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TEOPUA MACCOBOIO ObCNTYMUBAHUA
W EE NPUNOXEHUA

QUEUING THEORY AND APPLICATION

To queueing system model performance measures analysis
under network slicing’

Yves Adou, Ekaterina Markova

Peoples’ Friendship University of Russia (RUDN University), Moscow, Russia

In modern wireless telecommunication networks, the network slicing
(NS) technology [1] is being widely launched around the world. This
technology was developed to address the problem of data traffic volume
exponential growth [2, 3]. It permits a more effective utilization of the
available radio resources, which are indispensable for data transfer in
wireless networks. NS technology allows to represent the whole network
infrastructure of mobile network operators (MNOs) in the form of various
configurable logical networks called multi-service wireless network slices,
each of which can be rented by virtual network operators (VNOs).

This paper considers the operation of a single VNO renting from one
MNO a multi-service wireless network slice. We assume that VNO provides
to its customers only services which generate best effort traffic with
minimum guarantees (BG), characterized by the fact that a minimum bit rate
is assigned for customers services. BG-services correspond to elastic or non-
real time traffic such as file sharing, web browsing and social networking [4].

We assume that if there is free resource, the elastic session will be
established upon arrival, otherwise it will await in the buffer, from where it
can depart for buffer’s retrial group [5, 6] and return after a moment. Let us
consider, as example of physical interpretation, a web page reloading process
by one user after awaiting a certain time this web page to load. In this case,
user await in our model corresponds to elastic session await in buffer, and
web page reloading process — to elastic session departure for buffer’s retrial
group and return to buffer after a moment.

* The reported study was funded by RFBR, project number 19-07-00933.



Similar model with limited storage capacities of buffer and its retrial
group has already been investigated in [7], where a computed numerical
solution of the equilibrium equations system was used to analyze the
characteristics. In this paper, we propose to consider a more complex case of
that model with unlimited storage capacities of buffer and its retrial group.

Mathematical model

We assume that a multi-service wireless network slice has total network
capacity R,. Mbps. Elastic sessions arrive in the system according to the
Poisson process with rate A and are parametrized by the exponentially
distributed average file size 6 MB and the minimum assignable bit rate b
Mbps. The average service time of established -elastic sessions is
exponentially distributed with rate p™' = 6/R,. seconds. Capacities of buffer
and its retrial group are unlimited.

We assume that an elastic session is immediately established upon arrival
if there is free resource, i.e. quantity of simultaneously established elastic
sessions is less than maximum N, = |R,./b], otherwise its establishment is
delayed and it awaits free resource in buffer. Note that elastic sessions
awaiting in buffer can depart for its retrial group after an exponentiall
distributed time B’ and return after an exponentially distributed time o~
Also, each established elastic session ends successfully and retries are
unlimited. The corresponding scheme model is shown in Fig. 1. Note that
elastic sessions are characterized by a uniformly distributed channel rate R,
between simultaneously established elastic sessions, thus service rate of
single established elastic session is defined as p/n, where n < N,.

retrial
group
4+
a B
M-b buffer

Fig. 1. QS model with unlimited storage capacities of buffer
and its retrial group scheme



According to above described radio admission control scheme and taking
into account that system’s arrival process is Poisson distributed while
average service time is exponentially distributed, the system’s behavior could
be described using a three- dimensional vector (ny, np, §) over state space

={(ny, n2,8):n;=20,n,>20,s= N,es}, where n; represents the
quantlty of elastic sessions awaltlng free resources in buffer, n, — the quantity
of elastic sessions awaiting in buffer’s retrial group and s — the quantity of
simultaneously established elastic sessions. The corresponding state
transition and central state transition diagrams are shown respectively in
Fig. 2 and Fig. 3.
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Fig. 2. State transition diagram
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Fig. 3. Central state transition diagram



The corresponding Markov process is described by the following
equilibrium equations system according to central state transition diagram
(Fig. 3):

(A+pl{s>0}+nBI{n >0}+mn,0l{n, >0})p(n,n,,s)=
=M {m >0} p(m —Liny,s)+ Wl {s =N} p(m +1n,s)+
+M {n =0,5>0} p(n,ny,s =1)+pl{n,=0,s <N, } p(n,n,,s+1)+ (1)
+(ny +1)al {n, =0,5 >0} p(n,ny +1,s =1)+(n, + 1)l {n, >0} x
xp(nm —1,n, +1,8)+(n, +1)BI{n, >0,s=N, } p(n, +1,n, —1s),

where p(ny, ny, s), (n1, n2, s) € X represents the stationary probability
distribution of elastic sessions’ quantity in system and / — the function
indicator that equals 1, when condition is met and 0 otherwise.

Product form solution for
stationary probability distribution computation

Since buffer and its retrial group have unlimited storage capacities, the
probably only way for finding the stationary probability distribution
p(ny, na, 8), (n1, np, s) € X should be through a generating function-based
approach [6], but we avoid its introduction using instead equilibrium and
local balance equations systems. Thus, we obtain a product form solution for
stationary probability distribution computation:

p(0,0,0)-a(n,,s), n 20,n,=0,5=0,...,N,,;

p(n,ny,s)=1<p(0,0,0)-d(n,n,), n =20,n,20,s=N,,; )
p(0,0,0)-b(ny,s), n =0,n,20,5=0,...,N,, —1,

res

with
£(0,0,0)= [—+22b Jk)+sz“d(z ,)J

+
a(i, j)=p™',i>0,j>0; d(i,j)= 8/(1 'jj‘) plVres T >0, j>0;

8[ H Nre.\ J N i
b i, ( ) res I,l.ZO,.ZO,
=\ P J
where p =M represents the average offered load of incoming elastic
sessions and & = B/a — the ratio coefficient of elastic’ sessions average time
spent in buffer to average time spent in buffer’s retrial group.



Numerical analysis of incoming’ elastic sessions immediate
establishment probability

Having computed the stationary probability distribution one can compute
the system’ main performance measure. Here we compute only one of them
— the immediate establishment probability of incoming elastic sessions:

=1 N, +m

Prob—hm Z z p(0,n,,s). (3)

— ny=

Numerical analysis was performed to determine the accuracy of the
computed product form (2). Let us calculate percentage error for computing
incoming’ elastic sessions immediate establishment probability (3) using
computed numerical solution in [7] and product form solution.

The results obtained using both product form and numerical solution
coincide as illustrated in Fig.1. by the curves and in Table 1 by absolute error
calculation values.

Incoming’ elastic sessions
immediate estahllshment probahnlnty

0.5

0.4 1 product form, b=5Mbps
product form, b—8Mbps

03r product form, b=11Mbps

02k o numerical solution, b=5Mbps

o numerical solution, b=8Mbps

01 © numerical solution, b=11Mbps

0 . . . . . . a
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Average offered load p of incoming elastic sessions [-|

Fig. 1. Immediate establishment probability depending on average
offered load p of incoming elastic sessions for R,.=20 Mbps,
0=8MB,a ' =3s,p' =1s, limit of n; as it approaches infinity
is 1000



Table 1

Absolute error for incoming’ elastic session immediate establishment
probability calculation, R,. =20 Mbps, 0 =8 MB, a' =35, =15,
limit of n, as it approaches infinity is 1000

Parameters | p=0.1 p=0.3 p=0.5 p=0.7
b =5 Mbps 0 7.01296489¢-14 3.86746059¢-15 3.53375158e-14
0% 0% 0% 0%
0 1.74086275¢-08 0 1.22617108e-14
b =8 Mbps 0% 0% 0% "L
b =11 Mbps 0 4.83553803¢-06 1.98127869¢-14 2.76230925¢-15
0% 0% 0% 0%

Conclusions

We continued study on queueing system (QS) model with unlimited
storage capacities of buffer and its retrial group. Product form solution for
calculating stationary probability distribution was obtained. A comparative
analysis of incoming’ elastic sessions immediate establishment probability
computation using numerical solution of the equilibrium equations system
and a proposed product form solution was given. As result, both product
form and numerical solution coincide with absolute error value equaling 0%.

Generating function-based approach will be implemented in further
investigations, and the operation of multiple VNOs renting from one MNO a
multi-service wireless network slice will be considered as last stage of this

research subject.
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Analysis of the simplified network slicing model’

Kirill Ageev', Eduard Sopin'-

" People’s Friendship University of Russia (RUDN University), Russia, Moscow
2Institute of Informatics Problems, Federal Research Center
«Computer Science and Control», Russia, Moscow

Network slicing allows a mobile network operator to provide a part of the
radio resource to virtual network operators in the form of network slices.
A network slice can be allocated for specific types of services to several
virtual network operators that provide similar services, or separately for each
virtual operator [1].

A model of radio resources sharing with a dynamic distribution of
resources between classes was described in [2], the characteristics were
calculated and compared with the results of simulations.

In this article we considered a simplified model for sharing radio
resources in the network. The total resource volume is divided into K +1
blocks. 1,..,K blocks are isolated with each own flow of customers, serving
intensities and resource distribution. There is also the shareable block (#0),
which accepts customers, that are blocked in 1,..,K .

Model description

K Poisson flows of customers arrive into multiserver queuing system with
intensities A, k =1,..,K. For each type of customers, the required amount of
resources is defined by the probability distribution {py |, >1. Service times
are exponentionally distributed with intensity L.

Customers of type £ firstly arrive to the block &, which has R, ,k=1,..,K
resources. As the simplification, we assume that the resource volumes
R, ,k=1,.,K are fixed for all blocks and do not change in time. Maximum
number of customers in block kis N, =R, .

Besides, there is also a shareable block with R, resources. If a k-type
customer is blocked due to insufficient resources at block %, then it is
redirected to the shareable block.

" The reported study was funded by RFBR, projects number 19-07-00933 and 19-37-
90147.
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Total volume of resources is the following:
K
R=>'R,. (1)
k=0

Let n, (f) be the number of customers in block & at moment ¢ (# > 0), and
v, ()= (ykl (t)-vy, (t)) — the vector of occupied resources by each

customer in block. To simplify the description of the set of states we applied
the aggregation of occupied volume of resources. I, (f) — total occupied

volume of resources in block k& [4]. Therefore, the set of states can be
expressed as

X, ={(n,T,):0<n, <N,,0< T, <R}, k=12,.,K. )

Assume that a k-type customer arrives to the system and it requires r
resources. Then, if there are not enough resources in block & to meet the

resource requirements, [/, +7>=R,, the customer is redirected to the
common block R, . If there are not enough resources for the customer in the
common block, Iy +r > R, the customer is lost.

Denote ¢, , (/) the stationary probability that there are n customers

occupying j resources at block k. The exact expression for the probabilities
i, (J) were derived in [4]. Distribution of resource requirements for the

flow of rejected customers in block & can be calculated according to the next
formula:

k 1<n<N, -1 I<j<R,
Rk—r+1SjSRk

pip( > a.()r X qk,Nka. G

To define the resource requirements distribution of the customers that
arrive to the shareable resource block, we combine distributions of resource
requirements for each block £:

K
PrT ~
Por=2 D, (4)
k=1 Po

The offered load at the shareable block can be calculated according to
next formula:

Po =Py + P70y +o P Ty )

12



The scheme of the described model is presented on Fig. 1.
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Fig. 1. The scheme of the model

Analysis of the performance measures

Denote Gk(n,m)zzlj—"‘ > p,(j)j, where {p,((’)j} is the i-fold
i=0

*0<j<m
convolution of the distribution { Dr., j}. According to [4], the stationary

probability distributions at block k& can be evaluated using the functions
G, (n,m) in the following way:

-1 .
G, (N,R,) G, (n,m)= Z qk,i(])' (6)
0<i<n
0<j<r

Based on recurrent algorithm, presented in [2], we can find G by the
recurrent relation

G(n,m)zp—k Y i (G(n=Lr—m)=G(n-2,r—m))+
k 0<j<m

+G(n—-1,m),2<n<N,. (7)

13



The initial values are as follows:

G(Lm)=1+p, > p, . 0<m<R,, 8)
0<j<m
G(0,m)=1,0<m<R,. 9)

We calculated the probability of redirecting customers from block £ to the
shareable block 0 by next formula:

nkzl_Gk_l(Nk’Rk) Z pk,ij(Nk_l’Rk_j)' (10)
0<j<R,

We next used formula to calculate the average volume of occupied
resources in block £:

Ry
bk:Rk_Gk_l(Nkst)sz(Nkka_”)- (11)

r=1
The resource requirements distribution of the redirected customers at
block 0 can be also obtained with the help of G, (n,m), by substituting (6)

into (3):
Pry = PG (N5 R, )" (G (Ne =1,R) =G (N, LR, —r)+
+G (N Ry )= G (N =L Ry)) = pi, G (N Ry )_1 (G (N Ry ) -
=Gy (N = LR —r)). (12)
Blocking probability for k-type customers derived by formula
B, =m.m,. (13)

Numeric results

For the experiment we took the number of blocks K =3 . The distribution
of resource requirements were taken from [5] and is assumed the same for
each block. Note that the average resource requirement is 2.99. For blocks
1-3 we set the offered load p, =200, p, =60, p; =32.

Blocks 1-3 are assumed to have the same number of resources. The
results were obtained for different capacity of the shareable block R, with
fixed total number of resources R. The range of the resource volumes in
blocks 1-3 is R =R, =R, =[60,100]. The range for block 0 is

R, =[50,170] . Total volumes of servers and resouces are R =N =350.

14



Figure 2 show the dependence of the probability of redirecting customers
from blocks 1-3 to the shareable block on its capacity. Note that the
probability is increasing, which is correct, because we decrease the resources
for blocks 1-3.

——/ —8—2—+3
0.6//

o
o0

0.2
DU

Fe v

&
»—

L 4

Probability of redirecting to block 0
=)
N

0
50 70 90 110 130 150 170

Number of resources at block 0

Fig. 2. Probability of redirecting to the shareable block as a function of its capacity

Figure 3 show the dependence of blocking probability of each customer
types on the capacity of the shareable block.
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Fig. 3. Blocking probability depending on distribution of resources
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On Fig. 3 we can see, that for customers in blocks 2 and 3 bocking
probability increase and stay lower than for block 1. While for customers
from block 1, the probability of blocking decreases. This behavior is
explained by the fact that an equal amount of resources is allocated for
blocks 1-3, and the offered load for block 1 is significantly higher than for
blocks 2 and 3. Thus, when the volume of resources for blocks 1-3
decreases, the intensity of redirections from block 1 to block 0 increases.
That allows customers from block 1 to occupy more resources in block 0,
thus reducing the blocking probability.

Conclusions

In this paper, a simplified model of radio resource slicing is studied. The
system is described in terms of resource queuing systems. The stationary
characteristics of the model are calculated using a recurrent algorithm
obtained in early studies. A numerical experiment was performed for three
blocks. Based on the results, it can be noted that the proposed algorithms and
formulas can be applied to the analysis of the systems that use radio resource
slicing mechanisms.

At the next stage, we plan to develop the simulation tool to compare the
results with analytical calculations.
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An eigen value approach to a discrete-time queueing model
with N-policy on two modes of service

Anilkumar M.P.', K.P. Jose?

"Dept. of Mathematics, T. M. Govt. College, Tirur-676502, Kerala, India
2Dept. of Mathematics, St. Peter’s College, Kolenchery-682311, Kerala, India

This paper analyses a discrete-time queueing model with two modes of
service and N-policy. The arrival of customers constitutes a Bernoulli
process with parameter p. There are two types of service; mode 1 and mode 2
of which service times are geometrically distributed with parameters ¢, and
q: respectively, where g; < ¢,. Initially, the service starts with mode 1 and
when the number of customers reaches N, the server tries to change the type
of the service to mode 2 with probability 6 (called (6, N) -policy). Once the

type of the service is changed from mode 1 to mode 2, it will resume the
reduced rate when either of two cases happen; i) the number of customers in
the system is either less than N and ii) the number of customer is reduced to
zero. These two cases are studied in Model I and Model II respectively. The
eigenvalue approach is used to analyze Model I and consequently obtain the
rate matrix of the model. Using the rate matrix of the Model I, we analyze
Model II. On the basis of a suitable cost function, numerical experiments are
conducted for the models and computed the optimum value of N.

For the details of theory of generalized eigenvalue, one can refer Gohberg
et al. [2]. The method of generalized eigenvalue is successfully applied in
queueing theory by Mitrani and Chakka [7] and Haverkort and Ost [6]. The
other notable works carried out using generalized eigen value approach by
Grassmann and Drekic [3] in tandem queues, Grassmann and Tavokali [4] in
tandem queues with a movable server and Drekic and Grassmann [1] in
priority queues. Recently, Grassmann and Tavakoli [5] demonstrated the
fastest way to find the distribution of the queue length in a discrete GI/G/1
queue with bounded support from the waiting time distribution.

Mathematical modelling - Model |

In this model, we assume that once the mode is changed to mode 2, it will
continue until the number of customers in the system is less than N. We
assume that in a time slot, arrival takes place at the beginning of a slot which

17



is followed by the change in the mode of service and service takes place at
the end of a slot. We use the following notations

N(n): Number of customers in queue at an epoch 7.

J(n): The server status when server is in mode j, where j=1,2 and

;=1—x, for any real x.
Then, {(N(n),J(n)),n=0,1,2,3,.....} is a Quasi Birth Death process with
state  space {;0<i<N}uU{(i,j):i>2N,j=1,2} with the transition
probability matrix of the process is given by
rg 4 pq
re, 4 B
B,

(=)

N
=

with ¢, = pg, +p_qi,

Ao{pqlp PQ_G}’AIZ[QG rle}
0 Pq; 0 1

— P4
B, :[P% 0 pq 6}, B, :{— 1]
Pq,
Let m=(mny,m,,m,,.....) be the steady state probability vector of P, where

Ty, Ty, Ty.... Ty, are scalars and w; =[n;,m;,]| for i N
From the above set of equations we have

n, =L ENy I for 1<i<N-1.
P9 P4
According to Morse [8] and Mitrani and chakka [7],

n, =gx" " for n>N, )]
where g =[g,,g,], which is different from zero. That is gP(x)=0, where

P(x)=A4y+(4 —D)x+ A2x2 . For a non-zero g, this is possible only if x is a
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generalized eigen value of P(x) and g is the corresponding eigen vector
(Ghoberg  [2]). The equation |p(x)|=0 implies that either
P9, +t2x+;q2x2 =0 or pq16+(t16—1)x+13q16x2 =0. From the first
equation x=1 or Ph - Gince |x| <1 is necessary condition for the
Pq;
convergence, we can only consider the value x, = P . The other root will
y20%)

_0(0)" + pgy + pay ~(O(®) " + pg, + pay)* —4ppaia

2pq,
between 0 and 1. In order to simplify the notations, assume that

be x, , which lies

q,(x) = pg, 0+ (4,0 = 1)x + pg,0x>
4,(X) = pg, + x + pg,x*

h(x) =(pg; + t,x + pg,x*)0.

Let g(i) = [ gl(i), gz(’q be eigen vector corresponding to the eigen value x;

for i=1,2. Then g(l):[l,—m} and g(2)=[0,1]. Let c=[¢, o],
q,(x;)
_ h(x) X
G= g,(x) | and /\=|:1 }, then m,=cA"' G forn>N,
R %

—\N-2
where c:_i(ﬂj B,(G—GA —AGA,) 'm,, and m, is obtained by
P4\ P4,

using the normalizing condition an_ =1.
i=0
Relationship with matrix - analytic method

By analyzing the transition probability matrix, using matrix analytic

method in Nuets [9], we get ©, =, R" " forn> N , where R is the minimal

non negative solution of R4, + R4, + 4y =R . Then from n,=cA" " G
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follows n,R"™=cA" G and R=G'AG. On simplification,
Ox,

x ppe———“—“_“___aae
"9 pq,(1—x,) | similar to the rate matrix in Naishuo Tian et al. [10].

R:

0 X,

Mathematical modelling - Model I

Assume that the service mode is changed to mode 2. it will continue the
same until the number of customers reaches zero. Then (N(n), J(n)), n = 1,2,
is quasi birth death process with stste space {0} u{(i,/):i>1,j=12}.
The system is stable if and only if p < ¢;. Let (Ttl*,th*, ..... ) be the steady
state probability vector of P". By looking through the structure of P,
we get m, =m, R for i>N—1. The boundary probability vectors
(ny »7, 5.y ) are calculated using the following equtions. Let

n =(n",m, ) fori>1

S 4 (l_th_3)P611 (l_th_3)(1_t1_x1Pi11) -

S — = 0
Pq, (1_th 2)17611 _(1_th l)(l_tl_xlpql)

n, =L P (th% _thiz)(l _thil) (-t -x pql)(l‘lNi2 —f1N73) .
12 == = - (4 .
2 A=t"" pg —(1-t"N1A -1, - x, pg))

(1=t . pA-TH .
:( 1)7;11_11( 1)Tc0 for 2<i<N -1,

1-1 pg; (1-1)

>

LN

T

1-¢) )
m, =—>m, for2<i<N-I,

2

where my is  obtained from the  normalizing  condition
n, +(n +m, +omy  (I-R) Ne=1.

Performance measures

Without loss generality we may assume that (W, W ... W y_1>W ys---)
be the steady state probability vector for the models with
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v ,=(y,,y,,) forix1 with the assumption that y, =0 for ISi<N-1.
The following relevant performance measures are considered.

1. Expected number of customers in the system, EC = Ziwi .
i=1

2. Probability that the server is busy with g, service, PBgq, = Z‘I’n .
i=1

3. Probability that the server is busy with ¢, service, EBg, = z Wi, .
i=N
4. Probability of starting a g, service in an epoch

Pstartq, = G(Z Vi + PV (yoy) -
i=N
5. Expected departure after completing the service is given by
EDS = qIZ\V“ + qZZniz .
i=1 i=1
Cost analysis and optimisation

On the basis of the above performance measures, we define expected total
cost per unit time as

ETC =C,EC + C,PBq, + C;PBq, + C,Estartq, + C;EDS .
Where the individual costs C,,C,,C;,C, and Cs are given by

C1: holding cost of customers/unit/unit time,
C,: running ¢ service/unit time,

C3: running ¢, service/unit time,

Cy: starting cost g, service/unit time,

Cs: service cost of customers/unit/unit time.

Figure 1 compares the expected total cost for both model. It is obvious from
the figure that for each value of n, the expected total cost per unit time for Model
II is less than that of of Model 1. This is due to the low switching rate of Model 11
compared to Model I. From the figure, it is also evident that the value N at which
ETC is minimum for Model II is greater than that of Model 1.
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Fig. 1. ETC vs. N
(p=0.55;9,=0.5,9, =0.7,6 = 0;
C, =00LC, =1;,C;=2;C, =1;C5 =5)

Concluding remarks

This paper analyzed an eigenvalue approach for finding the optimum

value of the number of customers in the system at which the service rate is to
be changed. We obtained the rate matrix and a closed-form solution to this
model. To minimize the starting cost for changing the mode of service, a
modified model is also discussed. This paper can be extended by consdering
the arrival process as a discrete Markovian arrival process and service time
as discrete phase-type distribution.
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A MAP/PH(1), PH(2)/2 inventory system with production,
multiple servers and vacations

P. Beena', K.P. Jose?
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This article considers a production inventory system with multiple
servers, each of which takes multiple vacations under Bernoulli vacation
scheduling service. Customer’s arrival constitutes a Markovian Arrival
Process (MAP) and heterogeneous servers provide phase-type service. When
the production process begins, the time required to produce an item and the
duration of vacation of servers are exponentially distributed. The production
process begins when the inventory level reaches a prefixed point and it stops
when the inventory level reaches the maximum S. The QBD process is
analyzed in the steady-state using Matrix Analytic Method (MAM). We
develop an appropriate cost function based on the performance measures and
compare the total expected cost in the different combinations of arrivals and
service processes under the Bernoulli vacation schedule.

