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Abstract

The article examines the subject-system interaction session, where the system is understood

as a base station, and the subject is understood as a mobile communication device. The pecu-

liarity of the study is taking into account the phenomenon relevant to modern communication

infrastructures, which is that the base station supports the division of information traffic into a

subspace of guaranteed personalized traffic and a subspace of general-purpose traffic. The

study considers a highly critical empirical emergency when the general-purpose traffic sub-

space may cease to be available at any time. The presented mathematical apparatus describes

the impact of such an emergency on the active communication sessions supported by the sys-

tem in receiving new incoming requests of increasing intensity. To characterize this emergency

situation, expressions adapted for practical application are presented to calculate such qualita-

tive parameters as the probability of stability, the probability of failure, and unavailability.

1 Introduction

In today’s world, the development of telecommunications technology is outpacing space tech-

nology due to the ever-growing audience of users of mobile communication systems and their

growing expectations for the quality of services and resources of wireless communication

[1,2]. To avoid the depletion of limited radio resources used by modern mobile communica-

tion technologies, international standardization committees are constantly developing existing

and developing new specifications governing the operation of communication networks, espe-

cially the fifth generation (5G) [3–5]. To improve the quality of customer service, such wireless

communication networks are increasingly becoming integrators of both existing and promis-

ing radio access technologies. This trend causes a constant update of the list of current research

problems because prompt access to information is the primary need of modern humans.

In addition to mobile access services, which provide active traffic of information made by

people for people, modern mobile technologies provide information support for many applica-

tions of the Internet of Things, based on the principle of machine-to-machine interaction, and

implement software-oriented networks and cloud services. It should also be noted that within
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the Internet of Things concept, there is a growing gap between applications focused on serving

specific people and social entities and applications focused on serving industrial scenarios of

the Industrial Internet. Such a variety of services and applications makes it essential to ensure

the efficient operation of fifth-generation communication networks. Improving the quality of

service in modern mobile communication systems requires a coordinated interaction of cellu-

lar radio access technologies with a family of WiFi local access technologies that use an unli-

censed frequency spectrum. This circumstance causes frequent failures and outages in active

processes of information interaction based on such a multi-technological basis [6–8].

Thus, the study of the process of subject-system interaction, which is implemented in a

multi-tech communication infrastructure, where personalized traffic intersects with general-

purpose traffic, is an actual scientific problem.

2 State-of-the-Art

Known areas of research on the analysis of systems with different mixed types of traffic in a single

technological and communication environment of generation 5G focus either on the hardware-

technological approach to the description of the control mechanism [9–13] or on the software con-

cept of implementation of the latter [7–14]. It should be noted that the second approach is much

more popular. It is due to the representation of the studied process in a mathematical model. The

initial parameters that researchers obtain simply result from censored monitoring of the existing

equipment that is operated. Accordingly, there are simply no significant and a priori irreversible

financial investments that are inevitable for the first approach if the second approach is chosen.

Among the many works that study the functioning of communication systems with differ-

ent mixed types of traffic, special attention should be paid to the promising direction in which

this process is modeled in the paradigm of queuing theory [7–12]. Important for the construc-

tion of such models is the choice of types and characteristics of the distribution laws of stochas-

tic controlled parameters, which characterize the processes of receiving incoming requests and

service of received requests, respectively. Much attention is also stressed to the need to ensure

a rationally sufficient complexity of the resulting queuing model. Choosing an algorithm for

calculating the parameters of complex models of this class, even in the form of their approxi-

mation, is a task of high computational complexity.

That is why the works [10–13] describe the classic queuing systems, in which the received

request is processed by precisely one service device. However, if the functioning of communi-

cation systems with different mixed types of traffic is studied, such an approximation is unac-

ceptable. To correctly describe such a process, it is necessary to consider both the course of

service of the received request and the resources allocated by the system to support it. Natu-

rally, the volume of this resource is a random variable with some distribution law. However, in

[14–18], a multilinear queuing system with a similar structure is considered, but these studies

ignore the fact that different levels of reliability characterize general-purpose resources and

personalized resources shared to support the received request. This fact must be reflected in

the state space of the queuing system [19–23], which was not done in the above investigations.

