-p¥)(1-p)

an

Inthiscase,inaccordance with the postulate of G. Krohn’s
second generalization [21] based on results from paper[13,17],

expressions (11), recorded for each link in the network, de-
fine the following vector-matrix equation:

A =GT

v 0T 0! (12)
where A, and Ty, are the projections, respectively, of tensor
A and tensor T in the coordinate systems of edges, repre-
sented by the n-dimensional vectors of flow intensities
and a average delay of packets in communication links;

G, ||g”|| is the diagonal nxn matrix whose elements cor-
respond to the edges of the network and are calculated
from expression [21]

(16" J-pr)
o= (o) = (Ve +1)(p2) " (1= pt)

Projections of tensors of the average delays of packets and
the flow intensities in the coordinate system of contours and
nodal pairs are linked via expression similar to expression (12):

ii

&

(13)

Ay =Gy T, (14)

According to the reverse tensor attribute, tensor G is
the double contravariant metric tensor, whose projections
at a change in the coordinate system of its consideration are
transforms as follows:

gt

G =AG, 4, 15)
where Gp, is the projection of tensor G in the coordinate
system of contours and nodal pairs; A is the nxn matrix of
covariant transformation; [-]* is the transposition operation.
As shown in [19], matrix Gy, could be represented by a block
structure, that is,

1 2 4,1 4,2
O I
Go=|--— + -—, ¢ =|-—- + ——-|

(3) (4) (4.3) (4.4)

Gy | Gy Gy’ | Gy

where ijz and G,<r/r‘]> are the square submatrices of dimen-
sion puxp and ¢pxd, respectively, ,m> is the submatrix of
dimension uxé, G, % is the submatrlx of dimension ¢pxy;
G is the first clcmcnt of matrix G&; GU? is the second
element of matrix G of dlmenswn 1><(c]> 1); G (43 s the
third element of matrix G of dimension (¢p— 1)x1 and
Gftf“o is the fourth element of matrix G<> of dimension
(@-Dx(d-1).

Within the framework of tensor description of an
infocommunication network under conditions of imple-
menting the multipath routing strategy [13, 17, 19-21],
the probability of packet delivery P, and the average

end-to-end delay T, could be calculated as:

_J=2
P,= NTR (16)
rec 4,2 44 -1
T = N e-Git 60 ] An (A7)
“ 41 4.2 40T a3
(G,Q-GM[G; '] G,<m>)



where A, is the vector of intensities of lost packets at the
interfaces of routers whose coordinates are determined from
expression

u;
A= 2 " (18)
j=1

and express, for each i-th router, the intensity of packet loss-
es, total for its all interfaces.

When solving the problem on the multipath QoE-rout-
ing, the following condition was chosen as the criterion of
optimality for obtained solutions:

Ry.q=70, in line with expression (6) and the data, according to
[14], given in Table 1.

The result of solving the problem on multipath routing
using model 1, according to (1) to (19) and model 2, ac-
cording to (20) and (6), (16) to (18), is the order of flow
distribution along separate communication links in an info-
communication network. The research results are shown in
Fig. 3, 4, where the gaps in the communication links exhibit
(top down) their throughput capacities (1/s), the intensity of
the flow (1/s), and the average packet delay (ms).

Table 1

Relation between quality rating (QR) and the quality of
experience by user [14]

max[z xﬁ;‘e‘”sk]. (19)
Y [ kek ali at-
_Quahty rat User satisfaction
L . o o ing value, R
The application of a given criterion would maximize the —
. .. 90 Very satisfied
overall performance of the info-communication network. —
80 Satisfied
70 Some users are not satisfied
6. Comparative analysis of the proposed model of 60 Many users are not satisfied
multipath QoE-routing and a flow model based on the 50 Almost all users are not satisfied

IGRP metric

To assess the effectiveness of the proposed solution, here-
inafter referred to as “model 17, in this work we performed
a comparative analysis with the flow model (“model 2”). In
this case, model 2 is based on the use of the IGRP metric and
is represented by a system of linear algebraic equations of the
state of an infocommunication network [22].

Within the framework of model 2, chosen for compari-
son, the optimality criterion was a minimum of the sum of
weighted coefficients of using
separate links of communica-
tion [23]

minz z c, xt (20)

¥ i,j7 g7
keK (i,j)eV

where ¢;; is the weight factor cal-
culated based on a throughput
of communication link (i, j) by
analogy with the EIGRP proto-
col metric (¢;;=107/cp; ).

To visualize the results ob-
tained, we shall solve the prob-
lem for a fragment of the info-
communication network shown
in Fig. 2.

Fig. 2 shows that the network
consists of five routers and six
links; communication links gaps
exhibit their throughput (1/s).
The load of the network is under-
stood as the ratio of traffic inten-
sity, entering the network, to its
throughput. In this connection,
the intensity of the flow entering
the network at the first router
and intended for the fifth router
changed from zero to 310 1/s and
the requirements for the QoE
level were set by a quality rating

The main indicator of QoE, based on which we compared
model 1 and model 2, was a quality rating, which had to be
compared with the preset R,,=70, according to expression
(6) and data from Table 1. In this case, the quality rating was
calculated using the derived indicators of an end-to-end delay
(17) and the probability of packet losses in the network (16).