In a queueing system, vacation means that the period at which servers are
not convenient for providing the service in a frequent period. Krishnakumar
et al. [6] studied a MAP/Ph(1), Ph(2)/2 queue with multiple vacations under
the Bernoulli vacation scheduling service. The study on the Bernoulli
vacation model was initiated by Keilson and Servi [5]. Ayyappan and
Shyamala [1] investigated a single server Bernoulli vacation model in which
the server provides two stages of mandatory service to customers who
arrived in batches. Beena and Jose [2] discussed a production inventory
system with the production rate depend on the stock level. Tyagi et al. [11]
analyzed a 1-limited, multiple server, multiple vacation queueing model in
which vacation time follows a phase-type distribution. Suganya and
Sivakumar [10] studied a MAP/Ph(2) inventory system in which the arrival
of buyers is according to a MAP. Krishnamoorthy and Viswanath [8]
discussed a production inventory model with the production process follow a
Markovian production scheme. Krishnakumar and Pavai Madheswari [7]
analyzed a multiple server queueing model in which each server takes the
Bernoulli vacation schedule. A single server vacation model in which the
primary customers can opt for additional service with some probability or
quit from the system with its complementary probability was analyzed by
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Chakravarthy and Ozkar [3]. Jose and Beena [4] analyzed a multiple server
production inventory system with the retrial of customers.

Mathematical model

In this paper, a production inventory system where only one customer
comes into the system at a time and servers extend the heterogeneous service
to the customers. The arrivals of customers are characterized by MAP with
representation (D,,D,), and service rates of server 1 and server 2 are phase-

type distributed having representations (o,S), and (B,T), respectively.
Vacation duration of servers 1 and 2 are exponentially distributed with rate
6, and 0, . If there are no customers in the system or the inventory level is
zero or both, the servers will always take a vacation. Upon completion of the
service, the servers can choose a vacation with probability p,;, i=1,2, or
continue the service with its complementary probability g, =1-p,, i=1,2,

if there are a positive inventory level and customers in the waiting area.
When the servers return after a vacation, they again go back to the vacation if
the system is empty or the inventory level is zero, or both. The servers will
continue to do this until they find the system nonempty with a positive
inventory level. Items are only available after a certain period and are
distributed according to an exponential distribution with parameter y>0.

The notations used in this model are
e N(¢) and I(¢#) denote the number of customers in the system and

inventory level at time t. C(¢) and J(¢) indicate server status and production
status, where

0, if boththeservers are on vacation,

1 if serverl is busyand server2ison vacation,

2, if serverl is on vacation andserver 2is busy,

3, if boththeservers are busy;

0, if production process gets switched OFF,

J()=
@ 1, if production process gets switched ON;

® € = €25-5)+im(2S—s—1)+In(2S—s—)+Imn(2S-s—2) > €3 = €i(25-¢)>

j— 1 b
€ = €25 g)im(25—s—1)+In(25—s—1) and e 1s a column vector of 1’s.
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Then {(N(2),C(¢),J(¢),1(t)),t >0} is a LIQBD process on the state space
Q=10)ull)ul(2)ui(3), where
1(0)={(i,0,0,k, j,),s +1 <k < S}U{(i,0,L,k, j,),0< k< S—1}fori >0,
IV ={(1,1,0,k, jy, j;), s+1<k<SYO{(I,LLk, jy, i), 1S k<S-1}, i1,
12)={(i,2,0,k, jy. /5 ), s+1<k <S}U{(i,2,Lk, jy. /p), 1Sk< S-1},i>1,
13)={(i,3,0,k, jg, jy» Ja)» S +1<k<SYO{(I,3, Lk, jo, i Jn)s 2Sk< S—1}, 022

The infinitesimal generator Q of this Markov chain is given by

By By
By By By
0= 0 B, 4 A4
44 4

Steady-state analysis of the model

To derive the system stability, we define 4= 4+ 4, + 4, of order
125 —s5)+Im(2S —s—1)+ n(2S —s—1)+Imn(2S —s—2). Then A4 is
irreducible and there exists a stationary probability vector m satisfying
n4 =0 and me=1. From the renowned result of the standard drift condition
of Neuts [9], n4,e <nd,e is the necessary and sufficient condition for the
stability of the QBD process.

Steady-state probability vector

Under the stability condition of the system, there exist a steady-state
probability vector x = (x,,X;,X,...), satisfying xQ=0 and xe=1:

XoByy +x,B,, =0, (D
XoBy, + X, B, +x,B,, =0, (2)
X, B, + x,[ 4, + R4,]=0, )
X, =x_ R, i=345... (4)
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The normalizing equation is

Xpe; + X8, +x,(I—R) e, =1. ©))
R is the minimal nonnegative solution of the matrix quadratic equation
RzA2 + R4, + 4y =0 where the spectral radius of R is less than one. The sub

vectors x,,X,, X, and x;, i >3, can be calculated using equations (1) — (5).

System performance measures

1) The expected number of customers in the system is
Ege =xe,+%,[20-R) "' +R(I-R)™ |¢
2) The expected switching rate is

Egyp = Z)’(i,l,o,s+1)[11 ®S%]e+ Zy(i,Z,O,s+l)[Il QT e+

i=l1 i=l1

+Z y(i,3,0,s+1)[ll ® (SO ® TO)]e-
i=2

3) The expected number of departures after completing service is

0 o S—1
EEDS:Z Z y(lek) [/, ®S ]e+ZZJ’(111k)[1 ®s° le+
i=1 k=s+1 i=1 k=1
0 S 0 o S-1 0
0 Vinow L, ®T Je+ Vianioll; ®T Je+
i=1 k=s+1 i=1 k=1
2L 0 0 >3 0 0
+z 2 V3,04 [, &S T )]e+z Yiisan [/, ®(S"®T")]e.
i=2 k=s+1 i=2 k=2

4) The mean production rate is

w0 S-1 w §-1 w S-1 w S-1
Eppp = {zzy(lolk)‘*zz%nk)+ZZJ’(121k)+ZZ)’(131k)}

i=0 k=0 i=1 k=1 i=1 k=1 i=2 k=2

5) Expected inventory level is

o S / © S-1
Eg =z Z ZD’(f,o,o,jjo Zzzfyoomo
i=0 j=s+1 j,=1 i=0 j=1 jo=1
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o S I m m

© S i
D ija,l,o,j,jo,m + Z:' > > nyu,l,l,j,jo,jl) +
i=lj

i=1 j=s+1 jy=1 j,=1 i=1 j=s+1 j,=1 j;=1
0 1 0 1
o S-1 [ n
DI Z oz * 22 2 2 Pz
i=1j=s+1j,=1 j,=1 i=1 j=1 jy=1j,=1
o S-1 m n
53 ZZZ]MO,,O hi) ZZZZZWWM i)
i=2 j=s+1 jo=1 ji=1 j,=1 i=2j=2 jo=1j=1j,=1

Optimization problem

The expected total cost of the system per unit per unit time is given by

T oi=C1Egyp + 2 Egy + 3 Epe + 4 Eppg

where ¢, : the procurement cost per unit per unit time; c, : the holding cost of
inventory per unit per unit time; c;: the holding cost of customers per unit
per unit time and ¢, : the cost due to service per unit per unit time. The long-
term expected cost behaviour based on variations in the values of y under

Bernoulli vacation schedule in different service distributions for the negative
and positive correlated arrivals are displayed in Tables 1 and 2.
MAP with positive correlation:

D, = [—4.05 1.55} D, :[2.05 0.45} .

35 =55 1 1
MAP with negative correlation:

-55 35 11
DO_[I —3.5} Dl_[l 1.5]

Three different PH-distributions are considered for each server's service
time distribution, and by normalizing these processes, servers 1 and 2 will
have specific service rates.

Erlang distribution (ER):

G- -5.1613 5.1613 _[-5.0746  5.0746
a 0 -5.1613|" 0 —-5.0746 |’

a=[1 0],B=[1 0].
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Hyper Exponential distribution (HX):

—42665 0 -7.437 0
S‘[ 0 —J’T‘[ 0 —J’

a=[0.8 0.2],=[0.7 0.3].
Exponential distribution (EX):
a=[1], p=[1], S=[-2.5806], T =[-2.5373],

§=20,s=5,¢, =1250,¢c, =4, ¢, =100, ¢, =1,
0, =30,0, =50, p, =0.5, p, =0.6.

Table 1
Expected total cost in MAP(C-)

EX/ER | EX/EX | EX/HX | ER/ER | ER/EX | ER/HX | HX/ER | HX/EX | HX/HX
62.19 | 61.94 | 62.75 | 62.37 | 61.99 | 55.02 | 70.30 | 62.59 | 63.21
61.24 | 6098 | 61.73 | 61.43 | 61.05 | 54.55 | 68.81 | 61.58 | 62.15
60.63 | 60.37 | 61.68 | 60.82 | 60.44 | 54.26 | 67.85 | 60.94 | 61.47
60.20 | 59.93 | 60.62 | 60.40 | 60.01 | 54.05 | 67.18 | 60.49 | 61.00
10 | 59.88 | 59.61 | 60.28 | 60.08 | 59.69 | 53.90 | 66.68 | 60.16 | 60.65

O |0 ([ | =

Table 2
Expected total cost in MAP(C+)

v | EX/ER | EX/EX | EX/HX | ER/ER | ER/EX | ER/HX | HX/ER | HX/EX | HX/HX
6 | 53.19 | 53.40 | 53.58 | 53.03 | 53.19 | 50.13 | 56.44 | 53.52 | 53.63
7 | 52.78 | 52.99 | 53.14 | 52.63 | 52.79 | 49.93 | 55.79 | 53.09 | 53.17
8

9

52.52 | 52.72 | 52.85 | 52.37 | 52.53 | 49.80 | 55.37 | 52.81 | 52.87
52.34 | 52.54 | 52.65 | 52.19 | 52.35 | 49.72 | 55.08 | 52.62 | 52.66
10 | 52.20 | 52.40 | 52.51 | 52.06 | 52.21 | 49.65 | 54.86 | 52.47 | 52.51

Concluding remarks

In this paper we analyzed a production inventory system and consider
different combinations of arrival and service processes for the multiple
servers in the Bernoulli vacation schedule. We can extend the work to the
production inventory model with phase-type distributed server relaxation
times and lead time.
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Optimization of task offloading thresholds in the fog
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In recent years, fog computing has received attention from the scientific
and industrial community. Many papers were related to opportunities and
challenges of fog, focusing primarily on the networking context of the
Internet of Things (IoT) [1]. Another one of the most popular topics and
pressing research issue is the compromise between the energy-efficiency and
the response time in offloading of mobile application tasks to fog computing
infrastructure. The paper [2] presents the results of a study on energy
consumption, execution delay and payment cost of offloading processes in a
fog computing network in terms of queuing theory. Research in [3] focuses
on energy-efficient task offloading, whose main idea is taking into account
both energy consumption and schedule delay under fog devices.

In our previous paper [4], we developed an analytical framework for
response time analysis that takes into account the variation of tasks in terms
of processing volume. Then in the paper [5], we analyze the two-parameter
offloading mechanism that takes into account both the computing complexity
and the data size to be transferred in case of offloading. In [6] we derived the
cumulative distribution function of the response time in terms of Laplace-
Stieltjes Transform. In the current work, we solve the optimization problem
by minimizing energy efficiency, subject to the average time constraint and
taking into account the probability that the time exceeds a given threshold.

Mathematical model

We consider a distributed computing system that consist of mobile
devices (MDs), a fog node and a remote cloud. MDs run real-time
applications that require significant amount of computational resources. For
each task, a MD makes a decision, whether it will be offloaded to the fog
node or processed locally. The capacity of the fog node is limited, which
means if there are too many tasks offloaded, then some of the offloaded tasks

* The reported study was funded by RFBR, project numbers 18-07-000576 (recipient
E.Sopin) and 20-07-01052 (recipient A. Daraseliya).
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are redirected to the remote cloud to prevent the fog node congestion. In
terms of queuing theory, the considered system can be represented as shown
in the on Fig. 1

Wireless Network

Cloud

Mobile Devices

MF(x,
1 1()5)’)ﬂ @

Fog Nodes

A M(X,yl> @

OFF
AT

Apmp

Fig. 1. Mathematical model in terms of queuing network

Assume there are M MDs, each of them generating a flow of tasks that is
exponentially distributed according to Poisson's law with intensity
A;,i=1,..,M . Each task is characterized by the amount of processing

volume required and the data size to be transferred in case of offloading. We
assume that the processing volume (measured in millions of instructions, MI)
and the data size (measured in MB) are independent random variables with
CDFs W.(x) and S;(x), probability density functions (PDF) w;(x) and
s;(x) respectively. MDs process locally served tasks in the FCFS mode with
constant serving rate p,,i=1,...,M (measured in MIPS).

We propose the offloading mechanism that implies offloading tasks that
are «heavy» in terms of processing volume and «light» in terms of data size.
Splitting to «heavy» and «light» tasks are done by the threshold O,, on the

processing volume and the threshold O, on the data size. Hence, the
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offloading probability 7, , on the i-th MD is evaluated [5, 6] according to

the following formula:
0

s

%o = [ w@dx [ 5,(0)dy=(1-1,0,)5,0,). (1)
@) 0

w

If a task is processed locally, then the response time consists of
processing time on an MD only. If a task is offloaded to the fog node, then
the total response time is the sum of task transmission time to the fog node
through wireless network, the processing time on the fog node and the
transmission time back to the MD. If the fog node is overloaded and an
offloaded task is sent to the remote cloud, then the processing time at the fog
is replaced by the transmission time between the fog node and the remote
cloud, the processing time on the cloud and the transmission time back to the
fog node.

We assume that the wireless network provides total bitrate R, which is
used to transmit the data of tasks one-by-one in FCFS order, so the
transmission time is obtained as the fraction of the data size of a task and
total bitrate R. On the other side, the transmission time between the fog node
and the cloud is assumed constant.

The fog node provide computational resources by means of virtual
machines (VMs), each of them having the constant serving rate A,. The

total number of VMs at the fog node is N. The constant serving rate p. of

VMs at the cloud is greater than p,, and amount of computational resources

(VM) at the remote cloud is assumed to be large enough, so that it is cannot
be overloaded.

The energy consumption analysis

In this section, we present the formulas for the average power
consumption of MD obtained at an earlier stage of research [5].

The distribution function of the processing volume on a MD can be
determined by conditional CDF W, ;(x) as follows.

w,.(0,) + (W, (x) - W.(0, )1 = S,(0,))

1- T o

x>0,

WMD,,‘ (x)= (2)

x<0

W

W, (x)

1- T o
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Having obtained the distribution function of the processing volume
Wyp.i(1;x) , we can find the serving time at a MD. By virtue of the fact that

the serving rate on the i-th MD is constant and being L., its CDF is easily

obtained as T, ;(x) =W, (n;x). The average serving time at MD i
typ.;(x) can be found through integration using the CDF 7, ;(x) .

The energy consumption for tasks processed on MD is proportional to the
processing volumes of tasks, therefore the average energy consumption £, ;
during locally executing on i-th MD can be evaluated as follows:

Epr,i = Ppr,itMD,i’ (3)
where P .is the power consumption (/) during the processing of the i-th
MD, which is considered constant for simplicity of calculations.

In order to estimate the energy consumption during transmitting, we
obtain the CDF S, .(x) of the file size to be transmitted:

tr,i

1
L 1-w©0,)s,(x.x<0,
Slr,i (x)= o 4)
Lx>0,.

The average file size transmitted by i-th MD, can be calculated through
integration using CDF S, ;(x) .

The energy consumption during transmitting is also proportional to the
transmission time, so the average energy consumption £, . of the i-th VD

tr,i
during task transmission is

ei
Etr,i = Ptr,i E (5)
Then the average energy consumption for any i-th MD is the weighted
sum of processing and transmission energies:

E =(1-m4)E, ; +7oE,.. (6)

prit

At the end, we can evaluate the average energy consumption for a task
from an arbitrary MD as follows

M;\“ M
E:Z(; /[;XJE (7)

34



The response time analysis

In [6] we derived the Laplace-Stieltjes Transforms (LST) for all delay
components, and obtain the LST of the total response time. First, we derived
the LST fMD,i (s) of the service time at the MD i, with the the LST ¢, ; of

the sojourn time distribution on mobile device i. Then we obtained the the

LST T, . (s)and fC,i (s) of the service time distribution at the fog node and

cloud, respectively. Having obtained the LST of all these delay component
distributions, we made use of the convolution formula and obtain the
LST7(s) of the response time distribution of a task from MD i:

() = (=100 (5) + T30 (1= )T ()0, (5) +
0,0 T ()07, ()T (9). @®)
After this we used numerical Reverse LST to the T(s) to evaluate the
CDF 1(x) of the response time.
Actually, the average response time can be calculated as
M }\' M
=), /[injri. 9)
i=0 j=1

The resulting expressions allow to get the probability II(7) that the
response time is lower than a threshold 7

I(T)=(T). (10)

Optimization problem

In order to find the minimum energy consumption £ under constraints on
the average response time and the probability T1(7) that the response time is
lower than a threshold 7, we formulate the optimization problem as follows:

M A M
E:Z /{Zh_iji—)min,
i=0 j=1
o
=y /(zxj},,sn
Jj=1

i=0
() <1T".

(11
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Due to the large amount of information, a table with input parameters
values for the numerical analysis and numerical results will be presented in
an extended version of the paper. The main metric of interest here is the
minimum power consumption £ for a task from an arbitrary MD under the
constraints from the optimization problem.

Conclusions

In the paper, we focused on the analysis of the reducing energy
consumption of MD’s that use fog computing infrastructure to increase the
performance and to improve the battery life of mobile devices. We have
formulated and solved the problem of energy consumption optimization
using constraints on the average response time and the probability that the
response time is lower than a certain threshold, on the basis of which we
offer some recommendations for offloading the system.
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A queueing system with probabilistic joining strategy
for priority customers’

Dhanya Babu, Varghese C. Joshua,
Achyutha Krishnamoorthy

Department of Mathematics, CMS College Kottayam, Kerala, India

Classical priority queueing systems consider two or more parallel queues,
formed by customers of distinct priorities 1 (highest), 2, ..., m (least),
respectively. We can see different types of queueing models in [1] to [4].
White and Christie were the first to consider priority queues. In [7], they
considered the simple 2-priority (M,M)/M/1 queue and analyzed both non-
preemptive and preemptive cases of services to derive the system state
probability distribution, thereby deriving all important system performance
measures.

This paper is an extension of [5], a single server queueing model with an
optimal joining strategy for priority customers. In that paper we introduced
an entirely different priority queue: two types of priority waiting lines are
formed at a counter manned in a single server queue. One is called ordinary
customers queue (OC) with infinite capacity waiting space and the second
one is referred to as queue of priority customers (PC) with finite capacity
waiting space. The problems addressed in that paper were what is the optimal
joining strategy of a priority customer upon arrival whether to join the PC
queue or OC queue to reduce his waiting time assuming there is no
additional benefit (reward) for joining the PC queue, except that he is offered
service as per the K-policy, and the other is what is the optimal K value in the
sense of reducing the waiting of PC customers and minimizing their loss due
to finite capacity of the PC queue? In this paper, along with the optimal
joining strategy we introduced probabilistic joining strategy for priority
customers to join in PC queue or in OC queue by assuming additional benefit
(reward). The case of K =1 leads to classical 2-priority queue; K = 2 results
in alternating queue and XK infinity leads to exhaustive service discipline of
OC queue before the PC queue is attended.

A customer gets priority either by paying a cost or by any other means.
Priority customers receive service on the basis of a token system which

" Research work of the first author was supported by Maulana Azad National Fellowship
[F1-17.1/2015-16/MANF-2015-17-KER-65493] of University Grants Commission, India.
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works according to the following rule: K — 1 lower priority customers are
served consecutively, and the K™ one is from the priority queue, if there is
any. Priority customers have the right to take the strategic decision in
choosing the queue on arrival, if such a customer joins ordinary queue then
he loses the special benefit that he would have got otherwise. We introduce
the joining strategy for the priority customers as follows:

Iﬁt&:{%iizggii%FK—lebz(K—DjﬂmdS::tK

1

lﬁK—D.

In effect with K-policy for taking for service, the priority customer
arriving at the station decides to join PC or OC queue according to the
following conditions:

- If an ordinary customer is in service,

An arriving priority customer decide to join PC queue if S; > S,.

An arriving priority customer decide to join OC queue if S} < S5.

- If a priority customer is in service,

An arriving priority customer decide to join PC queue if S;” > S».

An arriving priority customer decide to join OC queue if S;” < 5.

Steady-state analysis of the model is done. Some system characteristics
are evaluated, a social optimisation problem is discussed and numerical
illustrations are provided.

Mathematical model

We consider a single server queueing system with two parallel queues of
which one is a finite buffer for priority customers and the other infinite for
ordinary customers. The two types of customers arrive according to a
Marked Markovian Arrival Process (MMAP) with representation (D, Dy,
D) with order n. The arrival process is governed by a continuous time
Markov chain {4(?): t = 0} with state space {0, 1, 2, ...n}. Even if the priority
customer has the opportunity to get the chance to enter into service
immediately as an ordinary customer than to stand in priority queue, we
assume that some of priority customers take probabilistic decision whether to
give up their additional benefit (reward) or not. Instead of joining in the
ordinary queue according to the optimal joining strategy, let the priority
customer join in PC queue itself with a probability p, where 0 < p <1. Service
time of an ordinary customer follows phase type distribution with
representation PH(a,T) of order s; and that of priority customer follows
phase type distribution with representation PH(p, S) of order s,.
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Let Ni(¢), No(?), R(¢), A(t) and S(¢) denote the number of customers at time
t in ordinary queue, the number of customers at time ¢ in priority queue, the
token numbers from 1, 2, ..., K — 1, K; the arriving phase of customer, and the
service phase of customer in service respectively.

Let {(Ni(2), Na(9), R(?), S(f), A(?)); t = 0} be the Markov Process on the

state space Q =/ : U(U:ll(i)) , Where [ = {(0,0,0,0,v):v=1,2,..n} and

fori=1,I0)={G,j,ru,v):i2;0<j<M; 1<r<K;1Susm; 1 <v<n}
depending on the joining strategy where, m = 6},.;_x18; + Of,_x2>

5 _ (1, if condition is true,
[condition] | ), otherwise.

This model is a level independent quasi birth and death process (LIQBD).
This can be conveniently and efficiently solved by the classical matrix
Geometric method (see[6]).

Mathematical analysis

Stability condition of the model is obtained. Steady-state vector is
obtained by using Matrix Analytic Method.
The steady-state vector x; is obtained as

1 .
x; = Xi_1Lj; where L; = -Aoi_p[Ai + LisiAsgeny] 5 1<ISN

and XM(K-1)+ = XM(K_l)Rl; i>1

Several Performance Measures are obtained of which some important
performance measures are expected number of ordinary customers in the
system, expected Number of priority customers in the system, expected
number of customers in the system, probability that the server is idle,
probability that the server is busy with an ordinary customer, probability that
the server is busy with a priority customer, probability that a priority
customer is blocked from entering the system upon arrival, expected waiting
time of a tagged ordinary customer who joins the queue as 7* ™ customer,
expected waiting time of a tagged priority customer who joins the queue as
s* ™ customer. A social optimisation problem is discussed as below.

- A reward or benefit R; monetary units for a priority customer joining in
the ordinary queue.

- A reward or benefit R, monetary units for a priority customer joining in
the priority queue.
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- A waiting cost /#; monetary units for each unit of time that a priority
customer waiting in ordinary queue.

- A waiting cost 4, monetary units for each unit of time that a priority
customer waiting in priority queue.

- A cost of ¢; monetary units for each priority customer being served in
ordinary queue.

- A cost of ¢; monetary units for each priority customer being served in
priority queue.

- W1 be the expected waiting time of an ordinary customer.

- W2 be the expected waiting time of priority customer.

Net Benefit for a priority customer, if he joins in the ordinary queue Q,
according to joining strategy is

B] =R1 *(1 *p) h] WQ] —C1.
Net Benefit for a priority customer if he joins in the priority queue Q, is
Bz = R2 —ph2 WQz — Co.

If By > 0 and B; > B,, then the priority customer join in ordinary queue Q.

If By > 0 and B, < B,, then the priority customer join in priority queue Q,.

If B) < 0 and B, > 0, then the priority customer join in priority queue O-.

If B; < 0 and B, < By, then the priority customer join in ordinary queue Q).

If B =0 and B, = 0, then the priority customer either join in ordinary queue
0, or in priority queue Q.

If B; = 0 and B; > B,, then the priority customer join in ordinary queue Q.

If By = 0 and B; < By, then the priority customer join in priority queue Q.

Similarly,

If B, > 0 and B, > By, then the priority customer join in priority queue Q.