Separately, we note the research direction of analyzing the process of functioning communica-

tion systems with different mixed types of traffic [8–16]. The results of such studies are summa-

rized in the form of analytically determined metrics of qualitative indicators, calculating which can

assess the effectiveness of the profile application of specific instances of communication systems.

Suppose we focus on works where the study of this process takes place in the paradigm of the

mathematical apparatus of queuing systems [14–22]. In that case, it can be argued that the authors

either focus on different laws of distribution and service of incoming information requests or

focus on formalizing the calculation algorithm’s characteristic parameters of the obtained
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stochastic models. Thus in the mentioned research, classical queuing systems in which the service

of the accepted information request is carried out exclusively by one device with the allocation of

the fixed volume of system resources act as the mathematical basis. These studies ignore the sto-

chastic nature of the just mentioned parameter to simplify the resulting mathematical model ana-

lytically. The amount of system resources involved in servicing the information request in the

information environment of modern base stations is dynamic rather than static, so this parameter

should be part of the relevant mathematical model as a stochastic rather than deterministic charac-

teristic. Moreover, considering that the focused channels of subject-system information interac-

tion in the 5G infrastructure are affected by various types of interference, we, given the stochastic

parameter of the system resources for information request service, should consider the queuing

system to operate in failure and recovery modes according to a certain Markov process. Based on

this assumption, we consider representative of the characteristics of the process of communication

systems with different mixed types of compact traffic metrics in the parameter that characterizes

the ability of the relevant queuing system to recover, the parameter that characterizes the probabil-

ity of failure in such a system and the parameter that characterizes the availability of such a system.

Thus, the object of study is the process of functioning a communication system with differ-

ent mixed types of traffic.

The subject of research is the mathematical apparatus of queuing systems for building a

model of the object of study and the apparatus of mathematical statistics and probability the-

ory to analyze the results of experiments.

The research aims to formalize symmetric metrics for evaluating the performance of a com-

munication system that supports sessions of subject-system interaction, using both personal-

ized guaranteed resources and general-purpose resources.

3 Materials and methods

3.1 Statement of research

We describe a balanced session of subject-system interaction in the mathematical apparatus of

a multiline queuing system. Suppose that the processing of each received input request in such

a system is carried out by the service apparatus, for the operation of which a resource is allo-

cated, the volume of which is characterized by a stochastic parameter with a certain distribu-

tion law [24]. Let resource management be characterized by the Markov process of "Death and

Recovery" X(t) [24,25]. Accordingly, the resource of the queuing system summarizes the stable

and unstable components. In the context of the object of study, the stable component will

mean the total pool of values of personal traffic volumes guaranteed to be reserved for each

registered person/entity. Accordingly, an unstable component is the amount of general-pur-

pose traffic that each registered person/entity can claim.

Let the presented in Fig 1 a C-line queuing system direct the Poisson flow of incoming

requests with intensity λ. The operation of servicing received requests is characterized by the

parameter μ, distributed exponentially. At any time, such a system can be in one of two states,

characterized by the binary parameter s 2 {0,1}.

The transition of type s = 1! s = 0 corresponds to the readiness mode to receive an incom-

ing request and is characterized by intensity α. The transition of type s = 0! s = 1 corresponds

to the mode of loss (unpreparedness to receive) of an incoming request and is characterized by

intensity β. When the system is in the state s = 1, a resource of the volume of R1 is available to

service the received requests, and when the system is in the state s = 0, a resource of the volume

of R0, R0 < R1, is available to service the received requests.

If at the time of receipt of the incoming request in the system, there are no free service

devices or no free resources, the volume of which is characterized by the distribution function
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F(x), the incoming request is lost. In addition, if the system transitions s = 1! s = 0 and there

are i = n requests in the system for which the reserved amount of resources is r ¼
Xb

i¼1

ri r> R0,

the selected received requests will be lost. To choose which received request will be lost, two

"exclusion rules" seem rational:

• ER1. Exclude the last received request;

• ER2. We exclude the one from the received requests for which the largest amount of

resources is reserved.