When solving the problem for model 1, we calculated
three paths, as well as two paths for model 2, the character-
istics of which are given in Table 2.

2
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Fig. 2. A fragment of the examined infocommunication network
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Fig. 4. Solving the problem on multipath routing using model 2

Table 2
Results of a comparative analysis of model 1 and model 2
Model 1 Model 2
Calculated Averkage Pellcket Calculated Averkage leacket
paths: packet 0SS paths: packet 0ss
delay, | proba- delay, | proba-
ms |bility, % ms bility, %
ffgl_is 121 | 048 f_af;_is 1717 |1
e o [ s |
path 3: .
1535455 121 048

Table 2 shows that when studying the proposed model 1,
along each path, the average packet delay was the same and
amounted to 121 ms, the probability of packet losses in the
network was 0.048. The quality rating R, evaluated using
expression (6), amounted to 70.22, which, in accordance
with the original data and Table 1, confirmed meeting the
requirements regarding the level of QoE. When examining
model 2, based on the IGRP metric, the delay along path
1 was 171.7 ms, along path 2 - 99.6 ms, while the average
delay amounted to 134.15 ms; the probability of packet loss-
es in the network was 0.01. However, the quality rating R
amounted to 61.7939, which does not satisfy the conditions
of the stated problem, consequently, it does not provide for
the predefined values according to Table 1.

In this regard, based on the results of comparative anal-
ysis, it can be noted that for a given example, at the same
traffic intensity and for the same network structure, the
proposed model for the multipath QoE-routing outperforms,
in terms of quality rating, by 13.64 %, which confirms the
effectiveness of the proposed solution. In addition, for other
initial data, the model for the multipath QoE-routing out-
performed by 12 to 25 %.

7. Discussion of results of studying a flow model of
the multipath QoE-routing

The aim of examining the proposed model of the mul-
tipath QoE-routing was to satisfy the required level of QoE
in an infocommunication networks. To this end, based on
the derived values for a average end-to-end delay and a
packet loss probability (Table 2), we calculated the principal

indicator of QoE - a quality rat-
ing, which amounted to R=70.22.
Next, the result was compared to
the predefined quality rating of
Ryq=70 from Table 1 [14], which
meant that only some users were
not satisfied with the service pro-
vided by the communication net-
work. Thus, the use of a given
model makes it possible to assess if
the QoE requirements are satisfied
based on a quality rating through
the indicators of delay and packet
loss. The performed comparative
analysis of the proposed model to
a flow model based on the IGRP
metric has proven its effectiveness,
as evidenced by outperforming a
quality rating by 13.64 %.

The benefit of our proposal is the presence of a formal-
ized relationship between assessments of service quality that
makes it possible to synthesize control over network param-
eters based on the requirements of the end-users, stated in
the form of the integral estimates for perceived quality. Such
a technique to expand mathematical models for rendering
services of guaranteed quality is more flexible and makes it
possible to fully account for the complexity of relationship
between network parameters within the framework of QoE.

In addition, the advantage of using tensor constraints is
their orientation towards the multipath routing with balanc-
ing the traffic along all available routes, taking into consid-
eration the flow character of traffic, a possibility to perform
specified requirements for each indicator of the quality of
experience separately, which more fully meets the concept
of QoE-routing.

The disadvantage of using tensor formalization is the
complication of the routing model and the enhanced scal-
ability of solutions because the problem takes a nonlinear
form. However, given the application of SDN-networks, the
routing task could be solved not at separate routers, whose
processing power is rather limited, but at high-performance
SDN-controllers or an entire cluster of such controllers.

It is worth noting that the further development of the
proposed solution implies ensuring the quality of experience
when providing not only the VoIP services, but other info-
communication services as well (for example, IPTV).
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8. Conclusions

1. We propose a mathematical model of the multipath
QoE-routing in an infocommunication network that ensures
the required quality rating. The main goal was to account for
the indicators of an end-to-end delay and a packet loss prob-
ability with the subsequent evaluation of the quality rating
at the user level. We also selected the criterion of optimality
responsible for the maximum overall performance in an in-
focommunication network in the presence of constraints for
maintaining the flow, for the absence of communication link
overload and the execution of the QoE-requirements.

2. The novelty of the proposed solution is the tensor
formalization of the selected model of routing, owing to
which we managed to derive mathematical expressions in
the analytical form, which bind the indicators of an end-to-



end delay and a packet loss probability in order to satisfy
the QoE-requirements. That made it possible to improve the
adequacy of an infocommunication network description, as
well as the consistency of solutions to control traffic while
maintaining the QoE metrics.

3. We have experimentally investigated the proposed
model for the multipath QoE-routing at an infocommunica-
tion network fragment. The result was a comparison between

the derived value for a quality rating, which totaled 70.22, and
the recommended rating Rreq=70, which, in accordance with
the original data and Table 1, confirmed meeting the require-
ments regarding the level of QoE. To assess the effectiveness
of the proposed solution, we ran a comparative analysis of the
proposed model to a flow model based on the IGRP metric.
The results of solving the problem showed outperforming the
rating of quality by 12 to 25 %, depending on the source data.
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