If B, > 0 and B, < By, then the priority customer join in ordinary queue Q.

If B, < 0 and B, > 0, then the priority customer join in ordinary queue Q.

If B, < 0 and B; < B,, then the priority customer join in priority queue Q.

If B, = 0 and B; < By, then the priority customer join in priority queue Q,.

If B, = 0 and B, > B,, then the priority customer join in ordinary queue Q;.

Numerical examples

Here we illustrate the social optimisation problem of priority customers
on the basis of net benefits B, and B, with some examples. In Fig. 1 and
Fig. 2 x-axis is taken as probability of joining strategy p and y-axis is taken
as net benefits for a priority customer if he joins in the ordinary queue or in
priority queue. Fig.1 shows that as p increases, the net benefit for a priority
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customer to join in ordinary queue increases and is positive and is greater
than B, so priority customer join in ordinary queue Q;. Fig. 2 shows that the
net benefit for a priority customer to join in priority queue decreases as p
increases and is positive and is greater than B, so priority customer join

in Q2.
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Conclusions

In this paper we considered a single server queueing system with non-

preemptive priority and a joining strategy for priority customers. Even if an
optimal joining strategy exists for a priority customer upon arrival whether to
join the priority queue or ordinary queue to reduce his waiting time, priority
customers take probabilistic decision whether to give up their additional
benefit(reward) for joining the priority queue. We illustrated a social
optimisation problem and we conclude that priority customers take decision
depending on the values of net benefits.
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On convergence of queuing network
with changing structure to stationary distribution”

Elmira Kalimulina

Institute of Control Sciences of Russian Academy of Sciences, Russia, Moscow

Mathematical model

This paper is a continuation of previous author’s research on ergodicity of
some models for queuing networks [2, 3]. The set of random graphs and the
sequence of matrices describing the changing network structure has been
used instead of the fixed graph here. The main results about an ergodicity
and bounds for rate of convergence to stationary distribution are formulated
under more general assumptions on intensity rates.

The standard queueing network model [1] has been modified by an
assumption about changing structure: each node may be blocked and restored
with intensities o;, B;, i = 1,..., m, where m (m < ») — the number of nodes.
This assumption results adding some component to standard state space of
the network process. The standard approach implies the network matrix to be
fixed, the network model considered here is quite different. We denote the
state space of the graph transformation process as the set G. It is formed in
the following way: the node i is «removed» with some intensity ai (failure
rate for this node) or it can be restored with some intensity Pi. So, the state
space for our network process is the following, it is extended by adding the
component G:

n=(G,n,n,,..,n,)e|G|xZ =E,
where G is a component describing the graph (or transition matrix)
transformation. We can find a degree distribution for the process from state
space G:

The average number of vertices of degree k at time #:{E(k,f)} = E P(k,t)
can be described by the equation

(E(h,t +1)} = {E(k, 1)) ——— 2k (E(k,)} +
kP(k)ak

" The publication has been prepared with the support of the Russian Foundation for Basic
Research according to the research project No.20-01-00575 A.
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-t (E(k—1,0)} + Fst (E(k+1,0)}.

+
EY  Plk-Da,, EY Plk+Da,,

It describes the evolution of graph of our network structure in time and
for the continuous time takes the form

E% =—o, P(k, 1)+, E(k —1,0)+
t

+P(k+1,t)+ o, Pk +1,1).

The following Lemma holds for this equation:
Lemma the equation is linear homogeneous equation (under assumption
of constant failure and recovery rates) and has a stationary solution:

P(k) = lim,,P(k,t).
The network process X(¢) state is described by the following vector:

n=((n,s),(n,,8,),...,(n,,,s,)),

where n; — the number of customers at the i-th node, the s; components
characterize the ith node works or not.

The behaviour of the process X() is a Markov chain in continuous time. It
includes an embedded homogeneous Markov chain with positive
probabilities of single jumps for s; and n; components separately.

We are interested in the process for s; (denote it as Xz(¢) ) and the whole
process X(1).

Convergence of process Xg(f). The behaviour of the process Xz(?) is
defined by following transition probabilities:

m
Z Y
P{Xg(t+D)=Xg(0) } ==,
j:]y.f
PLX G+ D)=1-X g (1) y=— |
v

j=l
where
v, =a, 1{s; =0 }+B, I{s; =0 }.
The ergodicity and the convergence rate of R(f) may be estimated from
the Markov-Doeblin condition (see, e.g. Doeblin, 1938 [4]). So the number
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of nodes each customer visited within the network is less than some
geometrically distributed random variable and has a finite expectation.

The process Xz(¢) takes values from the finite set (R = [[;(?)]]), so Xz(?)
has the stationary distribution and converges to it exponentially.

Conclusions

The results on exponential rate of convergence for some queueing
networks have been presented.

It is impossible to obtain the stationary distribution in an explicit form by
standard techniques, for example, by matrix methods, operational calculus,
and the Laplace transform even in a very simple case when the flows in the
system are simple, but the number of parameters and nodes is large (even in
the finite case).

In these situations, the only thing we can do is to prove the ergodicity of
the system, but for practical application it is not enough and we have to build
a simulation model. The simulation results allow us to obtain some estimate,
but for practical use it is necessary to be sure that the numerical estimate is
close enough to the limiting value.

The convergence rate guarantees that simulation results are close enough
to the limit values. One of the results for network convergence rate has been
presented in this paper.
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Analysis of the processor sharing systems
with random serving rate coefficients’

Maksim Korshikov', Eduard Sopin'~?

' People’s Friendship University of Russia (RUDN University), Moscow, Russia
2 Institute of Informatics Problems, Federal Research Center
«Computer Science and Control», Moscow, Russia

In the modern wireless networks, the bitrate achieved by elastic sessions
depends not only on the number of current sessions, but also on the state of
the radio channel. Based on signal-to-noise ratio, a base station chooses one
of the Modulation and Coding Schemes (MCS) [1]. Each MCS is
characterized by a certain value of spectral efficiency, which determines the
bitrate achieved on the unit spectrum bandwidth. Consequently, even if the
spectrum bandwidth is divided equally between all current sessions, the
bitrates of the sessions vary significantly [2]. So, to analyze the performance
measures of a base station that serves elastic sessions these peculiarities
should be taken into account.

In this paper, we develop the queuing system model with processor
sharing (PS) discipline with random serving rate coefficients. Each arriving
customer is characterized by its length (job volume) and the serving rate
coefficient with certain distributions. The coefficients remain constant during
the service process of customers. First, we describe the model and then
derive formulas for the main performance metrics.

Mathematical model

Consider a single server queuing system that serves customers according
to the PS discipline, but no more than N customers simultaneouly. Customers
arrive according to a Poisson process with intensity A, the length of
customers is exponentially distributed with parameter p. Besides, a customer
is characterized by a serving rate coefficient v, which may take values from

the set V' ={v,,v,,...,v,}, v, <V, <...<v,. The distribution of serving rate
coefficients is denoted by {p;},i =0, where p, = P{v=v,}.

So, if there are n customers in the system and serving rate coefficient is
represented by the vector (u,,u,,...,u, ), then each customer is allocated 1/n

" The reported study was funded by RSF, project no. 20-71-00124.
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of the processing time. The service rate of the i-th customer is a product of
the allocated processing time ratio and its serving rate coefficient, that is

u;/n . Once the job associated with a customer is done, the customer leaves

the system. If an arriving customer finds that there are N customers in the
system, then it is lost.
The behavior of the system may be described by Markov process

X, () = (&), (Vi (), vy (), ()}, where  E(r) s the number of
customers in the system at time ¢, while (v1 ®),v, (t),...,vg(t)(t)) is the vector

of serving rate coefficients. The set of states is expressed by the following
formula:

S ={(mu,uy,...u,):0<n<N, y, €V, i=1,2,.,n}. (1)

Denote g, (u;,u,,...,u,) the stationary probability that the system is in

state (7,u,,u,,....,u,) . Then the system of equilibrium equations can be
written as follows:

L
Mg, = Hz\’l‘h (vy), (2)

=1

(}\‘—i_ ZM jqn(MI’MZ’ U Zp qn l(ul’ Ui s Upyysees Uy )+

i=1

L n+l

ZZ(VZ+Z” anﬂ(ul, WU VU, ), n=1,2,.,N=1, (3)

lltl

N N
n A
[ﬁZuquN(ul,uz,...,uN) = ﬁzpuin—l (W5 Uy Uy Uy ). 4
i=1 i=1

Computational complexity of the numerical solution of the system (2) —
N+l
. So, in

(4) increase very fast, since the number of states in set V' is

the next section we propose a simplified model based on the state
aggregation technique [3].
Analysis of the simplified model

To simplify the model, we propose to trace only the sum of the serving
rate coefficients of all customers in the system. Consider the simplified
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process X, (¢)={&(?),v(t)}, where &(¢) is the number of customers in the
system at time ¢, as before, and v(¢) is the sum of their serving rate
coefficients. The set of states is given by

S, ={(n,u):0<n<N,p" >0}, (3)

where distribution { pﬁ")} is the 7 -fold convolution of the distribution {p,} .

However, as a result of the simplification, we cannot exactly determine
the decrease of the v(¢) after a departure from the system. To handle the

problem, we introduce the probabilities @,(n,u) that a customer’s serving

rate coefficient is equal to i given that the sum of the »n customers’
coefficients is u . The latter can be obtained by Bayes formula:

(n-1)
PiPyi :
(pi(n,u):T, i<u, (nu)esS,. (6)
Py

The stationary probabilities g,(u) of the process X,(¢) satisfy the
following equilibrium equations:

L
Ao =1 Vg, (V,), (7)
=1

e -
(320,00 =22, 4, 0=v) ¢
I=1
no&
+ Z(u+vl)q)z+l(u+vl)(|)v[ (I’l+1,u+Vl),

n+193
n=1,2,.,N-1,(n,u)es§,, ()
pu 3
7‘11\7(“):kzpvquq(u_Vz)a(Na“)eSz- ©)
=1

The system (7) — (9) along with the normalizing condition can be solved
using any appropriate numerical method to obtain the stationary probabilties.
Since a customer is blocked upon arrival if there already N customers in

the system, then the blocking probability & is
=Y gy (10)

(N.u)eS,
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Analysis of the mean sojourn time
According to [4], customers’ sojourn time in the system has a phase-type
cumulative distribution function (CDF) F(x). To analyze it, we introduce a

Markov process Y, (¢), veV, that describes the behaviour of the system
from arrival to departure of a customer with the serving rate coefficient v .
The set of states of Y, (¢) is given by

S, ={(nu):1<n<N,p".V >0l Uo, (11)

u—-v
where © is the absorbing state, which is reached at the departure of the
considered customer.
The generator matrix of Y, (¢) has the following form:

_(G g
A_(O 0), (12)

where g is an exit vector to the absorbing state. The matrix G has block-
tridiagonal structure with diagonal D,, n=1,2,.,N, upper diagonal A, ,
n=1,2,..,N -1, and lower diagonal blocks M, , n=2,3,..,N . The block
D, consist of only one element, D, = (—A —pv), while other diagonal blocks
are diagonal matrices

D, = diag(—(k+M),...,—(k+—“(v+(';_I)VL))j ,

n=23,.,N-1, (13)
withno A in D, .

Block A, is a row vector (kpvl,...,vaL ) , while other upper diagonal

blocks are given by
kpvl kva 0 0
A = 0 kpvl kva o .. 0 ,
"lo o o0
0 0 val kva
n=23,.,N—-1. (14)
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Block M, is a column vector [MTW,,%) , and other lower diagonal

blocks have the following form:

uin =y, 0 0
n
u((n—Z)v1+V2)(p y H((”_z)V1+V2)(P y
M - n \P) n 1 0 ... 0
"ox(n=1,(n=2)v, +v,) x(n—1,(n=2)v, +v,) ’
: 0o ... 0
0...0 BV =Dv, 0 0
n
n=3,4,.N. (15)

The exit vector g can be expressed as
Yy s ey T ey T geeey T guens
e I A A

According to the PASTA property [5], the stationary distribution of
X, (t) is equal to the stationary distribution of the Markov chain X, (¢, —0)

g_[ oW &jT

embedded at the moments ¢,,n=1,2,..., just before arrivals. Since the initial
distibution 6 of the Markov process Y, (¢) is equal to the distribution of the
Markov chain X, (¢, +0), we obtain

‘)

5 nzl,u:v;
- 1(—un ) (16)
q"’i—, n=2,3,.,N,p") >0.
-7

Again according to [4], the mean sojourn time w, for a customer with
serving rate coefficient v is

w, =-0G 1. (17)

Finally, averaging over all possible serving rate coefficients, we obtain
the formula for the mean sojourn time of an arbitrary customer:
L

W= W, (18)

v, vyt
= I
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Conclusions

In the paper, we developed a queuing system model with PS discipline
and random serving rate coefficients. We also proposed a simplification of
the model that allowed to decreased the dimension of the set of states. For
the simplified model, we obtained the equilibrium equations for the
stationary distribution, as well as formulas for the blocking probability and
the mean sojourn time. In our future work, we plan to develop efficient
approximate methods for the performance measures evaluation.
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A reliability problem with Interdependent Lifetimes

Achyutha Krishnamoorthy, Varghese C. Joshua,
Ambily P. Mathew
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We consider a two-unit system. The lifetimes of these components, when
separately considered have independent(not necessarily identical) Phase type
distributions. While forming part of the system, the components are
interconnected and hence their lifetimes are correlated. By considering the
product space of the two Markov chains generating the two phase type
distributions, we compute the lifetime distribution of the system. For this we
impose a semi-Markov structure in the transitions in this product space. The
cases of both serial and parallel systems are examined. Numerical
illustrations are provided to have a glimpse of how the system performs.

Introduction

Many physical as well as virtual systems may be viewed as assemblies of
many interacting units or components. Consider a system with » units. If
such a system operates as long as atleast £ among the » units are operational,
it is called a k -out-of - n system. k -out-of-# systems include both serial as
well as parallel systems. Serial systems are n—1out-of-#zsystems and
parallel systems are 1-out-of-n systems. In [3], Krishnamoorthy and Usha-
kumari investigated reliability of a k -out-of- n system with repair and retrial
of failed units. A survey of reliability studies of consecutive-k-out-of-n:F and
related systems can be found in [2]. More on reliability can be found in [6].
Most of the works in literature deal with independent units of systems and
the analysis is much easier. Research reports on system reliability, when
components have correlated life times, are also investigated in the literature.

In [1], Buchholz and Kreige considered a queue where the inter-arrival
times are correlated and, additionally, service times are also correlated with
inter-arrival times. The major result of [1] is the presentation of approaches
to fit the parameters of the model, namely the MMAP, the PH distribution
and the parameters introducing correlation between inter-arrival and service
times, according to some trace of inter-arrival and corresponding service
times. Bhaskar Sengupta in [5] studied a first-come-first-served single server
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semi-Markovian queue in which both the arrival and service mechanisms are
semi-Markov processes. In [5] the interarrival time and service times may
depend on one another and the marginal distribution of the service times is
assumed to be phase-type. In [7], Van Houdt investigated a broad class of
semi-Markovian queues introduced by Sengupta. A thorough approach to the
semi-Markov processes and their applications in reliability can be found
in[4].

However, we introduce in this note, a dependence of component life
times as determined by a semi-Markov process. To the best of our
knowledge, this type of component life time dependencies are not
investigated in the literature. This has a very great significance: The sojourn
time in a state (the dimension of the state space depends on the number of
units in the system) depends on the state in which it is in and the state to be
visited next. We assume the sojourn times to have exponential distribution
with parameter depending on the present state and the state to be visited next,
as determined by the Markov chain rule (one-step transition probabilities).

We consider a two-unit system in which the two components have
lifetimes C,, i=1,2. It is assumed that C; follows phase type distribution

with representation PH(t,7") having m phases and C, follows phase type
distribution with representation PH(J,S) with »n phases respectively.
S, =—Se and T,=-Te; e is a column vector of 1’s of appropriate
dimension. This system is serial if failure of C, or C, results in failure of
the system whereas it is parallel if the failure of both C, and C, is needed

for the system to fail(both do not fail simultaneously, being continuous in
time). Assume that the evolution of the system is according to a two-dimen-
sional SMP (Semi-Markov Process) on the product space of the two Markov
chains generating the PH distributions. The state space of the process is
{(4,,i,)/1<i, <m+11<i, <n+1}. (i,i,) is the state of the combined

process at time ¢ In the time interval (z,7+ /), it can stay there itself or can
have one component change: (i;,i,) —> (ily,iz) or (ij,i,) > (il,izv).

For a serial system either a visit to the state {(m+1,i,)/1<i, <n} or
{(ij,n+1)/1<i, <m} results in system failure. In the case of a parallel
system, we can have the state (m+1,n+1) and the system failure occurs

when the state (m+1,n+1) is realized. The absorption state m+1 of the
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lifetime C; and the absorption state n+1 of the lifetime C, are realized at

different time points as the system being continuous in time. Once in failed
state, it stays there forever unless a repair mechanism is available. In case a
repair mechanism is available, then we speak about the system in ¢ > 0; else

we expect the system fail in a finite time and it stays there forever. Designate
by 7‘(1'1,1'2),(1'1',1'2) the rate of phase change in the first component and by

M i) the rate of phase change in the second component in a small

interval (¢,¢+h):

PI(C,(t+h),C, (¢ + ) = (i ,i5 ) [(C, (2), Cy (£)) = (i iy )] =
=M iy + o) ; (1)

PI(Ci(t+h),Cy(t + 1) = Gy, i) (G (1), Cy (1) = (i, 1) ] =

= l'l(ipiz ),(il’ié)h + O(h) : (2)

For no change in states the probability is
1= 2[7\‘(’] ), i) * u(il’iz )Gisiz) :| h+o(h), (3)

whereas the summation ranges over all i #i €{l,2,..,m+1} and

i, #i, € {1,2,...,n+1} with the condition that change in both the components

do not occur simultaneously. In the following section, we find out the life
time distribtion of both the serial as well as the parallel systems.

Distribution of the lifetime
of a two component serial system

The lifetime of a two component serial system follows phase type
distribution with representation PH(e,U) where U = (U;;)is a block matrix
with mrows and ncolumns. Let a denote the initial probability vector

corresponding to the above PH distribution. Each block Uj; in the i" row

and the ;™ column where i#je{l,2,.,m} is of the form

Uy =diag(hiy 1> Min 2y Mimm)- FOr i=je{l,2,...,m} the matrix

Ui =WMaaiy)- Piais Tepresents the element in the " row and k™
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column of U,; when kk e {1,2,...,n}. U, = —Ue The mean of the above PH

distribution is given by —aU e .

Reliability of the system in the interval [0, 7], assuming it started
operation at time zero is the probability that it provides failure free operation
in that interval. The reliability function is given by R, (¢) = aexp(Ut)e.

Theorem 1: For the serial system, using (1), (2), and (3) we get a finite
system (of mn) of difference-differential equations. Solving this under the
initial condition @ we get the probability that the system survives beyond the
time t. The complement of this gives the lifetime distribution of the system.

Distribution of the lifetime of a two component parallel system
The distribution of lifetime of a two component parallel system follows
phase type distribution with representation PH(y,V), where V' =(V;) is a
block matrix with m+1 rows and n columns. Let y denote the initial
probability vector corresponding to the above PH distribution. Each block

V; inthe i" row and the j* column where i # j € {1,2,...,m} is of the form

Vi = diag (M (1> Mi2)..2) 0+ Minsnnen)

and Vrj = diag(k(mﬂ,n,(_j,l)’k(mﬂ,z),(j,z)a~~~s7”(m+1,n),(_/,n))
for j£m+1€{l,2,...m} . For i=je{l,2,..,m} the matrix V, = (1,4 is))-

. vth
K.k xy tepresents the element in the k™ row and k" column of ¥, , when

kk €{1,2,...,n+1} and V, 1 =Moprpmen)- When kk e{1,2,...n},

V, =-Ve. The mean of the above PH distribution is given by —yVle.
Assuming that the system started operation at time zero, the reliability
function is given by R, (¢) =vexp(V7)e.

Theorem 2: For the serial system, using (1), (2), and (3) we get a finite
system of difference-differential equations. Solving this under the initial
condition y we get the probability that the parallel system survives beyond

the time #. The complement of this gives the lifetime distribution of the
system.
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Numerical Example

For the serial system, the graph of the reliability function, when the
lifetime is distributed according to a phase type distribution having
representation PH(a,,U) with a=[0.15 0.09 0.06 035 021 0.14];

-2.04 030 030 048 0 0 0.96
090 -3.72 0.90 0 0.72 0 1.20

U= 030 030 -2.04 0 0 0.96 | U = 0.48
0.64 0 0 -324 050 050 ° "% [1.60

0 0.96 0 1.50 =596 1.50 2.00

0 0 1.28 0.50 050 -3.08 0.80

is given by Fig. 1.
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Fig. 1. Reliability in a serial system

Conclusions

We studied the interdependence among the lifetimes of a two component
system under the assumption that the lifetimes of these components when
considered separately have independent phase type distributions. The
probability that the system survives beyond the time ¢ can be found in both

serial and parallel systems.
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The exact formulas for state-dependent Markov retrial queues
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In this paper, we consider Markov models for two types of multiserver
retrial queues with an input flow rate that depends on a number of calls in an
orbit: classical state-dependent models and state-dependent queues with
limited number of retrials. For both systems, the conditions for the existence
of the stationary regime are defined and formulas for steady-state
probabilities are presented. The investigative technique is based on
approximation of the input system by the system with truncated state space.

Mathematical model of the classical state-dependent retrial queue

Consider a continuous time Markov chain X(¢) = (X1(2); Xa(?)), X1() € {0,
L,....c}, Xa(H)e{0, 1,...}, that describes a service process in the following
system. The service facility contains ¢ identical servers. Service rate of each
server is pu > 0, v> 0 — rate of retrial calls flow, A;> 0 — input flow rate when
there are j sources of retrial calls (j calls in an orbit). The first component
X1(H)e{0, 1,..., ¢} indicates the number of busy servers at the instant >0
and the second one X(¢¥)€ {0, 1,...} is the number of retrial sources.

Let’s write up the ergodicity conditions for X(7), t = 0.

Lemma 1. Let A= limkj <o, Then under A < cu the chain X(¢) is

J—®©

ergodic and its limit distribution is the same as the single stationary one.

For the construction of calculating schemes and explicit formulas,
we will use a system with a truncated state space. Such a model operates
similarly to the original queue but has a restriction on the size of an orbit:
all new calls are lost when all servers are occupied and there are N calls
in the orbit already. Formally, the service process in such queue is described
by the Markov chain X(z, N) = (Xi(¢, N), Xao(t, N)), Xi(t, N)e{0, 1,..., ¢},
X2(t,N)e{0, 1,...,N}. A state space S(V) of the Markov chain X(z,N) is finite:
S(N)= {0, 1,..., ¢} x{0, 1,..., N}. Therefore for X(z,N) there always exists a
stationary regime, and via wi(N), (i, j)eS(X, N) we will designate its
stationary probabilities.
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Next we introduce matrices which are given by the model parameters:
A(j)=|ay ()|, is a matrix with entries a;1(j) = +1)v, i = 1,...,c—1;

~_ (j+Dve L DV +ep)
Ao (]):(]}\(#’ k:’ﬁc_l’ acc—l (]): )y /
i J

J
entries are equal to 0;
B(j)=bs ()i, is a three-diagonal matrix with entries b;1(j) = —A;,
=2,..,¢; bi() = NHjiv+(E-D, i = 1,....¢; by () =—ip, i = 1,....c-1;
C(J)=lleu (Nl 4or» where (¢, (N),¢1p(N),...rci (N)) =] =(1,0,...,0) ;
and fori=2,....c (¢;(N),¢p(N),....;.(N)) = (b, (N),b,_15(N),....5,_; . (N)) .
For m;(N) Kolmogorov equations may be solved in an exphcit vector-

matrix form.
Theorem 1. Let

TI: (N) (TCOI(N) nl](N) cl;(N))

and all other

(ﬁB‘ (z‘)A(z‘)jc‘(N)el

(N) N 1 ’j:()’l!""N’
e [HB l(i)A(i)jCl(N)el
i=0
N-1
where we use the commonly accepted agreement l_IB_1 (MA@ =E.
i=N

Then
nj(N) = nOO(N)A (N),j=0,1,...,N,

(]+1)V1 (©)A

J

(N),j=0,1,...,N-1,

J+l

T (N) = 49 (N)

Ty (N) =Ty (N)i(?we: + Nv1T (n)A,(N),

T u JV |5
nOO(N)z{l (c)AO(N)+Z[1+r]1 (©)A;(N)+

Jj=1 J-1
1 _ -1
+—(xNe,{+Nv1T(n))AN(N)} :
np
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Steady state probabilities n;(V) approach to the probabilities n; when the
truncation level N increases. This fact is a direct corollary of the stochastic
ordering of the migration processes ([1, p. 111-116]).