We assume that by selecting one of the exclusion rules, the management mechanism will

iteratively apply it, excluding the received requests, which will indicate the selected rule until

the condition r� R0 is not met. Note that when applying the rule ER1, the received request

with the index n will always be lost n.

The same condition can be extended to the rule ER2, if at the beginning of each iteration of

the procedure of exclusion of received request to re-index the set of received requests in

ascending order of the value of ri8i ¼ 1; n. However, if the distribution function F(x) is not

exponential, then the implementation of re-indexing will be accompanied by additional com-

plications. Because of this circumstance, if the studied system will make the transition s = 1!

s = 0, the management mechanism for the implementation of the procedure of exclusion of

received requests will apply the rule.

3.2 Mathematical model of the studied process

Define the Markov process of resource management in the studied queuing system as

X tð Þ ¼ n tð Þ; r1 tð Þ; rn tð Þ; s tð Þ
� �

, where n(t) is a stochastic parameter that characterizes the

number of received requests in the system; r1 tð Þ; rn tð Þ is the set of stochastic values that charac-

terize the amount of resource reserved for the corresponding received the request; s(t) is a sto-

chastic parameter that characterizes the state in which the system is at time t.

Fig 1. Scheme of the queuing system as a model of a balanced session of subject-system interaction.

https://doi.org/10.1371/journal.pone.0271536.g001
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Taking into account the material of Subsection 3.1, we present the stochastic process in

terms of the theory of Markov chains as

X tð Þ ¼ n; r1; rn ; sð Þ : 0 � n � C; s 2 0; 1f g; r ¼
Xn

i¼1

ri � Rs

( )

: ð1Þ

Next, we will use the following notation:

pn r1; rnð Þ ¼ P n tð Þ ¼ n; r1 tð Þ; rn tð Þ ¼ r1; rn ; s tð Þ ¼ 1
n o

; ð2Þ

qn r1; rnð Þ ¼ P n tð Þ ¼ n; r1 tð Þ; rn tð Þ ¼ r1; rn ; s tð Þ ¼ 0
n o

: ð3Þ

Let the distribution function F(x), which characterizes the distribution of the stochastic

parameter of the volume of resources reserved for received requests, be continuous with a prob-

ability density f(x). Taking into account this, as well as the fact that in the transition, s = 1!

s = 0 the management mechanism works by the rule ER1, based on expressions (2), (3), we

form a system of equilibrium equations for the Markov process defined by expression (1):

p0 aþ lF R1ð Þð Þ ¼ bq0 þ m

ZR1

0

p1 xð Þdx;

q0 bþ lF R0ð Þð Þ ¼ a

XC

k¼1

Z

x:�R1 ;

x1�R0

pk dx1; . . . ; dxkð Þ þ p0

0

B
B
@

1

C
C
A

þ m

ZR0

0

q1 xð Þdx;

aþ nmþ lF R1 � x:ð Þð Þpn r1; rnð Þ ¼ m
Xn

i¼0

ZR1 � r:

0

pnþ1 r1; ri ; x; riþ1; rn
� �

þ

þbqn r1; rnð Þ þ lf rnð Þpnþ1 r1; rn� 1ð Þ; n ¼ 1;C � 1; r � R1;

lF bþ nmþ R0 � x:ð Þð Þqn r1; rnð Þ ¼

¼ m
Xn

i¼0

ZR0 � r:

0

qnþ1 r1; ri ; x; riþ1; rn
� �

dxþ lf rnð Þqn� 1 r1; rn� 1ð Þþ

þa
pn r1; rnð Þ þ

XC

k¼nþ1

Z

x�R1 � r:
x1þr�R0

pk r1; rn; dx1; . . . ; dxk� nð Þ

0

B
B
@

1

C
C
A;

n ¼ 1;C � 1; r � R0;

aþ mCð ÞpC r1; rCð Þ ¼ bqC r1; rCð Þ þ lf rCð ÞpC� 1 r1; rC� 1ð Þ; r: � R0;

bþ mCð ÞqC r1; rCð Þ ¼ apk r1; rCð Þ þ lf rCð ÞqC� 1 r1; rC� 1ð Þ; r: � R0:

ð4Þ

We will introduce a metric of indicators to assess the quality of a balanced session of sub-

ject-system interaction: {P,Q,B}, where:

PLOS ONE Modeling a session of subject-system interaction in a wireless communication infrastructure

PLOS ONE | https://doi.org/10.1371/journal.pone.0271536 July 18, 2022 5 / 15

https://doi.org/10.1371/journal.pone.0271536


- parameter P, or the probability of stability, which characterizes the probability that, as a

result of the transition s = 0! s = 1 no received request will be lost:

P X tð Þ ¼ n; r1; rn ; 0ð Þ X t � Dð Þ ¼ n; r1; rn ; 1ð Þj Þð :

P ¼
XC

n¼0

Z

r�R0

apn rð Þ
aþ nmþ lF R1 � r:ð Þ

dr; ð5Þ

- parameter Q, or the probability of failure, which characterizes the probability that as a result

of the transition s = 0! s = 1 at least one received request will be lost:

P X tð Þ ¼ n; r1; rn ; 0ð Þ X t � Dð Þ ¼ m; r1; rm ; 1ð Þ; n > mj Þð :

Q ¼
XC

n¼0

Z

r>R0

bqn rð Þ
bþ nmþ lF R1 � r:ð Þ

dr: ð6Þ

- parameter B, or the probability of unavailability, which describes the probability of termina-

tion for non-acceptance of the service from the pool of subscribers with guaranteed person-

alized traffic due to an emergency:

B ¼
Z

x�R1

pCdxi þ

Z

x�R0

qCdxi þ
XC� 1

n¼0

 Z

x�R1

pcdxi�

� 1 � F R1 � rð Þð Þ þ

Z

x�R0

qCdxi 1 � F R0 � rð Þð Þ

!
; i ¼ 1;C:

The system of equilibrium Eq (4) and the metric of qualitative indicators (5), and (6) unam-

biguously characterize the studied process in a continuous-time. However, obtaining an ana-

lytical solution to the system of equilibrium equations of the form (4) for an arbitrary

distribution function F(x) seems doubtful. This fact leads to the continuation of the investiga-

tion of the stochastic process in a discrete distribution of resources.

Let the parameter p(x) characterize the probability that the input request sent to the system

will be received with the allocation to maintain the number of resources equal to x. Consider-

ing the parameter p(x), we rewrite the system of equilibrium Eq (4). As a result, we will

PLOS ONE Modeling a session of subject-system interaction in a wireless communication infrastructure

PLOS ONE | https://doi.org/10.1371/journal.pone.0271536 July 18, 2022 6 / 15

https://doi.org/10.1371/journal.pone.0271536


receive:

p0 aþ lF R1ð Þð Þ ¼ bq0 þ m
XR1

i¼0

qi ið Þ;

q0 bþ lF R0ð Þð Þ ¼ a p0 þ
XC

k¼1

X

r: � R1;

r1 > R0

pk r1; rkð Þ

0

B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
A

þ m
XR0

i� 0

q1 ið Þ

;

bþ nmþ lF R0 � r:ð Þð Þqn r1; rnð Þ ¼

¼ a

pn r1; rnð Þ þ
XC

k¼nþ1

X

R0 � rnþ1<

<
Xn

i¼1

ri � R0;

r�R1

pk r1; rn ; rnþ1; rk
� �

0

B
B
B
B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
C
C
C
A

þ

þm
Xnþ1

i¼1

X

ri¼0

qnþ1 r1; ri ; riþ1; rn
� �

þ lp rnð Þqn� 1 r1; rn� 1ð Þ;

n ¼ 1;C � 1;

aþ nmþ lF R1 � r:ð Þð Þpn r1; rnð Þ ¼ bqn r1; rnð Þþ

þlpn rnð Þpn� 1 r1; rn� 1ð Þ þ m
Xnþ1

i¼1

X
R1 �
P

j6¼i

rj

j¼ri¼0

qnþ1 r1; ri ; riþ1; rn
� �

;

n ¼ 1;C � 1;

aþ mCð ÞpC r1; rCð Þ ¼ bqn r1; rnð Þ þ lp rCð ÞqC� 1 r1; rC� 1ð Þ;

bþ mCð ÞqC r1; rCð Þ ¼ aqC r1; rCð Þ þ lp rCð ÞqC� 1 r1; rC� 1ð Þ:

ð7Þ

The lack of description of the process X(t) by the system of equilibrium equations of the

form (7) is the inherent large dimension of the latter. To prevent this shortcoming, we move

from the process X(t) to the Markov process Y(t) = (n(t), r(t), s(t)) with the state space

Y tð Þ ¼ n; r; sð Þ : 0 � n � C; s 2 0; 1f g; r � Rsf g: ð8Þ

The parameter r used in expression (8) characterizes the total amount of reserved resources

for all n received requests. Under this approach, the number of resources is released at the end

of the service or the loss of the received request in the system is released, which is determined

by the formula of conditional probability [26–29]. Considering this assumption, redefine
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expressions (2) and (3):

pn rð Þ ¼ P n tð Þ ¼ n; r tð Þ ¼ r; s tð Þ ¼ 1f g; ð9Þ

qn rð Þ ¼ P n tð Þ ¼ n; r tð Þ ¼ r; s tð Þ ¼ 0f g: ð10Þ

Taking into account expressions (9), and (10), we proceed to the corresponding stochastic

process (8) of the representation of the system of equilibrium Eq (7). As a result, we will

receive:

aþ lF R1ð Þð Þp0 0ð Þ ¼ bq0 0ð Þ þ m
XR1

j¼0

p1 jð Þ; ð11Þ

bþ lF R1ð Þð Þq0 0ð Þ ¼ m
XR0

j¼0

q1 jð Þþ

þa p0 0ð Þ þ
XC

i¼1

XR1

j¼R0þ1

pi jð Þ
Xj

s¼Rþ1

p j � sð Þð Þ
i� 1ð Þp sð Þ

p jð Þð Þ
ið Þ

 !

;

ð12Þ

aþ nmþ lF R1 � rð Þð Þpn rð Þ ¼ bqn rð Þ þ l
Xr

j¼0

pn� 1 r � jð Þp jð Þþ

þm
XR1 � r

j¼0

Xnþ1

i¼1

pnþ1 r þ jð Þ p jð Þð Þ
ið Þ

1 � p jð Þð Þ
n� iþ1ð Þ

; n ¼ 1;C � 1;

ð13Þ

bþ nmþ lF R1 � rð Þð Þqn rð Þ ¼ m
XR0 � r

j¼0

qnþ1 r þ jð Þp jð Þp rð Þ nð Þ

p r þ jð Þð Þ
nþ1ð Þ

þ l
Xr

j¼0

qn� 1 r � jð Þp jð Þþ

þa pn rð Þ þ
XC

i¼nþ1

XR1

j¼R0þ1

pi jð Þ
Xj� r

s¼R0 � rþ1

p sð Þ p rð Þð Þ
nð Þ p j � r � sð Þð Þ

i� n� 1ð Þ

p jð Þð Þ
ið Þ

 !

; n ¼ 1;C � 1;

ð14Þ

aþ nmð ÞpC ¼ bqn rð Þ þ l
Xr

j¼0

pC� 1 r � jð Þp jð Þ; ð15Þ

bþ nmð ÞqC ¼ apC rð Þ þ l
Xr

j¼0

qC� 1 r � jð Þp jð Þ; ð16Þ

where (p(r))(n) is a n-fold convolution, which characterizes the probability that to service n
received requests in the system will be reserved amount of resources equal to r.