In case of ¢ = 1, 2 the results of theorem 1 turn into the explicit formulas
of a scalar type.

Corollary 1. Let for the state-dependent M[M|1-queue the conditions of
Lemma 1 hold. Then a stationary regime exists and the stationary
probabilities take the form

/ 1
T[OJ =n00Hpi—l l:l-i';(}\,i_l /V—l)jl .
i=1
RS AL [ 1 } ,
T =My —— A 1+=(A_, /v=1)|,j=0,1, ...,
1) Ook./vaH i( i1 )|sJ

J i=1

0 . j+l -1
n00={1+2(1+k J]‘[p”[u ll/v—l)}} ,
!

where p; = A/ is a queue load provided that the number of calls in an orbit is
equal to .

Corollary 2. Let for the state-dependent M|M|2-queue the conditions of
Lemma 1 hold. Then a stationary regime exists and the stationary
probabilities take the form:

I Ao A
Ty = Moo 02 o Tclj:TCOO_O 02 o
(7”.1‘ +jv) + jvu u (kj +jv) + jvu
As (+1)v H+d  +(+Dv )
Ty =Tog— k _ 5 8,,J7=0,1,..,
BooAy (A +G+Dv) +(+Dvu

where
-1
A& i +A;+jv
Too = 1+_ _OZ( V] - ! 5
[T Tl M )(x, +]v) + jvp
j }\' . \2 .
:Hp‘—l . ( ’J'rlv) Tive ,j=0,1,..., p;=A/2u is a load for the
1 iv(h +iv+pld+p,,))
MM |2-queue.

60



Steady state analysis of systems with limited number of retrials

Consider an (m+1)-dimensional Markov chain Q"(?) = (Q0"(?), 01"(?),...,
0,"(1), t=0 in the phase space S(Q™)=1{0, 1,.., c}xZ,", where
Z. =10, 1,...}. The component Qy"(¢) indicates the number of busy servers at
the instant 1> 0 and Q,"(f), k= 1,...,m is equal to the number of retrial calls
that have made & unsuccessful attempts to get a service. In the queue the
number of retrials is limited by m.

The system is given by the following parameters: A, — input

"’-]k""’Jm
flow rate, jyreZ,, k=1, 2, ..., m; u — service rate; vy — k-th retrial rate, k=1,
2, ..., m.

Ergodicity conditions for the process Q"(f) are presented by the following
statement.

—
Lemma 2. If 4112100],” iy <V, and &,

g ] m
Jm "

SO MY S K, vi> 0, jkezﬂ

k=1,2, ..., m, then Q"(¢) is ergodic and its ergodic distribution m; .
(if1,...ym)€S(Q™) is the same as the single stationary one.

In order to obtain representation of T ? (15 fm)€S(Q™) in terms

of system parameters, we again use approximation with truncated system
technique. This system has a fixed number of N places in each set of retrials.
This means that the call leaves the system after £-th attempt to get service if
all servers are busy and there are N calls that have made k& attempts already.
The service process for m>2 becomes complicated and explicit formulas of
the steady state probabilities have not been found so far. However, for m =1

we give representation of m, . . | (ij1,-. jm)€S(Q™) in terms of system

parameters in an explicit form.

Theorem 2. If for the one-channel state-dependent queue with one retrial
(m =1) the conditions of Lemma 2 are realized, then for the service process
Ql(t) = (Qol(t), Qll(t)) there exists a stationary regime and stationary
probabilities are of a form:

J —

Ty, = .1 A H}\’i—l(xi—l "*‘(l 1)V1)n00 =12, .,

v g A +ivy +u

_ho 1 A AL O tivy)
wojW i A v

iy Too»j=0,1, ...,
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where

naé:i{jl'ﬁ?“i—l(xi—l.‘"(i 1)V) Ay 1 ﬁ?x, S +iv1)}

o LW A A +ivy+p TR ARl W AT

This result is similar to Corollary 1. In order to formulate an analog of
Q.
Corollary 2 we need the following notations. Let x; =ZL”‘ be the

n=l1 Jj+n
continued fraction where forj=1, 2, ...,
_ (ko + (- Dv))* + (= Dvyp)

J L. 2 >

J(+Dvip

JVi(Q; + e jv)? e, + o+ v, ))
JG+Dvin

Theorem 3. If for the two-channel state-dependent queue with one retrial
the conditions of Lemma 2 are realized, then for the service process there
exists a stationary regime and stationary probabilities are of a form:

j-1
To; = ka Too »
k=0

Bj:

k + Jjv,
T
Tl
R B ol v
TCZJ'_E(( STV =+ )V]l'l‘xj) gxk oo »
j=0,1, ..,
where
0 Jj-1
oo = Z((?»,- + v+ vy - (J+1)Vx))H

k=0

We note that in contrast to the classical models now the explicit formulas
contain the continued fractions as components. The obtained results can be
used to solve optimization problems in the class of threshold strategies (see,
for example, [2—5]).
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Gaussian approximation and reducing of dimension
for a general-type multichannel network
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One of significant problems in simulation and studying of stochastic
networks is connected with the large dimension of descriptive processes for
the networks and complexity of the phase space of a stochastic model. To
overcome such problems, an approach of asymptotic merging of nodes set is
proposed for investigation of a general-type multichannel queueing network.

The merging approach of phase space for stochastic systems was
pioneered by works of V.S. Korolyuk ([3, 4]) and V.V. Anisimov ([1]), who
developed different methodologies in this direction. Nowadays, many works
are dedicated to the solution of the phase merging problems (see, for
example, [2, 5, 10]).This approach provides the possibility to reduce
dimension of considered stochastic processes under some assumptions on
transient probabilities of connected semi-Markov processes, and therefore it
simplifies notably network analysis.

In the work we use the approach of asymptotic merging applied to the set
of nodes for multichannel queueing networks operating under heavy traffic
conditions. For such networks we consider a multidimensional service
process that is a stochastic process indicating the number of customers being
processed at the nodes of the network. Considering the network processing
under assumptions of heavy traffic regime yields the possibility to
approximate the service process by a Gaussian process (see, for example,
[7-9D).

However, for multichannel stochastic networks, the service process can
be a vector-process with high dimension. An additional condition for the
switching matrix of the network provides an effect of consolidation for some
network nodes to a similar-type node, and it allows to merge set of the
network nodes. As a result, for the service process in the merged network, we
have a form of limit processes, simpler than for the original one.

Note that we prove the convergence of the corresponding service
processes in a uniform topology. This can be used to the calculating of the
quality functionals of network operation and to the solving optimization
problems ([6]).
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In the work we consider a multichannel network of a [G|GI | o] type.

Such a network consists of 7 service nodes. The i-th node receives calls from
the outside for servicing at the network, we denote the number of calls

arrived in the period of time [0,7] by v,(¢) . There are no restrictions on the
structure of the input flow v(¢) = (v,(?),...,v,(2))".

Each of the » nodes is a multi-channel queueing system. If a call arrives in
such a system, its service begins immediately. For the i-th node distribution
function of service time will be denoted by G;(¢), and its Laplace-Stieltjes

transformation by
Gl.(s):J.e_S’dGl_(t), i=1..,r.
0

The direction of movement of a call within the network is controlled by

the switching matrix P =|| Dy ||; For any i=1,...,r, if a call has its service

finished in the i-th node, p,.,, =1 —Z p; represents the probability of the
J=1
call’s exit from the network.
The service process in the [G|GI|o] -network is defined as a
r-dimensional process Q(t) = (Q,(?),...,0.(t))", where Q,(¢) is the number of

calls in the i-th node at an instant ¢, £ >0 .
Let a call be in the node numbered m at the initial instant ¢ =0, and its
service does not begin before #=0. We connect the service process Q(¢)

with a semi-Markov process x™(¢)e{l,...,r,r+1} which describes the
service path of the call within the [G|GI|o] -network. Based on the
algorithm of call service at the [G|GI|] -network, we conclude that

. . 1
x'"(¢) has a semi-Markov matrix ||Gi]. (t)";+ of the form

G ()= pijGi(t), i=12,..,r, j=L2,...,r,r+1,
U 8,,0,Gn (1), i=r+1, j=12,rr+],

0, r<l1,

Gr+1(t) = {1 t>1
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where Sij is the Kronecker delta. At the initial instant t=0 we have

x(’")(O) =m and distribution function of the sojourn time in the initial state
coincides with G, (¢) .

The state r+1 for the process x'"(¢) is absorbing. Absorption in 7 +1
is interpreted as an exit from the network. We denote the transient
probabilities of the semi-Markov process x'”(¢) by p(f) = P{x(’")(t) = i} ,

Py () =P(x"(5)=ix" 0=} s<t. PO=[p 0]

Now let us introduce four conditions that we need for proving our limit
theorems. The first condition is connected with the starting load of the
network, the second and the third are heavy traffic conditions, and the fourth
is a condition for the switching matrix to be splittable.

So, firstly, during this work it is assumed that at the initial time # =0 the
network is empty:

D) 00)=0,i=1,..r.

The main purpose of this work is to study the service process Q(¢) in
heavy traffic regime. Heavy traffic regime means that the network
parameters depend on the series number (Q(f)=Q"™(¢)) so that the

following two conditions for the input flow and service time at the network
nodes are met.

2) There exist constants A; 20, i=1,...,7, A, +...+ A, # 0, such that

U
n 2 (nt) = gt v (nt) =k nt) = W(t) = W, (0),...W,(1)),

n—>0
where W () is an r-dimensional Brownian motion process with a zero vector
of mean wvalues EW(1)=0 and with a correlation matrix

; U
EWOW'(Q) = o> =||cs4.2/||1 , the symbol = means weak convergence in the
uniform topology.

3) For some numerical sequence {g,}, such that g, —c when n—> o,

there exist limits for Laplace-Stilties transformations G;(s) = G,(”) (s):

limg,(1-G™ (s/n)=p,(s), i=1,...r,
n—>0
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And, at least, in order to the set I={l,..,7} of [G|GI|w] -network

nodes be able to be asymptotically merged, we require the following
condition:
4) The set of serving nodes / can be divided into classes 1,...,1,

(I;n1;=D,i#],1i,j=1..r)insuchaway that
i)ﬂ“=P+gf%+o@b,
el =g by +oo(g)) . i=lor;

7y +1
i) a,, = — z a5 #0;
B=1, B#a
o
1

iii) The spectral radius of the matrix P = ||(1—8OL p) Ay p/(-ag )

strictly less than 1,
where

is an indecomposable stochastic

L P =|py(@)]

ap i,jel,

matrix with stationary distribution p,(a), i€/, ;
o =l =B . Bap)=[p,

size |1a|>< , a,B=1..,7
aaﬁ :p'(a’)B I(B)’ (X”B:]‘D"'7r07 a¢B5 (xr0+1 p((x) br+1>

=Lty bryy = Bipggseesbn) 5

p(a) is an r—dlmensional vector with its i-th entry equal to p,(a) if

are rectangular matrices of
iel, ]e]B

i el ,and equal to zero otherwise, o =1,...,7; ;

1(B) is an r-dimensional vector with its i-th entry equal to 1 if i € /;, and
equal to zero otherwise, B =1,...,%.

Let x“(¢) €{l,...,ry, %, +1} be a semi-Markov process, for which the state
1, +1 is an absorbing one, x*(0)=o, a=1,..,7 , the matrix of transient

probabilities between states {l,...,7,} for the embedded chain is equal to P,
and the sojourn time in the state o has the following Laplace-Stiltjes
transformation:

67



(=g o) - _ _
Ca )b 0,(s) = Z[: P (W (s), o = 1,2, ..., 7.

G, (s)=

The corresponding probability distributions of x“(¢) are denoted by

PRt = P (R*()=P), P(t)=|p5 ()

"o
(x,B:l’
By (s:0) = P (R%()=P, R* () =7). s <.

In order to describe the limit of the sequence of stochastic processes

£V = QW ) = 2 ([P dw) B nz2,
0

where ' = (A,,...,1,), E|I(1)...1(r,)| is a rectangular matrix of size rxr,, it
is necessary to introduce two independent Gaussian processes é(l)(t) and

%(2) () which have zero mean values and correlation matrices

t
RV = [ Pw) & Puyd u,
0
RV(s,1) = J. P'u)&® Pu+t—s)du, s<t,
0

RO = [ [ARP@) — P'u) AG) Pa)]d u,
0

N

RO (5,0)=> R, [[AGDo @) = Py ) by, IE™ (i +1-5)du, s <1,
a=1 0

where A(x) =||6aﬁxa||lr° for any vector x'= (xl,...,xro), Py (1) is the line of

the matrix P(f) with the number a, &%=

~ | 27
Gaﬁ"l =Ec'E,

W =Ry ) =NE , E (s5,0) = HE&,(SJ)

o Ao _ Ao ~
Byl ) Eﬁy(sat)_pﬁy (S:[)/p[j (S)
if Py (s)=0 and Ef,(s,t)=0 otherwise.

For the sequence £™(¢), n>2, such a result is valid.
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Theorem 1. Let the queueing network of [G|GI|o] type satisfy
conditions 1) — 4). Then, on any finite interval [0,T], the sequence of

stochastic processes %(”) (t), n>2, weakly converges to %(1) )+ %(2) (t) in
the uniform topology.
Note, that if in each node of the [G | GI | 0] -network there exists a mean

service time of calls and distribution function of service time does not depend
on the series number #, then condition 3) is fulfilled for g, =n, n>1.

In this case, the semi-Markov process x*(f), ¢>0, is a Markov chain
with continuous time and the limit process é(z) = é“)(t)+é(2) () is a

Gaussian diffusion process. In the general case, &(f) can be a non-
Markovian Gaussian process with continuous sample functions.
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On A single server queueing inventory system
with common life time for inventoried items”

Khamis Abdullah Khamis AL Magbali,
Varghese C. Joshua, Achyutha Krishnamoorthy

CMS College Kottayam, India

We consider a single server queueing inventory model. The customers
arrive according to Markovian Arrival Process (MAP). The service is
assumed to follow Phase type (PH) distribution. An inventory of
commodities is attached to the service station. The Common Life Time
(CLT) for inventoried items is assumed to follow PH distribution.
The inventoried items perish all together. In this case, the supply of items is
immediately in local purchase to bring the inventory level to maximum
inventory level S. The inventory is not allowed to go down to zero because of
local purchase. Each service require a unit of commodity for service.
This unit is instantaneously taken at the beginning of the service.
The replenishment of inventory follows (s,S) policy with lead time positive.
The lead time follows exponential distribution. In the case of local purchase,
the outstanding order of the normal purchase (wait until replenishment) is
cancelled. Service of a customer begins only when the server is free.
Otherwise, the arriving customer joins the buffer. Steady state analysis of the
model is performed. Some performance measures are estimated.

Introduction

In many real life situations, customer, who need inventoried items to
complete his service, may arrive to service station according to Markovian
arrival process. After that, he may go through different phases to complete
his service in order to get the inventory. Moreover, common life time for
inventoried items may go through different phases until perishing, before
they are taken by customers. The Markovian arrival process is more general
than Poisson process. MAP keeps the memoryless property of the Poisson
process (partial memoryless) [2].

* Supported by the Indian Council for Cultural Relations (ICCR) and Ministry of Higher
Education in Sultanate of Oman.
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Many papers studied queueing inventory models. For example,
Krishnamoorthy et al. [4] studied a PH/PH/1 queueing inventory system
under (s,S) policy when the lead time is zero. AL Magbali, Joshua and
Krishnamoorthy [3] studied M/PH/1 queueing inventory system under (s,S)
policy with lead time positive. Also, Krishnamoorthy and Shajin [5] studied
the MAP/PH/1 queueing inventory system under (s,S) policy with lead time
positive. In addition, Divya et al. [1] studied MAP/PH/1 queueing inventory
system with processing of service items under vacation and N-policy with
impatient customers. In their study, customers arrive according to MAP and
service time follows two different phase type distribution. The inventory
processing time follows phase type distribution. Moreover. Nair and Jose [§]
studied the MAP/PH/1 production inventory model with varying service
rates under (s,S) policy with lead time positive.

Some papers studied queueing inventory systems with common life time.
For instance, Shajin et al. [10] studied a MAP/PH/1 queueing inventory
system with Markovian lead time to bring the inventory level to its
maximum. In their study, the common life time of inventoried items follows
independent exponential distribution. Besides this, their study provided an
interesting application of queueing inventory model with common life time
as medicines with the same expiry date. Moreover, Shajin et al. [9] studied a
MAP/M/1 and M/M1 queueing inventory system with advanced reservation
and cancellation for the next K time frames a head in the case of
overbooking. In their study, the CLT of inventoried items follows Phase type
distribution.

Some papers studied queueing inventory systems with local purchase.
Local purchase was introduced by Krishnamoorthy and Raju [6].
Krishnamoorthy, Varghese and Lakshmy [7] studied an (s,S) production
inventory model with positive service time under local purchase.

As mentioned above, Krishnamoorthy and Shajin [5] and Divya et al. [1]
studied MAP/PH/1 queueing inventory system. Then Shajin et al. [10]
studied a MAP/PH/1 queueing inventory system with common life time. In
this paper, we consider an MAP/PH/1 queueing inventory model under (s,S)
policy with lead time positive. Besides this, we consider PH distributed CLT
for inventoried items. According to the CLT, the inventoried items perish all
together. The supply of items is immediately in local purchase to bring the
inventory level to the maximum inventory level S.
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This model can be described as follows: customers arrive according to
MAP with representation (D,,D,) of order y. The service is assumed to

follow PH-distribution with representation (B,7) of order m . An inventory

of commaodities is attached to the service station. The inventoried items have
CLT which follows PH-distribution with representation (o,/) of order /.

We assume that the inventoried items perish all together. In this model, the
inventory is not allowed to go down to zero because of local purchase. In
order to keep customer goodwill during stock out, the supply of items is
immediately in local purchase to bring inventory level to S. Local purchases
are purchased at a higher cost than the regular order (wait until
replenishment) procedure.

Each service require a unit of commodity for service. This unit is
instantaneously taken at the beginning of the service. The replenishment of
inventory follows (s,S) policy with lead time positive. The lead time follows
exponential distribution with rate 6. When 1<i<s, the replenishment
occurs to bring the inventory level i to S according to the rate of lead time.
In the case of local purchase, the outstanding order of the normal purchase
(wait until replenishment) is cancelled. According to MAP, the first arriving
customer instantaneously takes one item of the inventory at the beginning of
his service. Then, he can immediately go through different phases of the
service. According to MAP, the next arriving customer can directly go
through different phases of service when the previous customer completed
his service. Otherwise, he must wait in the buffer until the previous customer
completes his service. This keeps going.

According to types of blood group, blood bank has store for each blood
group. The motivation for the model comes from the inventory management
of one store in bank blood. For example, patients deal with one type of blood
group in this store. They arrive according to MAP. When the service station
is available, the patient may go through different phases in the hospital and
one blood bag is immediately taken from store to the patient at the beginning
of his service. The CLT for blood bags may go through different phases until
perishing, before patients take the blood bags. In this case, the supply of
blood bag is immediately in local purchase.
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Mathematical description of the model
For the analysis of the model, we introduce the following notations. Let
N(t) be the number of customers in the system at time 7.

I(t) be the number of items, which are the same type, in the inventory at
time .
L(?) be the phase of common life time at time .

M (t) be the phase of service at time ¢ .

Y(t) be the phase of the arrival process at time ¢ .

X(t)={(N(2),1(t),L(¢),M(t),Y(2));t=0} is a continuous time
Markov Chain on the state space.

Therefore, this model can be studied as a Level Independent Qusi-Birth-
Death (LIQBD) process with state space is given by

Q= {(0,i,0,y);1<i<S;1<[ <L1<y < yhu

ul(n,i,l,my,p );n2L1<i <SS <L1<my <m ;1< y <y}

The terms of transitions of the states are given in the Table 1.

Table 1
Intensities of transitions
From To Transition Rate
(0,14, ) A, 8, 4,m;, ») 1< <13 1<m <m d, (DB,
.01, 1) (Li=1,0,m;, ) 2<i<S d, (1B,
(il my, ;) (n+1,0,0,my, ) 1<n;1<i<§ d, 1)
0,1, 7) (00,0, 1<i< S,y #y, d. (0
(n,i,0;,m, ») (n,i,ll,ml,yi) 1<m; 1<i< S;y];ty; dyl N )
0,4,0,») (0,84, I<i<s 0
4,i,my, ) (n,8,0,m,y)) 1<ml<i<s 0
(il my, ) (0,i,0;,,) 1<i<§ "
(n,i,0,,my, ») (n—l,i—l,ll,mi,yl) 2<i<8;2<n T?nl Bmi
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End of table 1

From To Transition Rate
(n,1,0;,my, y,) (n—l,S,ll,mi,)ﬁ) 2<n T?nl Bm;
(n,i,0,,my, ) (n,i—l,ll,mi,yl) 1<n;m ;&mi;lSisS mym,

(0,0, ) (0,5.0, ) 1<i<$ wj o
(ni, 0y, ) (n.8. 1y, my, yy) 1<n; 1<i<S§ wj o
(0,00, ) (n,0,1,, ) 1<n; 1<i<S:l =1 W
(n,i,1,my, ;) (n,0,l;,m;, ) 1<n; 1<i< S31 #]) W

The infinitesimal generator Q of the Level Independent Qusi-Birth-

Death (LIQBD) process with state space is of the form

Boo Bm
BlO 4 Ao
0= Az 1 Ao

4, 1f40

Steady-state analysis

Stability condition

Theorem 1. The Markov chain with the infinitesimal generator Q of the
Level Independent Qusi-Birth-Death (LIQBD) is stable, if and only if A <.

Where
(miS)
X:[ ZniJDley;
i=0

n; is a row vector of order () and

(8+1)
K :( z T ]A Eymi) -

i=i

Where A = [[, ®[T,2 ® (B ® 1, )ﬂ and 7, are row vectors of order (yml/).
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Stationary distribution

The stationary distribution of the Markov chain under consideration can
obtained by solving [6] X O =0and X e=1.

Let X be decomposed with Q as following: X =(X,,X,,...), where
Xy =(Xopse- s Xos )
Xow =(Xog1>s Xogzse - Xoy ) for k=1,2,...,S;

Xow =(x0k,,1,x0k,2,...,x0kry ) for r=1,2,...,1;
X, =(X;,...X;g) fori=12,...;
Xip = (Xi> Xipao > Xir) 5 Xy = (Xt Xigoe o> Xt )5

Xty =(xikrlj,xl.mj,...,xl.krjy) for j=12,...,m.

Performance measures

Under steady state, we obtain some performance measures of the system
as following:

1. Expected number of customers in the system: E[N]=Y"i X.e.
i=0

o S

2. Expected number of items in inventory: E[/]=) >k X,e.
i=0k=1

s
3. Probability that the server is idle: b, = ZX 0k€ -
k=1

Conclusions

In this paper, we analyse an MAP/PH/1 system with inventory level under
(s,5) policy with lead time positive and with common life time for
inventoried items. In the case of expiry of the common life time for the
inventoried items, the supply of items is immediately in local purchase to
bring the inventory level to the maximum inventory level S. Different
performance measures are estimated under Steady state condition.
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Analyses of feedback queue with positive server setup time
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In this paper, generalization of the model of queuing systems with
feedback in Melikov et al. [1] is proposed by introducing the effect of
impatience of calls when the server is in setup mode. First of all, note that
many real systems are described by such kind of models. Classical examples
are communication networks where erroneously transmitted data is
retransmitted. The second example is production systems in which the
defective part requires re-processing. The third example is modern service
integrators, in which customers who have received quality service once again
return to them for service.

In this field the pioneer are Takacs” works [2, 3] in which models of queuing
systems with instantaneous [2] and delayed feedback [3] are investigated. Such
kind of models are intensively investigated in the last two decades. Kumari [4]
gives a detailed review of work done until 2011. Further developments could be
accessed from Koroliuk et al. [S] and Melikov et al. [6].

To our best knowledge, there are no works devoted to the feedback
queuing model with a setup time for servicing of calls that required repeated
processing (feedback calls, f~calls). Here the model of a queuing system with
an infinite buffer, instantaneous feedback and positive server setup time is
proposed. It is assumed that calls in the buffer are impatient if the server is in
the setup period. To calculation of the steady-state probabilities and
performance measures of the system the matrix-geometric method (MGM)
[7] is used.

Description of the system and construction of the generating matrix

Consider a single-server queuing system with an infinite buffer, which
receives a Poisson flow of primary calls (p-calls) from the outside.
The service times are independent and identically distributed (iid) r.v. and
have a common exponential cumulative distribution function (cdf) with an

average value p~'. After the completion of the servicing process, p-calls,
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independently of each other and according to the Bernoulli scheme, either
immediately require repeated servicing with probability (w.p) o, or leave
the system with a complementary probability 1—o. The service times of f-

calls are also iid r.v. with the same average p .

To start the process of servicing f-calls, the server needs some positive
random time, which is called the server setup time. It has an exponential cdf

with an average value 07", i.e. at any time, the server can be in one of two
status: in operational mode or setup mode. It is not allowed to interrupt the
server setup time, i.e. the f-~call, which initiates the server setup process,
remains on it for the entire setup period.

The p-calls are considered to have information about the server status.
This means that if the server is in setup mode, then their intensity is equal to
A, otherwise, it is equal to A,. Calls in the buffer are impatient during the
server setup time and only the call at the head of the queue being impatient.
In other words, during the server setup period, the call that is at the head of
the queue leaves the system after a random time, which has an exponential

distribution with an average value ©".

It is required to find the joint distribution of the number of calls in the
system and the state of the server, as well as the following performance
measures of the system: the average number of calls in the system (L),

fraction of the time in which the system is in operation mode (7, ) and
setup mode (7, ), as well as the intensity of the server switching from setup
mode to operating one (R, ).

The state of the system at an arbitrary moment of time is determined by
the two-dimensional vector (n,k), where n is the number of calls in the
system, k is the state of the server, i.e. k=0 if the server is in setup, k=1

if the server is operation mode. The system operation is described by a two-
dimensional Markov Chain (2D MC) with the following infinitesimal matrix:

B, C, ..
o-|B A A -
4, A4 A

where block matrices are defined as follows: B, :(—Xl) is the matrix of

dimension 1x1; C,=(0 A,) is the matrix of dimension 1x2; 4,,4, and
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4, are matrices of dimension 2x2, i.e.

AZZ(S 3(1_09;/’1:(@(}“6“) ?alw)}/%:@o 2)

Let ¥ =(v,y,Vv,) is a vector of state probabilities of an MC with two

states and an infinitesimal generator 4, where
A=A, + A + 4, =(_9 0 j
uc —uc
i.e. indicated above vector ¥V =(v,, v, ) is found from the following system
of equations:
vA=0,ve=1, 3

where e =(1,1)".

From (8) we find that v, =pc/(0+poc),v, =6/(0+uc).The quasi
birth-death process is stable if and if the following condition is satisfied [7]:

v4je <vd,e. ©)]
From (9) we find the following condition for the ergodicity of the system:
L0+Auo <p(6(l-0)+10). (10)

When the ergodicity condition (10) is fulfilled, the steady-state
probabilities of the system are calculated as follows.
Let us express the steady-state probabilities p(n,k),(n,k) e E in vector

form p=(p,y,p,.p,....), where p, has dimension 1, i.e. p,=(p(0,1)),
while p,,n>1, are two-dimensional vectors, i.e. p, =(p(n,0),p(n1)).
According to the algorithm of the MGM [7], the indicated quantities satisfy
the equation p, = le"_l,n >2,where R is the minimal non-negative
solution of the following quadratic matrix equation:
R4, + R4, + 4,=0.

Probabilities of boundary states p, and p, are found from the following

system of equations:

PoBy + p B, =0;
PoCo+ P (4 +R4,)=0. (11)
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System of equations (11) is solved by taking into account the
normalization condition:

p(0,1)+p (I-R) ' e=1,
where [ is the identity matrix of dimension 2x2.
After finding the steady-state probabilities, the desired performance
measures of the system are calculated as follows:
o 1

L= > np(nk);

n=1k=0

Tvr :Zp(n’o)’

n=1

T;vr = Zp(n’l)’
n=0

R, = Gip(n,O) .
n=1

Note that for certain ratios of the system parameters, the space merging
method [5, 6] can be used to solve this problem as well.

Conclusions

The paper studies a model of a single-server queuing system with an
infinite buffer, instantaneous feedback and impatient calls. Upon completion
of the service, some of the calls, according to the Bernoulli scheme, either
leave the system or immediately require repeated service. To start the service
of f-call, the server needs some random setup time, which has an exponential
distribution function. It is considered that when the server is in the setup
mode, it cannot handle call, and interruption of the setup period is not
allowed. Calls in the buffer are impatient when the server is in the setup
mode. The rate of incoming calls depends on the server status.

It is shown that the mathematical model of the system under study is a 2D
MC with an infinite-dimensional state space. The ergodicity condition of the
model is found and to study the corresponding 2D MC the matrix-geometric
method is used.
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The new 5G networks and their operators have to manage a wide range of
services with very varied connection requirements, targeting new market
segments and vertical industries. Network slicing is a key technology that
allows network operators to provide their physical infrastructure to support
various services with different requirements [1]. Different sets of services
may be associated with logically independent end-to-end networks, i.e.
slices. The slice is a logical network that provides functional capabilities and
network characteristics [2]. Slices are configured and managed by tenants, to
whom operators delegate control over resource utilization and service
performance. Network slicing properties [3] are the automation of creating
and setting slice, the slice isolation (slice independence from traffic in other
slices, but also security, etc.), the elasticity of slicing (fair [4] and efficient
use of resources, adaptation to conditions), management (self-management in
a slice) and ability to assign priority slices.

The key feature of network slicing for ensuring performance and high
quality of service is isolation, which limits the influence of slices on each
other. Using isolation and resource sharing strategies on the radio interface is
a rather entangled process [5].

However, as shown in [6], it is possible to achieve an optimal state
between isolation and efficiency by setting some network parameters. It
allows us to prioritize and configure slices in accordance with the specific
tasks for which it is used. Nevertheless, resource management inside the slice
and between different slices should guarantee not only slice isolation but also
the fair sharing of resources between users, as noted in [7].

* The publication has been prepared with the support of the “RUDN University Program
5-100” (recipient Yu.Gaidamaka). The reported study was funded by RFBR, project
number 18-07-00576 and 20-07-01064.
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This paper proposes the use of queueing theory and optimization theory
methods. So it is a combination and extension of the research conducted in
[8] and [9]. In [8] the authors consider one of the potential radio resource
allocation schemes for multiservice wireless networks with Network Slicing
technology. They describe it by using the retrial queue with the orbit to wait
for sessions. In [9], the authors propose a policy for bandwidth-greedy
communication service, which provides efficient resource usage, fairness and
slice isolation.

The paper organizes as follows. In the next section, we construct a
mathematical model of a network with two active slices. The third section is
a detailed description of the mathematical model for network slicing with
isolation. In the fourth section, we present an algorithm for the sharing of
resources, ensuring their fair and efficient use. Finally, we conclude with
some remarks on open issues.

Mathematical model

Let two Poisson processes, corresponding to requests for data
transmission from users of two different slices, arrive at the multilinear
queueing system (QS). The intensities of arrivals are constant and equal to A,
and A, respectively. Service durations per resource unit are independent
random variables distributed exponentially with the parameters p, and p, for
the first and second slices, respectively. Let the total amount of QS resources
for customers servicing be equal to C. The amount of resources allocated to
the request depends on the system load and varies in the ranges [b,in, Diax]
and [d;in, dmax] for first and second slices respectively.

We define a stochastic process X(¢) = {M(¢), N(¢),t > 0}, where M(¢) =m
is the number of customers the first slice at the time ¢, N(¢) = n is the number
of customers in the second slice at the time . Moreover

me<0,1,..., L , n=<0,1,..., L .
bmin dmin

Then the states space of the two-dimensional process has the form
X={(m,n):mb <C}.

min
Denote the amount of the allocated resource to one request in the first
slice in the state (m,n) by b(m,n), and in the second slice by d(m,n). Then the
service intensities for the first and second slices are defined as mb(m,n)p,
and nd(m,n)u,. To ensure the isolation of slices, we introduce the state of the

+nd

min
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process M (t)>]\_4, where M is the number of customers that can be

guaranteed to be accepted in the first slice, and N(¢) > N ,where N is the

number of customers that can be guaranteed to be accepted in the second
slice. In the case of resource bottleneck, if one of the slices exceeds
a predetermined threshold value, then the arrival request of the second slice
can crowd out one or more requests of the first to get service (see Fig. 1),

(m+1,neX (m,n+1)e X

mb

f:l ﬂ]lﬂ
(m, n+1)ﬁéx

mmJ

dmln
(mn=1) (m+j,n) X

m—1l<M,n+i>N m+j>Mn-1<N

Fig.1. The central state and the transition rates for the stochastic process X(7)

the number of which is calculated as

{k(m,n)_(m+1)bm:;+ndmm— J Ls(m’n) mb,, +(nb+1)dmm— J

min

nmin
If none of the slices exceeds the threshold value or exceeds both in case
of a resource bottleneck, the arrival customer will be dropped.
Thus, we write down the set of conditions for dropping requests and
service interruptions for the first and second slices. The states space of
customers dropping:

B :{(m,n)eX :(m+1,n)eEX,m2M},

B ={(m,n)eX:(mn+1)eX,n>N}.
The states space of service interruption:

B ={(m,n)e X:(mn+1)gX,m>M,n< N},
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BY ={(m,n)eX :(m+1,n)eX,m<M,n>N}.

To find the probabilities state vector p = [p(m,n)],, ,ex » it is necessary

to solve the system of linear equations

pQ=0,

pe=1,
where Q is the generator matrix of the two-dimensional stochastic process
X(?), and e is the unitcolumn vector.

We write the generator matrix, its elements will have the form:
A,m'=m+1Ln'=n,(m'\n'")eX,
Aom'=m+Ln'=n—k,(m+1,n)e X,m<M,n>N,
Ayym'=m,n'=n+1,(m',n")eX,

v A m' =m—s,n'=n+1,(mn+1 eX,mZM,n<N,
g((mn),(m'n)) =" , (m,n+1)
mb(m,n)p,,m'=m—1Ln'=n,m'>0,
nd(m,n)p,,m'=m,n'=n—1n'>0,

O,m'=m,n'=n,
0, otherwise,

where
O=—h-I((m+Ln)eXun=2N)-h, - I(mn+l)eXum=2M)—-
—mb(m,n)p, -1(m>0)—nd(m,n)p, -1(n>0).
Having obtained the probability distribution, we can find some metrics

characterizing the system performance for customers:
e probabilities of customers dropping and service interruption:

B! = z p(m,n), B = Z p(m,n), s=1,2;

(m,n)eBy™" (m,n)eB?”

e average service time:

S = l
: ll(l—Bl‘W)—kz > s(m,n) p(m,n)’
(m,n)eB""
N, .
A, (I—Bﬁ”r)—kl > k(m,n) p(m,n)’

(m,n)eBy™”

S, =
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e probability of violation:

=2 p(mn), Vy=73 p(mn).

m>M n>N
Now, we consider a subspace of states where each request in both slices
can be allocated the maximum required resource amount, i.e.
Q, = {(m,n): mbyay + ndya, < C}, which we will call the states subspace of
excess resources. Note that the states subspace Qy = X\Q, are the states of
limited resources, for which the task is to propose an algorithm for the

efficient and fair allocation of radio resources.

Resource sharing

In order to the resource sharing algorithm to satisfy the requirement of
fairness and efficient resource use, we will solve the optimization problem.
Let the data transfer rate to the user of the first slice corresponding to the
allocated resource b(m,n) in the state (m,n) have the utility functions

Inb(m,n)—Inb,,,
Inb, __—Inb

max min

U(b(m,n))=Inb(m,n) or U(b(m,n))=

Similarly, for the second slice,
I Ind.
U (d(m,n))=Ind (mn) or U (b(m,n)) = dtmm) ~Ind,,,

Ind,, —Ind,,,

The optimal resource amounts correspond to solving the following
optimization problem
w, (m,n)mU (b(m,n))+ w, (m,n)nU (d(m,n)) — max
s.t. mb(m,n)+nd(m,n)=C,
byin <b(m,n)<h

max >

over
d,,<dm,n)<d,,. .

The weights wy(m,n) and w,(m,n) will be calculated using the following
formulas:

I,m<M, I, n<N,
Wy (m,m) = o m>M Wy (mom) = L n>N
m-M+1 ’ n-N+1 ’

Thus, the stationary point of the objective function is located at
the intersection of lines mb(m,n) + nd(m,n)=C and wy(m,n)b(m,n)=
= Wl(m’n)d(msn)'
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Conclusions

This paper presents a model of resource sharing for network slicing to
ensure the isolation of slices. The developing algorithm for sharing resources
takes into account the features of the presented mathematical model. The
resource sharing problem is formulated as an optimization problem and its
solution is obtained. The resource sharing algorithm allows us to separate
network resources fairly and effectively. The objective of further tasks is to
compare the proposed algorithm with complete sharing and complete
isolation algorithms.
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This paper considers a priority multi-server retrial queue with two classes
of customers. Primary customers have preemptive priority over secondary
users. The dynamics of primary customers is the same as that of an Erlang
loss system with Poisson input and exponential service time distribution.
Secondary users can cognitively use the channels when they are not used by
primary users. Secondary users that see all the channels occupied upon
arrival join the orbit and retry later. Arriving primary users that see all the
channels occupied by other primary users are lost. If all the channels are
occupied but some channels are occupied by secondary users, one of these
ongoing secondary users is interrupted and enters the orbit. Secondary users
from the orbit retry to occupy an idle server until they are successfully
occupying one. For this model, we consider an asymptotic regime in which
the retrial rate is extremely low. While the number of secondary users in the
orbit explodes in this regime, we prove that a scaling version of the number
of users in the orbit weakly converges to a diffusion process.

1. Introduction

Priority queue is one of the main streams in queueing theory because the
model naturally arises in various appilcations from services to
telecommunication and computer systems. In practice, service differentiation
is required in various situations. In service systems such as airline, first class
customer has priority over economy class. In telecommunication system,
voice packets have higher priority than other data packets such as email etc.

Recently, mobile traffic has explosively increased leading to the shortage
of wireless spectrums. Cognitive radio networks are promising technologies
for this spectrum shortage problem. In cognitive radio networks, primary
users and secondary users are available. Primary users are granted some

* The publication was financially supported by RFBR according to the research project
No.18-01-00277.
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spectrum bands. Secondary users can cognitively utilize these bands when
they are not used by primary users. To this end, secondary users must use
these band in such a way that does not interfere primary users. Once primary
users arrive, ongoing secondary users must evacuate and then sense to
occupy a channel in a later time. Motivated by this application, we consider a
multi server priority retrial queue. Primary users and secondary users arrive
at the system of multiple servers according to Poisson processes. Service
time distributions of primary and secondary users are exponential
distributions with distinct parameters. From the viewpoint of primary users,
the dynamics of the number of primary users is the same as that of an Erlang
loss system.

Upon arrival, if there are some idle servers, the secondary user can use
one of these idle ones, otherwise they join the orbit and sense to find an idle
one in an exponentially distributed time. Upon the arrival of a primary user,
if there are some idle servers, the primary user chooses one of them.
Otherwise, the primary user is lost if all the channels are used by other
primary users, or interrupts one of ongoing secondary users. The interrupted
ongoing secondary user returns to the orbit and sense to occupy an idle
server. The sensing process of blocked secondary users and the interrupted
ones is the same as the orbit in retrial queues.

As a related work, Akutsu and Phung-Duc [1] study a similar model
where secondary users must sense before accessing the channel using
simulation. In the study [1], analytical solution is derived for the single
server case and simulation is carried out for the multi-server case.
Furthermore, Phung-Duc et al. [6] analytically study the same model and
derive the stability condition. Morozov et al. [4] study the model where
secondary can wait at a buffer in case an idle server is not available or in case
of being interrupted. In paper [7] consider the effect of retrial phenomen on
in performance modeling of radio byusing a finite-source queueing model.
Nemouchi H. and Sztrik J. [8] used stochastic simulation for performance
evaluation of cognitive radio network. In this paper, in contrast to the models
in[1, 4, 6, 7, 8], we consider a new model where fresh sencondary users can
occupy an empty channel upon arrival without sensing.

In this paper, rather than finding a numerical solution, we consider
asymptotic analysis under the condition that the delay in the orbit is
extremely long using the asymptotic diffusion method [2, 3, 5]. Under that
condition, the number of customers in the orbit explosively increases.
However, using an appropriate scaling, we prove that the scaled number of
customers in the orbit weakly converges to a diffusion process. The results
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allow us to derive an approximation for the distribution of the number of
customers in the orbit.

The rest of the paper is organized as follows. In section 2, we present the
model in detail. Section 3 presents the first order asymptotics while second
order asymptotic analysis is presented in Section 4. An approximation of the
distribution of the stationary number of customers in the orbit is presented in
Section 5. Concluding remarks are presented in Section 6.

2. Mathematical model

We consider multiserver retrial queueing system with two incoming
streams of primary users and secondary users. We assume that arrival flows
to the system follow the stationary Poisson processes with intensity A,
and A, , respectively. The first arrival flow of primary users has preemptive

priority over that of secondary users. The system has N servers. Service times
of customers of the first and the second flows are exponentially distributed

with rate p, and p, , respectively. If upon arrival, the customer (of either the

first or the second flow) finds free servers, then he gets on one of these free
servers and starts the service. If all servers are busy with priority customers,
the incoming primary customer is lost otherwise, the primary customer will
preempt a non-priority customer and the preempted customer joins the orbit.
Non-priority customers that see all the servers busy upon arrival join the
orbit. From the orbit non-priority customers retry in to occupy a free server
after an exponentially distributed time with rate s .

Letn (), ny(t) denote the numbers of servers busy serving priority and non-
priority customers at the time ¢, respectively and let i(¢) denote the number
of customers in the orbit at the timez .

We can see that three-dimensional random process {n,(¢),n,(?),i(t)} is a

continuous time Markov chain.

We can write the probability distribution. The system of Kolmogorov
diffe P(nj,n,,i,t)=P{n(t)=n,,n,(t)=ny,i(t)=i}, n,+n, =n,n< N of the
process {n,(t),n,(t),i(¢)} rential equations for the probability distribution
P(ny,n,,i,t), n,+n, =n,n< N is the following:

W =—(A, + X, +ic)P(0,0,i,¢) + n,P(1,0,i,¢) + n, P(0,1,i,t), n=0,
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aP b 7.’t . .
% =—(M + Xy +Wyny + 1y, +ic) P(ny,n,,i,t)+

+MP(ny —1,n,,i,t) + (i +DoP(n,n, —1,i+1,6) + A, P(ny,n, —1,i,t) +
+u, (1, + DP(ny +1,n,,0,t) + 1, (ny, + DP(ny,ny +1,i,t), 1<n<N,
OP(ny,ny,it)

ot
+MP(ny —1,n, + Li—=Lt)+ A, P(n,ny —1,i,t) + A P(ny —1,n,,i,t)+
+(i+D)oP(n,n, —Li+1L¢t), n=N,n <N,

w =—(h, + N, )P(N,0,i,t) + 1, P(N —1,0,i,£) +
t

+P(N =1,1,i —1,0)+ A, P(N,0,i = 1,£), n, = N.

(Mg + 2y + Wy + yny ) P(ny 0y ,0,0) + Ay P(ny 1y 0 —1,8) +

M

We introduce partial characteristic function, denoting j =+/—1

H(ny,n,y,u,t)= Ze-’”iP(nl,nz,i,t).
i=0
We rewrite system (1) as

OH(0,0,u,1)

a = +7“2)H(0,0,u,t)+jow+
t

ou
+M1H(190:u5t) + H‘ZH(Oﬂ lauat)a n= 05

OH (ny,ny,u,t)

aH s s st
ot == (A + 2y + +Mz”z)H(n1,n2,u,t)+j0M+

ou

. OH —Lu,t
+MH(ny —1,ny,u,t)— joe " (m,my ~Lu,1)

+ A, H(ny,ny —1,u,t) +

ou
+u, (m +DH(ny +1L,ny,u,t) + 1, (ny, + ) H (ny,ny +Lu,t), 1<n<N,
aH s 9 9t /i
%z—(hl + Xy 1y + o hy ) H (), 0y u,t)+ Ny’ H (ny,ny u,t)+

e H(ny —1,n, + Lu,t) + ko H (ny,ny = Lu,t) + M H(ny —1,ny,u,) —
OH —Lu,t
_jG (n1’n2 ’ua ),

Ou

n=N,n <N,

W = Oy + Nu)HN, 0,0+ A H(N —1,0,u,) +

+h e H(N =1,1,u,t) + h,e’ H(N,0,u,t), n,=N.

)
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The main contribution of the paper is to find the probability distribution
of the number of customers in the orbit and to find the stationary probability
distribution of the states of the servers, i.e., the number n; of servers busy
with serving priority customers and the number n; of servers busy with
servicing non-priority customers and to find the blocking probability of
priority customers.

System of equations (2) can not be solved in a direct way, so we will
solve under condition of long delay customers in the orbit, i.e., when ¢ > 0.

3. First stage of the asymptotic-diffusion analysis
In system of equations (2), we introduce the following replacements:
c=¢, t=¢t, u=¢ew, H(n,n,,u,t)=F(n,n,,w,1,8).
We can transform system (2) to the form

L OF(0,0,u,0) _

P == +7V2)F(0,0,W,r,a)+jw+
T

ow
+H1 F(lﬂ 0’ w,7T, 8) + “’2 F(07 13 W, T, 8)7 n= 09

OF (ny,ny,w,T,€)
#Z_(M + Ay +yny + pony ) F(ny,ny, w,T,8) +
oF (n;,n,,w,T,€)

+MF(n —1,n,,w,1,8)+ ™

_jeien OF (n,n, —1,w,1,¢€)
ow
+, ( + DF () + L,ny, w,T,8) + 1y (0, + ) F(ny,n, +Lw,1,6), 1<n<N,

+ A F(ny,ny —1,w,t,8) +
6F(n N ,W,‘E,S)
+=_(7x1 +hg Hym + pony ) F(ny,ny, w,T,€) +

+hye’™ F(ny,ny,w,7,8) + A’ F(n, —Ln, +1,w,7,8) +
+A, F(ny,ny, —Lw,t,€)+ A F(n —Ln,,w,1,8)—

_ OF (n,,n, —1,w,1,€)

, n=N,n <N, 3)
ow

w =—(hy + N F(N,0,w,7,8) + A F(N —1,0,w,7,6) +
T

+1, e’ F(N = 1,1,w,1,8) + L,e’* F(N,0,w,1,€), n, = N.
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We denote F(n;,n,,w,t) = lirréF(nl,nz,w, T,€).
£—>
We state the following theorem.
Theorem 1. Let F(n;,n,,w,t) denote the solution of the system equation
(3) by taking the limit as € —> 0. Then function F(n,,n,,w,t) has the
following form:
F(ny,n,,w,7) =exp{ jwx(t)} R(n,n,,x) .
Here the probabilities R(n,,n,,x) are a solution to the system of equations
—(A; + 21, +X)R(0,0,x) + 1, R(1,0,x) + 1, R(0,1,x) =0
for n=0:
—(M + Ay + 1y + 1yn, +X)R(y, 0y, X) + Ay R(0y 0y —1,x) +
+ MR(ny —1,n,,x)+ xR(n,n, —1,x)+ 1, (1, + DR(n; +1,n,,x) +
+ W, (ny, +DR(ny,n, +1,x) =0;
for 1<n<N:
—(A +yny + pyny)R(ny 1y, x) + My + X)R(ny, 0, —1,x) +
+MR(m —1,ny +1,x)+ A R(n, —1,n,,x)=0;
for n=N,n <N :
~NwR(N,0,x)+ X, (R(N —1,0,x)+ R(N —-1,1,x))=0; 4)
for ny =N and x(t) is a solution of the ordinary differential equation

X' (V) ==x(t) D, R(n,ny,x)+ N +xy) D R(my,ny,x) = R(N,0,x).  (5)

n<N-1 n=N
Taking into account that Z R(n,n,,x)=1, we denote
nm+n,=n<N
r(x)= z R(ny,ny,x), 1-r(x)= Z R(n,n,,x).
n<N n=N

Denoting the right-hand side of equation (5) as a(x), we can write
following equality
a(x) =—xr(x)+ (A, +1,))1—=r(x))— A R(N,0,x). (6)
In stationary regime, equation (5) transforms to the following equation
—xr(x)+ (A + 1, )1 —7(x))—AR(N,0,x)=0.
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Here x is the point of rest. Let us denote the solution of this equation as « .
Substituting x =« into the system equation (4), we obtain stationary
probabilities R(n,,n,,x)=R(n;,n,) of the states of the servers. Probability
R(N,0) is the blocking probability of priority customers.