4 Results

To apply computational methods to solve the system of equilibrium Eqs (11)–(16), the latter

must be presented in matrix form. To do this, we present the state space of the stochastic pro-

cess Y(t) in the form of disjoint subsets:

Y ¼ Y0 [ Y1 [ Y2;
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where

Y0s ¼ 0; s; s 2 0; 1f gf g;

Yjs ¼ j; 0; sð Þ; j;R0; sð Þ; j ¼ 1;C; s 2 0; 1f g
n o

;

Yj2 ¼ j;R0 þ 1; 1ð Þ; j;R1; 1ð Þ; j ¼ 1;C
n o

;Ys ¼ [
C

i¼0
Yis; s 2 0; 1f g:

Taking into account the recorded, we define the matrix of intensities of transitions of the

stochastic process Y(t) in the block-diagonal form:

A ¼

A00 . . . A02

..

. . .
.

A20 � � � A22

0

B
B
@

1

C
C
A; ð17Þ

where

A00 ¼ A11 ¼

D00 B00 0 0

F01 D01 . . . 0

0 ..
. . .

.
B0C� 1

0 0 L0C D0C

0

B
B
B
B
B
@

1

C
C
C
C
C
A

; A01 ¼ diag bð Þ;A02 ¼ 0ð Þ;A10 ¼ diag að Þ;

A12 ¼

B20 0 0

0 . .
.

0

..

.
B2C� 1

0 0 0

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

; A20 ¼

a
p rð Þð Þ

nð Þ

p jð Þð Þ
ið Þ

Xj� r

s¼R0 � rþ1

p sð Þ p j � r � sð Þð Þ
i� n� 1ð Þ
8

8r ¼ 0;R0

!

; n ¼ 0; i
!

; j ¼ R0 þ 1;R1 ; i ¼ 0;C;

0; otherwise;

8
>>>>>><

>>>>>>:

A21 ¼

F21 0 . . . 0

0 . .
.

0

0 0 F2C 0

0

B
B
@

1

C
C
A; A22 ¼

D10 B10 0 0

F11 D11 . . . 0

0 ..
. . .

.
B1C� 1

0 0 F1C D1C

0

B
B
B
B
B
@

1

C
C
C
C
C
A

;
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B0i ¼ lp t � jð Þð Þ; i ¼ j;R0 ; j ¼ 0;R0 ; B1i ¼ lp t � jð Þð Þ; i ¼ j;R1 ; j ¼ 0;R1 ;

B2i ¼ lp t � jð Þð Þ; i ¼ j;R1 ; j ¼ 0;R0 ; F0i ¼ mi
XR� r

j¼0

1 � p jð Þð Þ
n� iþ1ð Þ p jð Þð Þ

jð Þ

p r þ jð Þð Þ
nþ1ð Þ

 !

;

i ¼ 0; j; j ¼ 0;R0 ; F1i ¼ mi
XR� r

j¼0

1 � p jð Þð Þ
n� iþ1ð Þ p jð Þð Þ

jð Þ

p r þ jð Þð Þ
nþ1ð Þ

 !

; i ¼ R0; j; j ¼ R0;R1 ;

F2i ¼ mi
XR� r

j¼0

1 � p jð Þð Þ
n� iþ1ð Þ p jð Þð Þ

jð Þ

p r þ jð Þð Þ
nþ1ð Þ

 !

; i ¼ R0 þ 1;R1 ; j ¼ 0;R0 ;

D0i ¼ diag bþ nm � lF R0 � rð Þð Þ; D1i ¼ diag aþ nm � lF R1 � rð Þð Þ;

D2i ¼ diag aþ nm � lF R1 � rð Þð Þ:

The system of equilibrium Eqs (11)–(16) presented in form (17) can be solved by known

computational methods, for example, iterative [26–28,30].

Consider the application of the mathematical apparatus presented in Section 3, adapted to

the form represented by expression (17). We will experiment with the Huawei 5G base station.

The resource in the experiment was understood as the speed of the session of the subject-sys-

tem information interaction, where the system was considered a base station, and the sub-

jects–smartphones iPhone 13 Pro. To ensure the statistical reliability of the calculation results,

1000 sessions were performed in the conditions of agglomeration of a modern metropolis at a

distance of about 1 km from the base station.

For the experiment, a bandwidth of personalized use C0 with a width of 10 MHz was allo-

cated. With the help of the LSA service, a 5 MHz wide bandwidth of general-purpose use

C1−C0 was additionally allocated. Accordingly, the session speed for these frequency bands

was calculated by the expression Rs = CsVs, where Vs is the spectral efficiency, which for the

experiments, taking into account the equipment, its settings, and operating conditions were 4

bps/Hz. Accordingly, the amount of guaranteed personalized traffic was R0 = 40 Mbps, and

the amount of general-purpose traffic was R1−R0 = 20 Mbps. The total amount of traffic R1, as

a result, was 60 Mbps. Under the conditions of the experiment, one session of subject-system

interaction utilizes 2 Mbps of traffic, i.e. F(x) = {08x�2,1x>2}. The other average values of the

characteristic parameters of the sessions of the subject-system interaction are as follows: 1/α =

120 c, 1/β = 60 c, 1/μ = 15 c.

The results of the experiment allowed us to calculate the functional dependencies {P,Q} = f
(ρ), where the parameters P and Q are the probability of stability and the probability of failure,

which are analytically characterized by expressions (5) and (6), respectively, and ρ is the

parameter of the intensity of load determined by expression ρ = λ/μ. The functional depen-

dences calculated based on the mathematical model generalized by expression (17) and the

received experimental data are presented in Fig 2.

A derivative of the qualitative indicators (5) and (6) calculated on the basic models (17) is

the probability of unavailability. This qualitative characteristic is calculated based on parame-

ters (9) and (10) determined as a result of solving the system of equilibrium Eqs (11)–(16). In

the context of the study of the subject-system interaction session in a centralized wireless
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communication system with a mixed resource, the unavailability parameter is a significant

empirical characteristic. This parameter describes the probability of termination for non-

acceptance of the service from the pool of subscribers with guaranteed personalized traffic due

to an emergency. Suppose the qualitative parameters describe the impact of the emergency on

the already active sessions of the subject-system interaction (internal characteristics). In that

case, the quality parameter describes the impact of the emergency on the ability of the base sta-

tion to accept new incoming requests (external characteristics). The empirical dependence B =

f(ρ) calculated for the studied system is presented in Fig 3.

5 Discussion

As shown in Fig 2, calculated functional dependencies {P,Q} = f(ρ) can draw several conclu-

sions. First, the mathematical model (17) adequately describes the course of sessions of sub-

ject-system interaction in a properly functioning network infrastructure under study. It is seen

that with increasing load, i.e., with increasing intensity of the flow of incoming requests, the

probability of stability P begins to decrease, and the probability of failure Q begins to increase.

To move on to the second thesis, let’s make a small preamble. Recall that the indicator P
(Q) characterizes the probability that as a result of the transition, s = 0! s = 1 none (at least

one) received request will be lost. The event when the studied network infrastructure makes

the transition s = 0! s = 1 corresponds to a situation when, for some reason, the resource

of public-purpose traffic becomes unavailable, but the resource of personalized guaranteed

traffic remains relevant. Returning to the calculated dependencies {P,Q} = f(ρ), we can see

that even in the conditions of instantaneous transition s = 0! s = 1, which is characteristic

of Markov processes and correlates with the situation of an emergency shutdown of addi-

tional communication capacities, the probability of stability P and the probability of failure

Fig 2. Functional dependences {P,Q} = f(ρ) calculated based on model (17) for the obtained experimental data.

https://doi.org/10.1371/journal.pone.0271536.g002

PLOS ONE Modeling a session of subject-system interaction in a wireless communication infrastructure