4. Second stage of the asymptotic-diffusion analysis

In the system equation (2) let us denote

u
Jj—x(ot)
H(n,n,,u,ty=e° H(z)(nl,nz,u,t).

The functions H (2)(n1,n2,u,t) are the partial characteristic functions of the

. x(ot
values of centered random process i(¢) — (o)

By putting o = g2, 1=¢t, u=¢ew, H(z)(nl,nz,u,t) = F(z)(nl,nz,w,r,s),
we get

n=0:

F@
g’ w + jewa(x)F?(0,0,w,1,€) =
T

oF@(0,0
=, F?1,0,w,7,8) + je ( é W T,€) + 1w, FP(0,1,w,1,8) -
w

— (A + 0y + X)FD(0,0,w,7,8);

1<n<N:

5F(2) n ’n ,W, T,S
&2 ( la 2 )+jgwa(x)F(z)(n],nz,w,r,a)=
T

=—(A + Ay + 1y + o, + x)FP (n,n,,w,1,8) + M F P (0, = 1,n,, w,1,8) +

2 2
‘e oF( )(nl,nz,w,r,a)_ — oF' )(nl,nz —l,w,r,a)Jr
ow ow

+e I yF® (ny,ny —Lw,t,€) + kzF(z) (n,n, —Lw,1,8) +

+u, (ny + 1)F(2) (n +Lny,w,t,8)+ 1, (n, + 1)F(2) (ny,n, +1,w,1,8);

n=N,n <N:

OF® iy, W, T, €
& (n a”z ,%,€) + jewa(x) =
T
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:—(kl + Ay +WyHy + 0, +x+7nzej8w)F(nl,n2,w,r,a)—

oF® (n,n, —=1L,w,1,¢€)
ow
+Kle-75WF(2) (n, —Ln, +1L,w,t,€)+ (A, + ef-"gwx)F(z) (n,ny —Lw,t,8);  (7)

—jee /® + le(z) (n, —1,ny, w,1,8) +

nm=N:

&2 oF ® (N,0,w,1,¢)
ot

=0 FP (N -1,0,w,1,8) + A’ FP (N -1,1,w,1,8) -
— (A, (1—e™)+ N, )FP(N,0,w,1,¢).

+ jewa(x) =

We denote F(z)(nl,nz,w, T) = lirréF(z) (n,n,, W, T,€) .
e

For the solution of the system of equations (7), we write in the form
F® (ny,ny,w,7) = ®(w,T)R(n;,n,,x).

We state the following theorem.

Theorem 2. Function ®(w,7) is a solution of differential equation:

DD _
ot ow

where a(x) is determined by the equality (6), b(x) has the form

2
Wwo2D) W?b(x)cl)(w, 1), (8)

b(x):a(x)+2[xr(x)—xz gny,ny,x)+(h +2,) D gy, ny,x)— g(N,O,x)J.

n<N n=N
Here functions g(n,,n,,x) are defined by the following system of equations:
_(}\’1 + >\‘2 + x)g(O, 0: X) + Mlg(l,O,X) + H’Zg(oalax) = a(x)R(O, O,X), n= O 5
—(0 + A+ + pyny +x)g(ny,n,,x) + (A, +x)g(ny,ny —1,x) +
+Ag(n —Ln,,x)+u, (n +Dg(n +1Ln,,x)+n,(n, +1)g(n,n, +1,x) =

=a(x)R(n;,n,,x)+xR(n,n, —1,x), 1<n<N;

(A +yny +pyny)g(n,ny) + (A +x)g(ny, 0, —1,x)+ A, g(n —1L,n, +1,x) +
+08(m —1,ny,x) = (a(x) = Ay )R(ny,ny, X) —
—MR(ny —1,ny +1,x)+xR(n;,n, —1,x), n=N,n <N;
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-Nw,g(N,0,x)+ 4, (g(N-1,0,x)+ g(N -1,1,x)) =
=a(x)R(N,0,x) =1 R(N -1,1,x) = A,R(N,0,x), n, =N.
Applying the inverse Fourier transform in the system (8), we obtain
Fokker-Plank equation for probability density function

P(y,71)= %}rﬁy} of process (1) :

OP(y.1) __0{ya'(0)P(, 0}, 18 {b()P(, D)}
ot oy 2 o* '

Hence, stochastic process y(t) is a diffusion process with drift
coefficient ya'(x) and diffusion coefficient b(x) .

5. Third stage of the asymptotic-diffusion analysis
. . (. x(7)
We consider stochastic process: y(t) = hné c|i(ct)———| .
G o

Let us consider the following stochastic process: z(t) = x(t)+ Jo (7).
We consider stationary probability density function for the process z(t):
OP{z(v) <z}

0z '

Let us state the following statement.
Theorem 3. Stationary probability density function of the process z(t)

has the form
a(x) ,
n()_b(> p{ Ib(x) }’

where C is normalizing constant.
We build the approximation of the probability distribution of the number
of customers in the orbit using expression

n(z) =

n(io)

Pd(i)=—

Z n(no) .

n=0
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6. Numerical example

We consider particular case N = 2 servers.

The model of parameters

Table 1

The rate of arrival The service rate, The rate of a delay in
flow, A,,n=1,2. W,,n=12. the orbit
Primary flow 1 2 -
Secondary flow 2 3 0.1

The graph of a diffusion approximation Pd(i) of the probability
distribution of the number of customers in the orbit is given in Fig. 1.

Pd(i) T T T T

0.06 - .

0.04 - ]

0.02 - ]

1 ] ] ]
0 10 20 30 40 i

Fig. 1. Graph of a approximation Pd (i)

Conclusions

In this paper, we considered a multiserver retrial queueing system with
priority customers. Using method asymptotic-diffusion analysis under limit
condition of long delay customers in the orbit, we proved that the scaled
number of customers in the orbit converges to a diffusion process which was
used to build an approximation for stationary probability distribution of the
number of customers in the orbit. The blocking probability of priority
customers was obtained.
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Asymptotic analysis of Markovian retrial queue
with unreliable server and two-way communication
under low rate of retrials condition’

Anatoly Nazarov', Tuan Phung-Duc?3, Svetlana Paul’,
Olga Lizyura', Ksenia Shulgina’

1 Tomsk State University, Tomsk, Russia
2University of Tsukuba, Tsukuba, Japan
3VNU Vietnam Japan University, Hanoi, Vietham

Retrial queues with two-way communication arose as models of blended
call centers, where the operator can provide both inbound and outbound
calls. The research area of retrial queues is a branch of queueing theory and
literature on this topic is rich and vast [1].

The main feature of retrial queues is retrial behaviour of the customers: if
the operator is busy at the instant of the call, the customers retry to occupy
the server after some time [2, 3]. During the retrying process, the customers
stay in a virtual waiting room that we call the orbit.

The idea of call blending is to improve the productivity of classical call
centers by reducing the idle time of an operator [4]. The unreliability of the
server is also of interest as a common phenomenon in communication and
service systems [5].

Mathematical model

We consider a single-server retrial queue with two-way communication.
We have two classes of calls in the system: incoming calls and outgoing
calls. Primary incoming calls form a Poisson process with rate A. Idle server
starts the service immediately. The durations of service times for incoming
calls are exponentially distributed with parameter p,. If the server is busy
upon arrival, the incoming call joins the orbit and retries to occupy the server
after a random delay, whose duration follows the exponential distribution
with parameter o.

In its idle time, the server can make outgoing calls. There are multiple
types of outgoing calls in the system. The server makes an outgoing call of

* The publication was financially supported by RFBR according to the research project
No. 18-01-00277
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type n with rate o, and serves it for an exponentially distributed time with
parameter L,,. We number the types of outgoing calls from 2 to N.

The unreliability of the server is defined by three parameters: v is the rate
of breakdowns when the server is idle, y; is the rate of breakdowns when an
incoming call is in service and v, is the rate of restorations. If at the instant of
breakdown, the server provides an incoming call, then the call joins the orbit.
We assume that there are no breakdowns during service of outgoing calls,
since the server itself initiates the call.

Problem Definition

Let k() denote the state of the server at time ¢ as follows: 0, if the server
is idle; 1, if the server busy with an incoming call; #, if the server is busy
with an outgoing call of type n, n =2, ..., N; N+1, if the server is broken. Let
i(f) denote the number of calls in the orbit at instant ¢.

The two-dimensional process {k(f), i(f)} is Markovian. Thus, for the
stationary probability distribution of this process

P{k(t) = k, i(1) = i} = Py(i, 1),
we can derive Kolmogorov system of equations in stationary regime

N N
_(}\‘—i_ Za’n +iG+YOJPO(i)+ ZMkP/c(i)+YZPN+1(i) = 03

n=2 k=1

A+ +y)B@O+ ARG +o((+ DR GE+D)+AR(E-1)=0,

~(M+,)P, (i) + AP, (i—1)+ o, P (i) =0, n=2,N,

—(A+7) Py () + APy (=D +v /@) + v, R3E-1)=0. (1)

The problem is to obtain the probability distribution of the number of
calls in the orbit. We introduce partial characteristic functions

H,(u)=Ye"P.(i), k=0,N+],
i=0

where j=+~-1.
Rewriting the system (1) for the partial characteristic functions, we obtain

N N
_(7“" 2., +YOJH0(“)+]'GH(I)(”)+ D e H )+, H () =0,
n=2 k=1
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(Me™ =)=y, =y H, () + L Hy(u)— joe " H} (u) =0,

Me™ =1)—p, )H, () +a,Hy(u)=0, n=2,N,

(W™ =1) =) H . () + Yo Hy () + 1™ Hy (1) = 0. ©)
Summing up equations of the system (2), we write the additional equation
N+1
joe M Hy(u)+ (A +y)H, (u)+ 1D H,(u)=0, 3)
n=2

which we will use in further analysis. We will solve the system (2) using
asymptotic analysis method under low rate of retrials condition (c — 0).

Asymptotic analysis under low rate of retrial condition

We denote 6 = ¢ and make the following substitutions in the system (2)
and equation (3)
u = ew, Hy(u) = F(w, €),
in order to obtain the system

N
_[7“"‘\/0 + Z(X,,jFO(W,S)-Fj

n=2

OF; ul
$+ Zuka(w,s) +7,Fy,(w,e)=0,

k=1

OF,(w,e)

0,
ow

(ME™ =1) =, — ) F (W,8) + AF, (w, ) — je /™

(Me’™ =1) =, )F, (w,8) + o, Fy(w,e) =0, n=2,N,

ME”™ =1) =7, Fy . (w,€) + 7o Fy (w,€) + v,6”* F, (w,€) = 0,

_OF N+1
je # +(A+y)F(w,e) + XZ F (w,e)=0. 4)
w n=2
Solving the system (4) in the limit by € — 0, we prove Theorem 1.

Theorem 1. Suppose that i(t) is the number of calls in the orbit in
Markovian retrial queue with unreliable server and two-way communication,
then the following limit equality holds:

lin%E exp{ jwoi(t)} = exp{ jwx, },
c—>
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where x is given by

N
o
Yo(A+y) + Ay +yo(uy +7) + v (1 'H/I)ZJ
_ n=2 M
K =A .
Yoty = MY, +7,)

The value of k; defines the asymptotic mean «,/c of the number of calls
in the orbit. On the next stage of analysis, we will obtain the characteristic
function of the process i().

We introduce the following notations in the system (2) and equation (3)

H, (u) =exp(juﬁ)H,E2)(u), k=0,N+1,
c

to derive the system of equations

dHP ) &
— 0 W H D () +v, HG ) (w) =0,

N
—[k+2an +Y +K1JH(()2)(M)+]'G
=

n=2
dH (u)

e =D =, =y HD )+ H P (u)+ ke HP ()~ joe ™ y
u

0,

e =) —p ) )HP W)+ o, HP u)=0, n=2,N,

(™ =1) =y, ) H ) ) + v HED (u) +y,e™ HP (u) = 0,

+<x+v1>Hf”(u>+xNzﬂH,5”<u)=o. (5)
n=2

. CJHD
—Kleﬁ”Héz) W)+ joe " —21 Q)
U

Then we make the substitutions
o= 82, u=-=cw, H,Ez)(u) = Fk(z)(w,s) , k :m,

and obtain the system of equations

—[k + éan +7, + K, ]E)(z)(w,a) + jSW*‘ guka(z)(w,a) +

+y, 7 (w,e) =0,
ME™ =1 =, =y EP (w,8) + LEP (w,8) + 1,6 7 EP (w,€) —

OF, > (w,e) _

ow

. —jew

—jee 0,
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(™ =)= EP (w,e) + o, FP (w,6) =0, n=2,N,

ME™ —1) =) ER) (w,e) + 7, FL (w,€) + 7,6 EP (w,€) = 0,

+(+y)ED () +

A oF,
_Kle_]gWF()(z)(W,S)+j8€ Oa(Wag)
W

N+1
+1 Y F (w,e)=0. (7)

n=2

Considering the system (7) in the limit by € — 0, we prove Theorem 2.

Theorem 2 In the context of Theorem 1, the following limit equality is
true:

.2
lim M exp :jw«/g(i(t) - ﬁj} =exp {ﬂ K, } ,
—0 (¢ 2

where

A
1 + X
Yok =My, +75)

K, =K

+ K

A Yoo
X|:(1/20‘+Y1)+Y1(7‘+H1+Y1)) +M’2(M1+Y1)Z—’2’+

M +v n=2 1,

A
+— (Vo + 1)+ 7 (A + K1))}-
2

Theorem 2 defines the asymptotic variance k,/c of the number of calls in
the orbit. Thus, we can conclude that asymptotic probability distribution of
the process i(¢) is Gaussian with mean /0 and variance k,/c.

Conclusions

We studied the number of calls in the orbit in Markovian retrial queue
with unreliable server and two-way communication. We have obtained the
steady-state characteristic function of this process. Asymptotic probability
distribution of the process is Gaussian with mean k;/c and variance k,/c. The
values of k; and «; are given in Theorem 1 and Theorem 2, respectively.
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Asymptotic waiting time analysis
of a M/M/1 retrial queueing system

Anatoly Nazarov, Maria Samorodova

Tomsk State University, Tomsk, Russia

The aim of our paper is to present the waiting time analysis of a M/M/1
retrial queueing system by the use of asymptotic analysis method under a
heavy load condition. The analysis was carried out using the distribution of
the number of returns of the tagged customer to the orbit, which was also
obtained.

Mathematical model

Let us consider a M/M/1 retrial queuing (RQ) system. The system input
receives a Poisson flow of requests which is given by a scalar intensity A. If
the server is idle, an incoming request occupies the server; the service of this
request starts immediately and the service time has exponential distribution
with parameter p . Served request leaves the system. If the server is busy, an

incoming request joins to the orbit and after a random delay, that has
exponential distribution with parameter o, each request generates a retrial
attempt in order to capture the server. If the server is idle at the moment of
the retrial, this request occupies the server for a random service time;
otherwise, it instantly returns to the orbit for a next random delay.

We assume the system being in stationary mode. Let’s define W — waiting
time of the tagged customer in the orbit as the length of the interval from the
moment the request arrives in the system till the start of the service. Let’s
denote by v the number of transitions of the tagged customer to the orbit.
Also we denote by r the probability that the server is busy at the moment the
customer arrives at the system. Obviously, v =0 with the probability (1-7),
that the customer finds the server idle at the moment of the arrival to the
system. In addition, we denote by v(¢) the number of returns of the tagged

customer to the orbit from the moment ¢ until the start of the service. Using
above notations:

v 0, with probability (1—r),
{1+ v(r), with probability .
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The characteristic function for /¥ can be written as follows

Gu)= E{e-f“W} =(1-r+ riE{e-’“W/v =1+ n}P{v(t) =n}=
n=0

© 1+n
=(1—r)+rz(L) P{v(t)=n}. (1)

n=0 -

The aim of our study is to find the asymptotic distribution of W the
waiting time of the tagged customer in the orbit. As can be seen from (1), for
that purpose it is enough to find the probability » and the probability
distribution P{v(t)=n} .

Kolmogorov’'s equations

Steady-state characteristic functions for v(f) can be written in the
following form:
G(u) = E{efuv(t)} = Z[GO @u)R () + G (i,u)R (l)] .
i=0
Let’s consider:

G (i,u,0) = E{e™ O [k(t) =k,i(t) =1},

where G, (i,u,t) — conditional characteristic functions for v(¢r), B.(i) —

stationary probability distribution of a markov chain {k(¢),i(¢)} that describes

the system state at time ¢ ; i(¢) is the number of customers in the orbit at time
t and k(¢) — the state of the server at time z.

k(t) = {

0, ifthe server is idle,
1, if'the server is busy.

Taking into account that the system is in a stationary mode, for G, (i,u)
we obtain the system of inverse Kolmogorov equations:

~(\+i6)G, (i,u) + LG, (i,u) + (i )6 G, (i - Lu) + 5 =0, )

—(\+ 1+ 6)G, (i, u) + G, (i,u) + MG, (i + Lu) + e 6G (i,u)=0.  (3)
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Asymptotic analysis of the number of returns
of the tagged customer to the orbit

A . o .
Denote p=—, e=1-p, making substitutions u=gegw, ie=x,

G, (i,u) = g, (x,w,e) and multiplying (2) by € we obtain:

—(ed + x0)g, (x,w,€) + erg, (x,w,€) +

+(x—¢)og(x—e,w,e)+ec=0,

~(A+u+o(l+e™))g (x,w,e) +
+ugo (x, w,e) + Ag (x +&,w,€)=0. “4)

Denote liné g, (x,w,e) = g, (x,w). Passing to the limit ¢ >0 in (4) we
£
obtain the following system for g, (x,w):

—-xog,(x,w) +xog,(x,w)=0,

(1 +0)g (x,w) + (u+06)go(x,w) =0. )
This  system consist of two equivalent equations and
8o (x,w) = g (x, w) = g(x,w).
Let us write the solution g, (x,w,€) of the system (4) in the form of a
decomposition:
g, (x.w,) = g(x,w) + 8, (x,w) + 0(e) . ©)
and rewrite (4) as follows
—(eh + x0) g, (x, w,€) + (eX + x5) g, (x, w,€) —
. O[xog, (x,w,€)] N

=0(?),
. ec=0(g")

_(l’l’ + G)gl (xv W98) + l«lgo(x, W,S) +
1g a[7\‘gl (X, W’S)] + ejsw
Ox

Substituting decomposition (6) in (7) and after performing some actions
on the equations of the system, adding the equations in the system (7) and
passing to the limit € — 0 we get the following system:

og,(x,w,e) = 0(*). (7)
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x[fl(x’w)_fo(%W)]=g(x,w)+x@_1’
x

ag(x,w) o
Ox 1)

[ﬁ(x,w)—fo(x,w)]=jw§g(x,w)+ fitx,w),

(x—ﬁj[fl(x,W)—fo(x,W)]:(1—jW)g(x,w)+[x_E)M_l.
: c Ox

Eliminating f,(x,w), f,(x,w) from this system, we obtain the equation
for the function g(x,w), solving which we find:

el

c
g (-xa W) =—%X0 ) (8)
- _ ]W
XC
where g(x,w) is the conditional characteristic function of the asymptotic
normalized number of returns of the tagged customer to the orbit under
condition that the asymptotic number of customers in the orbit takes the
value x. As shown in [4], y(x) the asymptotic probability density of the
number of customers in the orbit is the density of the gamma distribution
u+oc
c
Let's pass from the conditional characteristic function g(x,w) to the

with parameters = and a=1.

characteristic function g(w):

+00

gw)= [ glx,wyy(x)dx.
0

It is easy to show that the inverse Fourier transform has the form of the
probability distribution density of the limiting value of v(¢):

f(z)= Tv(x)iexp {—iz}dx . ©)
0 pee) X0

Asymptotic distribution of the waiting time in the orbit

Using the found distribution density (9), let’s get an approximation of the
discrete probability distribution of the number of returns of the tagged

108



customer to the orbit:

" -1
Pl(n)=f((1—P)n)‘(Zf((l—p)f’ﬂ)] :

m=0

Substituting above distribution into (1), we obtain:

Gu)=E{e | =(1-r)+ riE{ej”W/v =1+n[P{v(t)=n}=
n=0

0 G 1+n
=(1-7r) +r§(HJ B(n).

Thus, we have found the limiting characteristic function of the waiting
time of the customer in the RQ system M/M/1 under a heavy load condition.
Applying the inverse Fourier transform of the obtained G(u), we find the
asymptotic distribution of the waiting time of the customer in the orbit.

Conclusions

In this paper was presented an analisys of the waiting time and the
number of returns of a M/M/1 retrial queueing system. The research was
conducted using asymptotic analysis method under a heavy load condition.
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Simulation analysis in cognitive radio networks
with unreliability and abandonment’

Hamza Nemouchi, Mohamed Hedi Zaghouani, Janos Sztrik

The University of Debrecen, Doctoral School of Informatics, Faculty of Informatics,
Debrecen, Hungary

The current paper presents a Cognitive Radio Network with impatient
customers and unreliable servers by the help of a finite-source retrial queueing
system. Our queuing system consists of two not independent, interconnected
sub-systems. The first part is allocated to primary requests, with N, the number
of sources. These sources will be responsible for generating a high priority
requests with an inter-request and service times exponentially distributed,
using parameters A; and W, respectively. All the produced requests are directed
to a single server unit (PCS) with a FIFO queue.

The second subsystem is devoted to the low-priority requests with
number of sources denoted by N,, the inter-arrival times and service times in
this subsystem are assumed to be exponentially distributed as well, with
parameter A, and L, respectively. Based on the state of both server (idle or
busy), the generated primary packet goes to the primary server (if the server
is idle) or joins the FIFO queue (if it is busy with a PU). However, if an
unlicensed user occupies the PCS, its service is instantly stopped, and will be
sent back to the Secondary unit.

Depending on the secondary unit's availability, the aborted task is
addressed either to the server or the retrial queue from which reties to get
served from the beginning after an exponentially distributed time with
parameter v.

On the other hand, requests from SUs are directed to SCS. If it is idle, the
service begins. If not, this unlicensed task will sens the PCS. In case of an
idle status for PCS, this service may opportunistically join the high priority
channel. If the PCS is engaged, the request goes to orbit. More details can be
found in [1-3].

It should be noted that Secondary Users in orbit are obliged to leave the
system once their total waiting time exceeds a random abandonment time

* The research work of Janos Sztrik is supported by the EFOP-3.6.1-16-2016-00022 proj-
ect. The project is co-financed by the European Union and the European Social Fund.
Mohamed Hedi Zaghouani is supported by the Stipendium Hungaricum Scholarship.
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generally distributed (Hyper, Hypo, Gamma, Lognormal and Pareto) using t
as a parameter. A random breakdowns and repairs will occur on the
secondary server using the mentioned-above distributions with parameters v,
and o, respectively.

Several studies have examined the Abandonment and/or Unreliability on
the basis of different scenarios and systems.

At [6] as an example, the authors have presented a retrial queueing
system with a single server which is subject to random breakdowns and
assuming that collisions may occur when a customer arrives at a busy server
which forces both jobs to join the orbit.

However, to get closer to real-life situations and involving more servers
to the system, the authors of [7] examined the abandonment concept on a
Cognitive Radio Network by setting a constant value for the maximum
waiting time (abandonment time) of secondary users. In an extended work
[8], the same authors of the above-mentioned paper assumed that the
abandonment time is random, using various distributions to investigate their
influence on the main performance measures of such a system.

Other probes analysed the abandonment in other types of networks and
showed that customers can leave systems from queues, server units while
receiving services and while waiting; more details are given in [4, 5].
However, in the current paper, we assume that impatient users (secondary)
are forced to leave the system only from the orbit while waiting.

Unreliability of servers was investigated in [9, 10], without taking in
consideration that customers have the opportunity to leave the system.

Several figures will show the effects of the abondenment and unlicensed
server unreliabilty on the performance measures of the system using
simulation.

Simulation examples

The batch mean value method was used in the simulation to estimate the
average response times of the requests. This method is a common confidence
interval technique used for the analysis of the steady-state simulation output.
See for more details [1-3].

We have treated several scenarios in order to investigate the possible
effect of the maximum waiting time of secondary customers (impatience) on
the average and variance estimations of the performance measures when it is
exponentially distributed, furthermore, the impact of the distribution of the
involved random variables (impatience time) when it is generally distributed
in case their squared coefficient of variation is less and greater than one.
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These investigations are dealt when primary server is reliable and secondary
one is non-reliable (Scenario 1) and when both servers are non-reliable
(Scenario 2).

Due to of the limitation of pages, in this short paper we present two
figures from scenario 1 that illustrate the impact of general distribution while

their C f >1 on the average arbitrary time of secondary customers.

Table 1
Numerical values of model parameters
Fig No. N; N, s\ A 101 |19) v T Y2 02
Fig. 1 100 | 100 1.5 | x-axis 1 1 0.1 ]10.002| 0.1 0.1
Fig. 2 100 | 100 |x-axis| 1.5 1 1 0.1 10.002| 0.1 0.1
Table 2
Numerical values of distributions parameters, C ,ZC >1
Distribution Hyper Gamma Lognormal Pareto
Mean 500 500 500 500
Variance 640000 640000 640000 640000
Parameters P=0.078 a=0.9756 6 =0.8399 o=1.4055
Y1, 0, =0.078 B =0.048 m=0.3527 k=5.7708
Y2, 62 =0.09219

Table 1 shows the value of input parameters for the simulation program,
while Table 2 defines the numerical values of the parameters for the
distributions illustrated in Fig. 1 and Fig. 2. They have the same mean and
variance knowing that the squared coefficient of variation is greater than one.

Let us put some comments on the obtained results. The average sojourn
time of different types of customers depending on the arrival intensity is shown
in Fig. 1, which illustrates how the mean response time of an arbitrary
customer. This mean value can be determined using the law of total
expectation. Differences can be observed, the results clearly illustrate the effect
of different distributions. Highest values have experience with Pareto
distribution in this case. Despite the increasing arrival intensity, the maximum
characteristic of the maximum value of the mean value can be shown.

Figure 2 illustrates the effect of different distributions on the mean
response time of secondary arbitrary customers in the function of the primary
generation rate A;. The mean sojourn time of arbitrary users depends on the
average of impatience, probability of abandonment, and success. Despite the
highest value of the mean that is obtained when the secondary waiting time is
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Pareto distributed, it is clearly seen that when the primary arrival rate is very
small (very large inter-arrival time, A; less than 0.4), the distributions have a
different impact where we obtain the highest value of the mean when the
secondary waiting time is hyper-exponentially distributed. Our Explanation
for both figures is the following when the squared coefficient of variation is
greater than one, the lognormal distribution gives big values where the
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gamma distribution gives small values comparing to Pareto and hyper-
exponential. So in the case of gamma distribution customers leave the system
more often and stay in the system in the case of the lognormal distribution.
Furthermore, when A, is less than one, Fig. 2 shows the characteristic of
cognitive technology as more secondary customers access the licensed
channel and getting served rather than leave the system.

Conclusions

In this short paper a finite-source retrial queueing system is used to model
a cognitive radio network with non-reliable servers and impatient customers.
The results obtained have demonstrated the importance of the distribution of
the maximum waiting time of a customer (impatient) as it has a big impact
on the system performance measures of a such complex system, although the
mean and variance of the distributions are the same depending on their
squared coefficient of variation.

REFERENCES

1. Akyildiz LF., Lee W.Y., Vuran M.C., Mohanty S. Next generation/dynamic spectrum
access/cognitive radio wireless networks / A survey, Computer networks 50.13.
2006. P. 2127-2159.

2. Almasi B., Bérczes T., Kuki A., Sztrik J., Wang J. Performance modeling of finite-
source cognitive radio networks // Acta Cybernetica 22.3. 2016. P. 617-631.

3. Gunawardena S., Zhuang W. Modeling and Analysis of Voice and Data in Cognitive
Radio Networks. Springer, 2014.

4. He Q.M., Zhang H., Ye Q. An M/PH/K queue with constant impatient time //
Mathematical Methods of Operations Research 87.1. 2018. P. 139-168.

5. Ibrahim R. Managing queueing systems where capacity is random and customers are
impatient // Production and Operations Management 27.2. 2018. P. 234-250.

6. Kuki A., Bérczes T., Téth A., Sztrik J. Numerical analysis of finite source Markov
retrial system with non-reliable server, collision, and impatient customers // Annales
Mathematicae et Informaticae. Liceum University Press, 2020. V. 51. P. 53—-63.

7. Zaghouani M.H., Sztrik J. Performance evaluation of finite-source cognitive radio
networks with impatient customers // Annales Mathematicae et Informaticae. Liceum
University Press, 2020. V. 51. P. 89-99.

8. Zaghouani M.H., Sztrik J. Performance simulation of finite-source cognitive radio
networks with impatient calls in the orbit // ISSPSM. 2020.

9. Sztik J., Zaghouani M .H., Uka A. Reliability analysis of cognitive radio networks //
18th International Conference named after A.F. Terpugov, Information Technologies
and Mathematical Modelling, ITMM-2019, Saratov, Russia, 2019.

10. Nemouchi H., Zaghouani M.H., Sztrik J. The impact of servers reliability on the
characteristics of cognitive radio systems // The 1st Conference on Information
Technology and Data Science CITDS-2020.

114



On a MMAP/(PH,PH)/1/(0,N) queueing-inventory system
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Inventory models with positive service time (queueing inventory model)
were introduced by Sigman and Simchi-Levi in [1]. A survey of inventory
with positive service time is given by Krishnamoorty et al. in [2]. A multi-
server queueing system with two types of customers and an infinite buffer is
investigated by Dudin et al. in [3]. The arrival flow of customers in [3] is
described by a marked Markovian arrival process. A MAP/PH/1 queueing
model in which the server is subject to taking vacations is given by
C. Sreenivasan et al. in [4]. A classical queueing model with two servers in
which the inter arrival times follow Markovian arrival process, the service
times are phase type distributed is studied by Ayyappan G. and Gowthami R.
in [5]. A single server retrial queueing model with two types of customers
with service time distribution following phase type is studied by
Krishnamoorty et al. in [6].

The modern day retail business is driven by multiple platforms, which are
either offline or online. Long gone are the days where customers had to be
physically present for shopping. Sometimes customers give orders online
through various virtual platforms and on a few ocassions go out for
shopping. The sellers move into all the possibilities of customer interaction
so that the sales are always boosted. This requires algorithms which could
determine the stock pile required by the sellers well in advance, so that the
customer demands are met without delay or failure.

This model is motivated by two types of demands that arrive at shops:
one is physically arriving customers and the other is online customers. The
physically present customers are attended by the system on a FIFO basis.
Online customer demands are attended only when the accumulated number
of such demands reaches a threshhold N or a random clock realizes
whichever occurs first.

The model description and mathematical formulation of the model
is done. Several Performance Measures are obtained at steady state.
A numerical illustration is provided.
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Model description

Our model includes one product, which is been sold through two different
platforms — a physical shop and an online platform. We consider a single
server queueing inventory system with two types of customers, namely
physical customers (type-I) and online customers (type-1I). We assume that
type-I and type-II customers arrive according to a stationary Marked
Markovian Arrival ProcesstMMAP) having m phases. Let (D,,D,,D,)

denote the matrix representation of the MMAP guiding the arrival process.
We also assume that the service time is positive. Type-I customers can form
an infinite queue, while type-1I customer joins a finite buffer of size N.
Type-Il customers are served in batches with maximum batch size N.
A clock is also set, which starts ticking with the first arrival of type-II
customer in every cycle. An (s,S) inventory policy is used. It is assumed that
N is less than s. Service of a customer requires an inventory item. Each
customer (both type-I and type-II) demands one unit of item, having a
random duration of service time. Service time distribution of both type-I and
type-Il customers are assumed to be of phase type with irreducible
representations PH(a ,7) with m, phases and PH(P,U) with m, phases

respectively. The vectors 7, and U, are given by T, =—Te and U, =-Ue.
Lead time is assumed to be exponential with parameter y . If the server is

idle and at least one item is available in the inventory, type-I customer enters
into the service, provided there is at least one type-I customer in the system.
A clock is set for type-Il customers. Let 6 be the rate of realization
(parameter) of the exponental clock. The clock starts at the arrival of the first
type-1I customer. The type-II customers are served only when number of
type-1I customers reaches N or the clock time expires, whichever occurs first.
They are served in bulk, provided two or more type-II customers have joined
before the expiry/realization of the clock.

When the service of type-I begins, the inventory level drops by one unit.
But when the service of type-1I begins, the inventory level drops by n,,
where 7, is the number of type-II customers present at that time. When the
clock expires or when number of type-II customers reaches N, the service of
all these type-II customers is provided in a batch, provided the server was
idle at that time and required inventory is available. On the other hand, if the
server is busy at that time, type-II customers are served immediately on
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completion of service of the current type-I customer. No type II customer is
allowed to join the system once the clock expires/N type II are in the system.

Mathematical formulation
Let
o N,(#) be the number of type-I customers in the queue at time ¢
e N,(t) be the number of type-1I customers in the finite buffer at time ¢

¢ B(?) be the server status at time #;

o C(?) be the clock status at time ¢;

e /() be the number of items in the inventory at time ¢
¢ J (¢) be the phase of the service process at time

o A(f) be the phase of the arrival process at time ¢.
Then

(N1 (1), N (1), B(2),C(1),1 (1), (1), A(2))¢ > O}

is a continuous time Markov chain on the state space to be described below.
This model can be considered as a Level Independent Quasi-Birth-Death
(LIQBD) process and a solution is obtained by Matrix Analytic Method. We
define the state space of the QBD under consideration and analyze the
structure of its infinitesimal generator.

The state space

Q=0,uO,u,uQ,uUQ,,
where
Q, ={(0,0,0,0,i,0",a)/0<i<S;a=12,..,m};

Q, ={(n,,0,0,0,0,0",a)(n;,n,,0,1,0,0",a)/n, >1;1<n, <N-1; a=1,2,...,m} ;
Q, ={(n,,n,,0,0,i,0",a)/n, 20;,1<n, <N;0<i<n,—l;a=1,2,.,m};

Q, ={(n,n,,Lc,i,j,a)/m 20;0<n, <N;c=0,1;0<i<S;
j=L2,..m;a=12,.m};

Q; =1{(n,,n,,2,1,4, j,a) v (n,0,2,0,i, j,a) v (n,N,2,0,i, j,a)/ n = 0;
0<n,<N-1,0<i<§;j=12,...,my;a=12,.,mj,

0" represents the phase of an idle server.
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The infinitesimal generator Q of the LIQBD describing the above single
server queueing inventory system is of the form

BOO BOI 0

By 4 4 O

0 4, 4 4

0 0 4, 4 4 ’

where By, Boi, Bio, Ao, A1, A> are all square matrices of appropriate order
whose entries are block matrices.

Performance measures
1. Expected number of type-I customers in the system
E[N,]=) ixe.
i=0
2. Expected number of type-II customers in the system
o N
N,]= Zijije .
i=0 j=1
3. Expected number of items in the inventory
o N 2 1 §
VAEDIDIDINIP I
i=0 j=0k=01=0 r=0

4. Expected number of customers waiting in the system due to lack of
inventory

© N-1 w N j-I
EW] = Z Z Xjjo10€ + ZzzjxijOOre .
i=0 j=0 i=0 j=1r=0

5. Probability, that the server is idle:

o N
b, =Zinj0e.

i=0 j=0
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6. Probability, that the server is busy with type-I customer:

o N
b = z Z X;j1€ -
i=0 j=0
7. Probability, that the server is busy with type-II customer:
o N

b, = Zmee.

i=0 j=0

8. Probability, that the clock is on:

o N 2
G =ZZZXume-

i=0 j=1k=0

9. Expected rate at which replenishment of inventory occurs

w N 2 1 s
Ep =222 2.2 Mire
i=0 j=0 k=0 /=0 r=0
10. Probability, that the type-II customer is blocked from entering the
service:
N-1 s}

2
z ZXijkoe + ZXiNe .

j=1 k=1 i=0

Py = Z
i=0

Numerical Examples

In the following example, we illustrate the effect of the parameter 6 on
the expected number of type-I and type-II customers in the system and also
the effect on idle probability. We consider a MMAP in which the arrivals
of the type-I and type-II customers are described by matrices (D,,D;,D,) .
We keep all variables except 0 fixed. As the rate of the exponential clock
0 increases, expected number of type-I customers in the system increases
while the expected number of type-II customer in the system decreases.
As 0 increases, idle probability decreases. This is because as 6 increases,
more type-I1l customers get service and so expected number of type-I
customers in the system increases and expected number of type-II
customers decreases.
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Effect of 6 on expected number of customers
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Conclusions

In this paper we considered a single server queueing inventory model
with two types of customers. Service to both types of customers is provided
by a single server. Various perfomance measures are evaluated at steady state
condtions. We plan to analyse the problem for cost effectiveness.
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In this paper we consider queueing system in which both arrival and
service time distributions are of Phase type with the important additional
assumption that service time distribution is dependent on arrival time
distribution.

In paper [4] a numerical investigation of a PH/PH/1 inventory system is
considered .The paper [2] is a study on MAP/(PH/PH)/1 queue with self-
generation of priorities and non-preemptive service.

Here we provide a brief description of the idea of interdependence among
random processes, evolving continuously in time, as introduced by
Krishnamoorthy through a series of webinars (SMARTY (Karelian Republic)
August 2020; DCCN (Trapeznikov Institute of Control Sciences, Moscow)
September 2020; Professor C.R.Rao Birth Centenary Talk (Sree
Venkateswara University, Tirupati), September 2020 and a few others).

Consider two phase type processes (o,7)of order n and (j3,S)
of order m (say typel and type2 arrivals). We also consider two sets of
probabilities p,,p,,....p, and ¢;,q,,.....q,, . Consider the Markov chain

X(@)={(@,)j):1<i<m1< j<mj. The following transitions are considered:
L P[X(t+A0) = (i, /) X(¢) = (i,k)] = p;sAt + O(Ab),
1<i<n,j#k,without Typel or Type 2 arrivals.

2. P[X(¢t+A0) = (1, /) X(t)=(i,k)] = q;t; At + O(Av),
1< j<m,i#1,without Typel or Type 2 arrivals.

3. P[X(t+A)=(1, )/ X(t)=(i,k)] = piskOAtBj + O(Av),
1<i<nl1< j,k<m,withaType 2 arrival.

4. P[X(t+A0)=(i,))/ X ()= (i,k)]= qjtiOAta[ + O(Av),
1<j<m,1<i,/<n,witha Typel arrival.

The interdependent process will have representation

(a®B,T®J +,®S),
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where J_ and J, are diagonal matrices of the probabilities (p,, p,,....., p,)

and (¢;,9,,---q,,) -

Mathematical model

The system is described as under. Customers arrive to a single server
counter according to a phase type distribution with representation (7,3) of
order n. Service time duration also follows a phase type distribution with
representation (S,a) of order m. Unlike in the usual PH/PH/1 queue, where
the inter arrival time distribution and service time distribution, are
independent here we make the important assumption that service time
distribution depends on inter arrival time distribution. The above assumption
is motivated by the following present day scenario. In the early stages of the
covid19 outbreak, the health care system in our country took atmost care in
the treatment of the patients; they were kept in isolation and were sent home
only after several tests. But as the number of cases increased the system had
to accommodate more and more patients and so the way of treatment was
changed. Here the treatment given (service) depends on the number of
patients (arrival)

At time ¢ let N(¢) be the number of customers in the system including the
one being served, S;(¢) be phase of arrival and S,(¢) be the phase of service.

Then Q={X(¢):120}={(N(?),S,(),S,(t)),t 20} is a Markov chain
E={(0,k):1<k<n}U{(i,k,]):i21,1<k<n1<I<m}. The state space
of the Markov chain can be partitioned into levels i defined as
6:{(0,1),(0,2),...,(0,11)} and 7 ={(i,1,1),(;,1,2),...,(i,1,m), (1,2,1),(i,2,2),...,
@i,2,m),...,(i,n,1),(i,n,2),....,(i,n,m)} for i>1. Let (p1,ps...,pn) be a
probability vector. In the sequel J, stands for a diagonal matrix of order »
with the diagonal entries py, p»,..., pn; I, denotes an identity matrix of order n
and e denotes a column matrix of 1’s of appropriate order.

Now the infinitesimal generator matrix of the process is

B, B, 0 0 0 0]
B, 4 4, 0 0
0 4, 4 4, 0
0 0 4 4 4

[\S)
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where By=T;B,=T"®B®a;B,=J,QS"
and 4 =TQ®I ®+J, ®S;4,=T"®B®I,:4,=J,85 ®a.

Stability condition
Let & be the stationary probability vector of 4, where
A=A4)+ A4 +4,=T" BB +T®I +J,®5+J,85 ®a=
=(T+7" ®B)®I,+J,®(S+5 ®@a).
Then the system is stable, if and only if, n4,e < nd,e.

Computation of steady state vector

The stationary probability vector z of T is of the form (zo,zl,le,le2 yeet)s
where R is the minimal solution of the matrix quadratic equation
RZA2 +RA, +4,=0. The stationary probability vector is obtained by
solving the equations

zyBy + 2,8, =0,

zyB, + 2,4, + z;RA4, =0,

Z, +ZI(I—R)_1€=1.
Hence z; can be determined upto a multiplicative constant by the equation
z,[B,e®B®a+ 4, + R4, |=0.

Some Performance measures

The performance measures of interest are:

1. The probability that there are n of customers in the system, P, = z,e.

2. Expected number of customers in the system, E(C) = X nP,,.
Numerical lllustration

As an example, we take

9 s -7 1 2
T:[3 4}[3:(0.4,0.6),5: 2 —11 2 |,
B 2 2 -10

0=(0.2,0.3,0.5) and p =(0.4,0.6).
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We have the following results:

1. Probability, that there are no customers in the system, Py = 0.3459.

2. Expected number of customers in the system, E(C) = 2.0102.

3. Probability, that the number of customers in the system is less than
10 =10.99.

Thus with these arrival and service rates, we are 99% sure that the
number of customers in the system will be less than 10. In a health care
system under a pandemic, if the capacity of the system is C, if the
requirement rises above C, the system collapses. So using this model we can
find the probability of such a collapse and can adjust the service rate by
altering the vector p and can to an extend help the system to sustain.

Conclusions

In our future work we intend to fit a PH/PH/1 distribution with service
dependent on arrival for some available health care data and estimate the
parameters involved in such a manner that P [number of patients in the
system > c] is less than a pre assigned number. We also intend to calculate
several other performance measures which will help to understand the system
in more detail.
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In this work we consider the extension of the following system with two-
priority classes of customers and several identical servers. The first priority
customers are lost if find all servers busy, while the second priority
customers form an infinite capacity queue if find all servers busy. All classes
of customers follow Poisson input and have general independent identically
distributed (iid) service times. The service discipline for class-2 customers is
assumed to be FCFS (first-come-first-served). Such a modified Erlang loss
system is motivated and studied in the paper [1] in which in particular the
stability criterion (1) of this system is obtained.

A new feature of this system considering in this work is that a multi-type
server assignment for the priority customers is assumed. Each server can serve
only a limited set of subclasses of class-1 customers and different subclasses of
customers can have different arrival rates. At the same time, class-2 customers
belong to only one type and can be served by any server. In previous work [2]
we show that this system has the same stability condition (1) provided identical
service rates for all servers. In present work we proof this condition under
assumption of Poisson inputs and server-dependent service rates for the sets of
priority subclasses. The present model is much more general than that has been
considered in the paper [1]. Namely, in the present model each server can serve
a limited set of class-1 customers and service rates are class- and server-
dependent, while in the model from [1] all servers are homogeneous and
service rate of class-1 customers is constant.

This system can be applied in wireless networks, where secondary users
(un-licensed users) can cognitively use the bandwidths that are originally
allocated to primary users (licensed users). Secondary users should use the
bandwidths in such a way that does not interfere primary users [4].

" The research is supported by Russian Foundation for Basic Research, projects 18-07-
00147, 18-07-00156 and 19-07-00303.
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Description of the model

We consider the extension of the following system with two-priority
classes of customers and J identical servers. The first priority customers
(class-1) are lost if find all servers busy, while the second priority customers
(class-2) form an infinite capacity queue if find all servers busy. Customers
of class-i follow Poisson input with rate A”’. Also we assume that class-i
customers have independent identically distributed (iid) service times {Sn(l)}
with generic element S”. The service discipline for class-2 customers is
assumed to be FCFS (first-come-first-served). A new feature of this system
considering in this work is that a multi-type server assignment for the priority
customers is assumed. Each server can serve only a limited set of subclasses
of class-1 customers and different subclasses of customers can have different
arrival rates. We assume Poisson inputs and server-dependent service rates
for the sets of priority subclasses. At the same time, class-2 customers belong
to only one type and can be served by any server. In Fig.1 we present the
scheme of this extended system.

11 — (I

Fig. 1. Extended system

Stability analysis

Denote by p, = APES® the traffic intensity of class-2 customers and let P;
be the stationary probability that i servers are occupied by class-1 customers.
Because the processes related to class-1 customers are positive recurrent and
the inputs are Poisson, these stationary probabilities exist [5]. It is assumed
that the first customer arrives in an empty system at instant ¢; = 0, and if the
system is empty at this instant, we call it initially empty system. We note that
in this case, the instant 7 = 0 is a regeneration point and then 7} =, T that is
the first regeneration period is stochastically equivalent to generic period.
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In this case positive recurrence means that ET < oo. In this section we partly
present the proof of the following statement.
Theorem 1. If condition

J
py+ D iP < J, (1

i=1
holds then ET < oo, that is initially empty system is positive recurrent.
Proof. In the interval of time [0, £), denote: \71 (¢) the total time which need

to serve class-1 customers accepted by the system (that is \71 (¢) does not

include the lost work); V() the received work of class-2 customers; B(?) the
aggregated busy time of the servers which equals departed work in [0, 7).

J

Also denote I(t)= le. (¢), where I(z) is the idle time of server i in [0, ¢].
i=1

Obviously the following balance equations hold:

\71 ) +V,(t) =W, (t) + W, () +B(t) =W(t) +Jt-1(1). ?2)
One can show that it implies
lim EVO _ o ENO | ERO 3)
t—>o  f t—>o  f t—>o  f

where all limits exist.

We denote Q;(f) the number of busy servers by class-1 customers at
instantt, and note that the weak limit Q,(f)= Q) exists, since the input is
Poisson. Now we show that the following equality holds:

EV (z)

t—)oo

=EQ = ZI (4)

where Q) is the stationary number of servers occupied by class-1 customers.
It is easy to see that

A rJ
Vi(0) = [ Y710 @) = Ddu+W, (1), (5)

0 i=l

where integral means the completed work or the total spent time for service
class-1 customers in interval [0, ).

Now we define the completed work of class-1 customers for our extended
system. We can split indicators into 2’—1 non intersection indicators of
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servers subsets:

J
Q@) =)= Zil ({only the i-th server is busy at instant ¢}),

i=1
only the i-th and the j-th servers
om=2- Y a o 7

are busy at instant ¢}),

(6)

i,je{l,...,J},#/

1(Q,(t)=J) =1 ({all servers are busy at instant ¢}).