PLOS ONE | https://doi.org/10.1371/journal.pone.0271536 July 18, 2022 11 / 15

https://doi.org/10.1371/journal.pone.0271536.g002
https://doi.org/10.1371/journal.pone.0271536


Q does not change abruptly. These dynamics indicate that until the load ρ reaches a certain

limit load level, the base station provides support for received requests within the guaran-

teed traffic volume (nonlinear part of curves {P,Q} = f(ρ)), and only after crossing the load

value of this level (linear part of curves {P,Q} = f(ρ)) general-purpose resource begins to be

used. Based on these facts, it can be argued that the proposed metric {P,Q} is simple and

effective in the task of assessing the survivability or functional safety of modern centralized

wireless info-communication systems.

Third, in favor of the adequacy of the mathematical model presented in Section 3 speaks of

the correctness of the modeling task statement, the rationality of the choice of the basic mathe-

matical apparatus, and the logic of the mathematical transformations. The author foresaw the

possibility of an accurate (expression (7)) or approximate (expressions (11)-(16)) description

of the studied process. Representation of the original data in the obtained mathematical appa-

ratus, embodied in the graphs in Fig 2, corresponds to the actual operation of the test

equipment.

Interpreting the presented a Fig 3 behavior of the studied system with the generalized struc-

ture presented in Fig 1, we can draw the following conclusion: if the distribution function of

the mixed resource is deterministic, then the model in Fig 1 can be reduced to the form shown

in Fig 4.

Two sets of service devices form such a system without resources (reliable: C^
0
; unreliable:

C^
1
). Proving this thesis is a promising area of further research.

6 Conclusions

The article examines the subject-system interaction session, where the system is understood as

a base station, and the subject is understood as a mobile communication device. The

Fig 3. Functional dependencies B = f(ρ) calculated based on model (17) for the obtained experimental data.

https://doi.org/10.1371/journal.pone.0271536.g003
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peculiarity of the study is taking into account the phenomenon relevant to modern communi-

cation infrastructures, which is that the base station supports the division of information traffic

into a subspace of guaranteed personalized traffic and a subspace of general-purpose traffic.

The study considers a highly critical empirical emergency situation when the general-purpose

traffic subspace may cease to be available at any time.

The presented mathematical apparatus (based on a multilinear queuing system) describes

the impact of such an emergency on the active communication sessions supported by the sys-

tem in the conditions of receiving new incoming requests of increasing intensity. To character-

ize this emergency situation, expressions adapted for practical application are presented to

calculate such qualitative parameters as the probability of stability, the probability of failure,

and unavailability. The first /second/ indicator characterizes the probability that as a result of

disabling the subspace of public traffic, no one (at least one) who received the request will not
be /will be/ lost. The third quality parameter describes the emergency’s impact on the base sta-

tion’s ability to accept new incoming requests /external characteristics/. The adequacy of the

proposed mathematical apparatus and the rationality of the presented metrics of qualitative

parameters are proved empirically. The obtained results indicate that such a metric will be

especially relevant in the operational assessment of survivability or functional safety of wireless

centralized network infrastructure.

In Fig 2, we can see that even in the conditions of instantaneous transition s = 0! s = 1,

which is characteristic of Markov processes and correlates with an emergency shutdown of

additional communication capacities, the probability of stability P and the probability of fail-

ure Q does not change abruptly. These dynamics indicate that until the load ρ reaches a certain

limit load level, the base station provides support for received requests within the guaranteed

traffic volume (nonlinear part of curves {P,Q} = f(ρ)), and only after crossing the load value of

this level (linear part of curves {P,Q} = f(ρ)) general-purpose resource begins to be used.

Further research is proposed to focus on developing the mathematical apparatus presented

in the article by taking into account the different options for the resource allocation function

between the system-supported sessions of information interaction.

Fig 4. Promising scheme of improving the system presented in Fig 1.

https://doi.org/10.1371/journal.pone.0271536.g004
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