The following limit exists because, all processes related to class-1 customers
are positive recurrent regenerative:

1 1 (t)

t—0

t g
j DM (w)=i)du =
0 =1

Zz lim ~ f 10, (u) = i)du Z;P (7)

The key observation is that the stationary probability that i servers are
occupied by class-1 customers is also the limiting fraction of the
corresponding busy time:

P, = lim - j (0, (u) = i)du . ®)

Also we can replace P; by the following:

P = z ({Jyoees Jyi}) forall ke{l,..J}, 9)
Jisdyg €l }
where 7(S) is the stationary probabilities that servers S are not busy by
class-1 customers that introduced in [3].
From (3) — (7) one can obtain the inequality,

lim M_ 2+Z;P J> 0, (10)

t—©

or p2+ZiPl.2 J. (11)

This contradicts with assumption (1) and implies that
0, (t) #> . (12)
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One can show that this implies positive recurrence. Also we can conclude
thatthe following statement holds.

Theorem 2. The initially empty system under consideration is positive
recurrent if and only if condition (1) holds.

Remark 1. Following [6] one can prove that, provided condition (1), the
first regeneration period length 7)< oo w.p.l under arbitrary fixed values
W(0) and Q(0).

J
Remark 2. Note that A=J — z i P, is the mean stationary number of servers
i=1
available for class-2 customers. Then condition (1) can be rewritten as
p, < A

This condition has the following intuitive probabilistic interpretation: the
traffic intensity of class-2 customers must be less than the mean number of
available servers A.

Conclusions

We consider a modified Erlang loss system with two-priority classes of
customers and multi-class and multi-server first priority customers. We prove
the stability condition of this system with different service rates. In a future
work it is assumed to obtain numerical results related to special cases of this
system based on the proved theoretical results.
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The first study on queueing inventory systems is due to (Melikov and
Molchano 1992) and (Sigman and Simchi-Levi 1992). Later inventory
systems where a processing time is required for serving the inventory was
done by Berman and et al. [1]. This was a deterministic model. Berman and
Kim [2] and Berman and Sapna [3] were the first to discuss inventory with
exponential distribution and with arbitrary distribution respectively.
Krishnamoorthy and his co-authors used Matrix Analytic Methods to study a
inventory models [4—12], where service time for providing the inventoried
item is assumed.

Padmavathi I. et al. [14] studied a finite source (s,S) inventory system
with postponed demands and server vacation. Krishnamoorthy and Islam
[15] considered an (s,S) inventory system with postponed demands in which
arrival follows a Poisson distribution and lead time exponential distribution.
Sivakumar and Arivarignam [16] studied a perishable inventory system with
postponed demands in which the demands that occur during the stock out
period eter a pool with independent Bernoulli trial.

Mathematical model

The system under consideration is described as follows. Customers arrive
to a queueing system which has only one server according to a Poisson
process of rate A where inventory is served. Inventory is replenished
according to (s,S) policy, the replenishment time being an exponential
random variable with parameter 5. We assume negligible service time for
this model. Customers, who join the queue when the inventory level drops to
zero form a queue and remains in the system until inventory replenishment,
is realized.

Let N(¢) and S(¢) denote the number of customers in the system and the
inventory level respectively at time ¢. Then

Q={X(t):t>0} = {(N®),S()):¢> 0}
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is a Markov chain with state space
E={0,k):0<k<S}U{#0):i21}.

The state space of the Markov chain can be partitioned into levels i defined
as  0=1{(0,0),(0,1),...,(0,8)} and ={((i-DO+1,0),((i-1QO+2,0),..,
((G(-DO+0Q,0)};i=>1. Thus the Markov chain under study is a level
independent Quasi Birth Death (QBD) process. Here, S—s =0, I, denotes

an identity matrix of order n and e denotes a column vector of 1’s of
appropriate order. The infinitesimal generator matrix of the process Q is

B, B, 0 0 .
B, 4 4 0 0 .
o 0 4, 4 4 0 0
0 0 4, 4 4 O
Here B, = [bl.j :'(S+1)><(S+1) , Where

—(A+9) j=0il<i<s+],

—A jELs+ILi<S+],
A Jj=i-L2<i<S+1,,
o J=0+51<i<s+]1,
0 s otherwise;

|: ] 7\, i=j= 1
(S+hxQ~’ ” 0.0therwzse,

~ 6 i+ j=051<i<Q,
B, _[bi/]gx(sm’ b‘f _{0 . otherwise;

) ) ri=0,j=1,
A, =0lg; 4y :[GUJQxQ’ @ = {Ozotherwise;

. (}\,+6):l.=j:
4= [“u}gxg’“v {k:j=i+l;1£i£Q—1.
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Analysis of the model

Define 4 =Ao+ 41+ 4, and let n=(m;,7y,...,my) be the steady state

vector of the generator matrix 4. Then n4 =0 gives the following equations:
A + Ay =0 ;-An,, + A, =0;1<i<Q-1. Hence m=m,=

The QBD process with generator matrix A is stable if and only if

nd e < nd,e (see Neuts) that is, if and only if, é< 1. Thus we have the

following theorem for the stability of the system under study.

Theorem: The Markov chain Q is stable if and only if % <1.

Computation of steady state vector

We find the steady state vector of Q explicitly. Let n=(xn,,m,,....,)
be the steady state vector where m, = (m,(0,0),7,(0,1),.....,m,(0,S)) and
7, =(m;(((—1)Q+1,0),7,(( -0 +2,0),...,n,(( —1)O+0,0));i =1, nH =0.
Since Qs a level independent QBD process its steady state vector is given
by m,, =mR;i>1 (see Neuts), where R is the minimal non negative
solution of the matrix quadratic equation R>4, + R4, + 4, =0 . Since all the
rows of 4 except the last are zeros so are that of R. Assume that

R 2[”;,-]Q i :{rj,i = Q,I.S j<0,
* 0, otherwise.
Now from the equations of R>4, +RA4 + A, =0 we easily see that

r; =1/ for every jir =1.

Then allof the equations reduces to A — (A +d)r + &9 =0.

Dividing by r—1 we get 8¢ +8r¢ ™ + ... +8r—A=0.

Letf(x)= ox2 +&x9 + ... +8x—A.

Since £(0) and (1) have opposite sign f{x) has a root » between 0 and 1.

HenceR:[ri,] r = r’,i=0,1<j<0 _
vHox0" Y 0, otherwise
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Now from m,,, =mR;i>1 we get =, =(rr,...r%m(0,0);
my =2, 22?9, (Q,0) and so on.

It remains to get m, and w, in terms of =, (Q,0)

0 (y)?
no<o,o>={<w)9 —ré[ﬂj}mg,m;

A 1=r(v)
. _0-i O-i
™, (i,0) = {(\u)Q’ — 2[11—(“’)}% (Q.051<i<0-1;
-r(vy)

70 (0.0 = (¥)7,(0.0) - 27, (0,0):

) i —i+ 5 1- i i
no(09i+1):(W)“o(oai)_x{(‘lf) -r¢ lz[%}nl(gﬁ)
1<i<s;

) i —i+ 51— i i
TcO(O,iJrl):nO(O,i)—X{(\u) —r¢ IX[%]}MQO),

s+1<i<Q0-1;

nO(O,Q+i+1):no(O,Q+i)—%rco(0,i); 0<i<s-—1.

Now m,(Q,0) is got from the condition e +(Z niJez =1 where ¢
i=1
and e, are column vector of one’s of appropriate order.

System performance measures

The expected waiting time of a general customer is given by

Y A2 © A
EW,) =[;gnkje=6—2[l_rg + 0 —er)z Jnl(Q,O)+6—2n0(O,0).

In a similar manner, we can find the second moment of the waiting time of
an customer as
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> 20 (1-r9)7 -1 2
£ =Y | L) 0.0+ 22, 0,0),
k=1 o r o
_k(k+1)
==
Other performance measures such as the expected number of customers
in the system, expected inventory level, expected replenishment rate,

probability that inventory level is zero and probability that inventory level is
greater than s are also calculated.

W) =2a(T7)e

Numerical illustration

Effect of s on various performance measures A=1,06 =2,85 =25

s E() E(N) [ PU=0) | ERR P(>s) | E(W) V(W)

5 | 13.52575 [ 0.02635 | 0.01318 | 0.1 0.9 0.00879 | 0.017503
6 | 14.0176 | 0.0185 | 0.00925 | 0.10526 | 0.89474 | 0.00617 | 0.012312
7 | 1451167 | 0.01303 | 0.00651 | 0.11111 | 0.88889 | 0.00435 | 0.008681
8 | 15.00717 | 0.00921 | 0.0046 | 0.11765 | 0.88235 | 0.00307 | 0.006141
9 | 15.50347 | 0.00653 | 0.00327 | 0.125 0.875 | 0.00218 | 0.004365
10 | 16.00004 | 0.00466 | 0.00233 | 0.13333 | 0.86667 | 0.00156 | 0.003118
11 | 16.49637 | 0.00335 | 0.00167 | 0.14286 | 0.85714 | 0.00112 | 0.002249

Effect of S on various performance measures A=1,0=2,5s=5

s | ED EN) | PU=0) | ERR | PU>s) | EW) vOv,)
11 | 637214 | 0.10702 | 0.05289 | 0.3333 | 0.66667 | 0.03984 | 0.090783
12 | 6.94287 | 0.08514 | 0.04226 | 0.28571 | 0.71429 | 0.03056 | 0.065576

13 | 7.4823 0.07122 | 0.03544 0.25 0.75 0.02494 | 0.051838
14 | 8.00485 | 0.06156 | 0.03069 | 0.22222 | 0.77778 | 0.0212 0.043301
15 | 851776 | 0.05444 | 0.02716 0.2 0.8 0.01854 | 0.037476

16 | 9.02499 | 0.04893 | 0.02443 | 0.18182 | 0.81818 | 0.01655 | 0.033236
17 | 9.5288 0.04452 | 0.02224 | 0.16667 | 0.83333 | 0.01498 | 0.029986

Effect of 6 on various performance measures A=1,5s=5,5 =11

E() EN) | PU=0) | ERR | PU>s) | E(W) V(W)
1 | 637214 [ 0.10702 | 0.05289 | 0.3333 | 0.6667 | 0.03984 | 0.090783
1.2 [ 6.76228 | 0.05091 | 0.03025 [ 0.3333 [ 0.72222 | 0.01717 | 0.030885
1.4 [ 7.02939 | 0.02659 | 0.01847 | 0.3333 | 0.7619 | 0.00825 | 0.012362
1.6 | 7.22392 | 0.0149 | 0.01185 | 0.3333 | 0.79167 | 0.0043 | 0.005552
1.8 | 7.37208 | 0.00882 | 0.00789 | 0.3333 | 0.81481 | 0.00238 | 0.002704
2 | 7.48883 [ 0.00545 | 0.00543 | 0.3333 [ 0.83333 | 0.00139 | 0.001408
2.2 | 7.58329 [ 0.00349 | 0.00383 | 0.3333 | 0.84848 | 0.00084 | 0.000779
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Conclusions

We studied a single server queueing model with negligible service time and

backlogs.We wish to extend this model to one with positive service time which
may have many practical applications.

10.

11.

12.

REFERENCES

. Berman O., Kim E., Shimshack D.G. Deterministic approximations for inventory

management at service facilities / IEEE Transactions. 1998. V. 25(5). P. 98-104.

. Berman O., Kim E. Stochastic models for inventory management at service facilities

// Communication in Statistics // Stochastic Models. 1999. V. 15. No. 4. P. 695-718.

. Berman O., Sapna K.P. Inventory management at service facilities for systems with

arbitrarily distributed service times / Communications in Statistics. Stochastic
Models. 2000. V. 16. No. 3-4. P. 343-360.

. Deepak T.G., Krishnamoorthy A., Viswanath C.N., Vineetha K. Inventory with

service time and transfer of customers and inventory // Annals of Operations
Research. 2008. V. 160. No. 1. P. 191-213.

. Krishnamoorthy A., Deepak T.G., Viswanath C.N, Vineetha K. Effective utilization of

idle time in an (s,S) inventory with positive service time // Journal of Applied
Mathematics and Stochastic Analysis (JAMSA). 2006. V. 2006. Article ID 69068.
DOI: 10.1155/JAMSA/2006/69068.

. Krishnamoorthy A., Islam M.E., Viswanath C.N. Retrial inventory with batch

Markovian arrival and positive service time // Stochastic Modelling and Applications.
2006. V. 9. No. 2. P. 38-53.

. Krishnamoorthy A., Jose K.P, Viswanath C.N. Numerical investigation of a PH/PH/1

inventory system with positive service time and shortage // Neural, Parallel &
Scientific Computations. 2008. V. 16. No. 4.

. Krishnamoorthy A., Sajeev S.N., Viswanath C.N. An inventory model with retrial and

orbital search // Bulletin of Kerala Mathematical Association. Guest Editor: S.R.S
Varadhan FRS. October 2009. Special Issue. P. 47-65.

. Krishnamoorthy A., Viswanath C.N., Deepak T.G., Vineetha K. Control policies for

inventory with service time; stochastic analysis and applications. 2006. V. 24. No. 4.
P. 889-899.

Krishnamoorthy A., Viswanath C.N., Islam M.E. On a production inventory with
service time and retrial of customers // Proceedings of the 11™ International
Conference on Analytical and Stochastic Modelling Techniques and Analysis
(ASMTA). Magdeburg, 2004. P. 238-247.

Krishnamoorthy A., Viswanath C.N., Islam M.E. Retrial production inventory with
MAP and service times // Queues, Flows, Systems, Networks. Proceedings of the
International Conference “Modern Mathematical Methods of Analysis and
Optimization of Tele-communication Networks”. Gomel, 2003. P.148—156.
Viswanath C.N., Deepak T.G., Krishnamoorthy A., Krishnakumar B. On an (s,S)
inventory system with service time vacation on the server an correlated lead time //
Quality Technology and Quantitative Management (QTQM). 2008. P. 129—-143. V. 5.
No. 2.

136



13.

15.

16.

Deepak T.G., Viswanath C.N., Joshua V.C. On an Inventory with positive service
time having optional processing time // Bulletin of Kerala Mathematics Association.
2007. V. 4. No. 2. P. 75-86

. Padmavathi A., Shophia Lawrence, Sivakumar B. A finite-source inventory system

with postponed demands and modified M vacation policy / OPSEARCH. V. 53(1).
2016. P. 41-62. DOI: 10.1007/s12597-015-0224-7.

Krishnamoorthy A., Islam M.E. (s,S) inventory system with postponed demands //
Stoch. Anal. Appl. 2004. V. 22(3). P. 827-842.

Sivakumar B., Arivarignan G. An inventory system with postponed demands // Stoch.
Anal. Appl. 2007. V. 26(1). P. 84-97.

137



Transient analysis of an inventory model
with instantaneous replenishment and catastrophes
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Below we present a review of the work on the studies of transient analysis
of queueing systems. In paper [1] a transient solution of an M/M/1 queue
with catastrophes is considered.In paper [2] atransient analysis of a single
server queue with catastrophes, failures and repairsis considered by the
authors. In paper [3] a closed form solution for a queueing network model
with catastrophes is obtained. We refer to paper [4] for a complete survey on
various inventory queueing models.

Mathematical model

The system is described as under. Customers arrive to a counter
according to a Poisson process of rate A, where inventory is served. Service
is exponentially distributed with rate p, but when it ends the whole customers
are emptied. Inventory is replenished according to (s,S) policy, replenishment
being instantaneous. Further no shortage is permitted.

At time ¢ let N(¢) be the number of customers in the system including the
one being served and L(#) be the inventory level.

Then Q={X(¢):120}={(N(),L(t)),t >0} will be a Markov chain with
state space E={(0,k):s<k<S—-1}U{(,k):i>1,s+1<k<S}. The state
space of the Markov chain can be partitioned into levels 7 defined
as 0={(0,5),(0,5 +1),....,(0,S 1)} and i ={(i,s+1),(i,5 +2),...,(i,S)} for
i >1. In the following sequel Q stands for S—s, /, denotes an identity matrix

of order n and e denotes a column matrix of 1’s of appropriate order. Now
the infinitesimal matrix of the process is

B, B, 0 0 0 0
, 4 4, 0 0 0
7|4 0 4 4, 0 0
A4, 0 0 4 4, O
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where By =—Aly;4, =ply; 4 =—(A+ W)y 4y =0y,

Transient solution
The Chapman — Kolmogorov equations are given by
7'(0,0)(¢) = —Am(0,i)(#) + (L, + (@) + n(2,i + 1)(2) +...],
s<i<S-1; D
T'(j,0)(@)=—(A+Wn(j,)@) +An(j - L)), j=2,s+1<i<S;
(L S)(#) =—-(A + (1, S)(#) + An(0,5)(¢);
n'(L,)(¢) = -+ (L i)(#) + An(0,i)(), s+1<i<S-1. 2)
Applying Laplace transform to (1) and (2) we obtain the following.
—A70(0,0)(a) + (L, i+ )(a) + 7(2,i + 1)(a) +...] = aft(0,i)(a), s+ 1 <i< S -1
—A7(0,5)(a) + [R5+ D)(a)+ 7(2,s + 1)(a) +...] = af(0,s)(a) - 1;
A(j,i)a)=(A+u+a)r(j+1Li)a), j=21, s+1<i<S;
AT(0,i)a)= (A +p+a)r(,i)a), j=1, s+1<i<S-1;
AT(0,5)(a) = (A +pn+a)r(,S)a),
where 7(/,i)(a) stands for the Laplace transform of m(,i)(¢).
By taking inverse Laplace transform we obtain the following.
(i +1, j)(0) = n(i, j)(0) *he PO i>] s4+1< <8,
(L, j)(t) = n(0, j) (1) ¥ ke MO s 4 1< j<S-1;
(L, S)(7) = (0, 5)() * he” PO

e e 0. 100 =700~

) [e =™ [+ m(0,5)(t) = n(0,5 —1)(1);

[e—kf - e‘”t] #1(0,i +1)(¢) = n(0,i)(#);s +1<i< S -2.

pL—A
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Finally =(0,s)(¢) is the inverse Laplace transform of
L+a x¢! i A+a)u+a)
ST i '

Here *stands for the convolution of two functions and we assume the initial
distribution is (1,0,0....,0).

Numerical Analysis

Even though we have obtained explicit expressions for the transient
probabilities we compute the above probabilities numerically for various
times. Also the following performance measures are evaluated numerically.

1. Expected number of customers in the system:

o S
EINDOI=2 X, jn(.i)().
j=li=s+1
2. Variance of number of customers in the system:
E[N(t)']-{EIN()].
3. Expected Inventory Level (EIL) in the system:
o S 5-1
E[L(O]=3 Y in(j,i)0) + X im(0,0)(0) -
J=li=s+1 i=s
4. Effective Flush out Rate:
o S
EFR =3 > pn(j,i)(1) .
J=li=s+1
5. Probability, that the system is empty:
o S
PIN@)=0]=1-3" > n(j,)1).
Jj=li=s+1

6. Probability, that the system is not empty:
s

PIN(@) > 0] = > > w(j,i)1).
Jj=1

j=1i=s+1
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Steady state analysis
Stability condition

Define A= Ay+A,+A, and let nz(nl,nz,....,nQ) be the steady state

vector of the generator matrix 4. The QBD process with generator matrix 7T
is stable, if and only if, the rate of drift to the left is larger than rate of drift to

the right; that is n4,e < nd,e (see Neuts) that is, if and only if, x <1.
n

Computation of steady state vector

We find the steady state vector of Q explicitly. Let ©=(m,,n,,....,) be
the steady state vector, where

7ty = (14(0,5), 7, (0,5 +1),.....,7,(0,5 —1))

and n, =(m,(i,s +1),w (0,5 +2),........ ,m(1,8)),i>1.
I =0=n,B) + mA4, + 4, +....=0;
B, +mA4 =0; m;A4)+m 4 =0i=1.
From the above equations we easily obtain
7,(0,5) =71y (0,5s +1) =..... =, (0,5 - 1)
and m s+ D) =m@{,s+2)=...=m;I,5)

forall i>1.

For solving the above system of equations we first consider a system
where units arrive according to a Poisson Process with rate A and where
service is exponentially distributed with rate p, but when it ends the whole
buffer is emptied. Let x = (x(0), x(1),...) be the steady state of this system.
Then

X(j)=pi=p)/, where p=— .

T
Now TEO(O,k)le(O), s<k<S§S-1
0
and ni(i,k):éx(i), s+1<kLS, i>1.
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Numerical lllustration

Variation of various performance measures with arrival rate

p=2,5s=2,85=8,r=1
A E[N(®)] VIN(?)] EIL P[N(®)]=0 P[N(®)]>0
3 1.295 2.2723 5.1353 0.404 0.596
4 1.7139 3.3825 5.3816 0.3347 0.6653
5 2.0981 4.5106 5.4983 0.2851 0.7149
6 2.4164 5.5319 5.5053 0.2468 0.7532
7 2.6434 6.3825 5.4051 0.2151 0.7849
8 2.7692 7.058 5.2043 0.1875 0.8125
p=2,s=2,8§=8,1r=5
A E[N(®)] VIN(%)] EIL P[N(®)]=0 P[N(#)]>0
3 1.386 3.1113 3.8756 0.3841 0.6159
4 1.6093 4.1062 3.8713 0.2918 0.7082
5 1.6169 4.7523 3.4414 0.2125 0.7875
6 1.4434 4.9308 2.7573 0.1468 0.8534
7 1.1662 4.587 2.0209 0.096 0.904
8 0.8646 3.8304 1.3758 0.0595 0.9405
p=2,s=2,8§=8,r=10
A E[N(®)] VIN(%)] EIL P[N(®)]=0 P[N(#)]>0
3 1.3027 3.0328 3.6708 0.361 0.639
4 1.3382 3.7773 3.1544 0.2427 0.7573
5 1.0988 3.7988 2.2496 0.1444 0.8556
6 0.7415 3.0534 1.3617 0.0754 0.9246
7 0.4211 1.9702 0.7145 0.0342 0.9653
8 0.2054 1.0453 0.3283 0.0141 0.9859
p=2,s=2,8§=8,r=15
A E[N(®)] VIN(%)] EIL P[N(®)]=0 P[N(#)]>0
3 1.2244 2.9464 3.4617 0.3395 0.6607
4 1.1128 3.3919 2.6062 0.2018 0.7982
5 0.7467 2.8444 1.5234 0.0981 0.9019
6 0.3809 1.7059 0.7022 0.0387 0.9613
7 0.1521 0.7524 0.2591 0.0125 0.9875
8 0.0488 0.2559 0.0779 0.0034 0.9966
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Variation of performance measure with service rate

A=2,5=2,85=8,1=1

p E[N(®)] VIN®)] EIL PINH]=0 PIN(®)]>0
3 0.6334 0.9437 6.0913 0.6027 0.3973
4 0.4908 0.704 3.6973 0.6675 0.3325
5 0.3973 0.5465 3.4208 0.7145 0.2855
6 0.3325 0.4403 3.2182 0.7501 0.2499
7 0.2855 0.366 3.0645 0.7778 0.2222
8 0.2499 0.3121 2.9442 0.8 0.2
A=2,5=2,5=8,t=5

u E[N@®)] VIN@)] EIL PIN®H]=0 PIN(@®)]>0
3 0.6665 1.1001 3.3558 0.5994 0.4006
4 0.4997 0.7482 3.2042 0.6665 0.3335
5 0.3999 0.5596 3.0482 0.7142 0.2858
6 0.3333 0.4443 29151 0.75 0.25

7 0.2857 0.3673 2.808 0.7778 0.2222
8 0.25 03125 2.7222 0.8 0.2

A=2,5=2,5=8,t=10

f E[N()] VING)] EIL PINO1=0 | PIN®I>0
3 0.6639 1.0991 3.3761 0.5985 0.4015
4 0.4995 0.748 3.174 0.6663 0.3337
5 0.3995 0.5596 3.0057 0.7142 0.2858
6 0.3333 0.4443 2.8771 0.75 0.25

7 0.2857 0.3673 2.7781 0.7778 0.2222
8 0.25 0.3125 2.6998 0.8 0.2

Conclusions

In this paper we could derive an explicit expression for the transient
probability vector of an inventory queueing model. We wish to extend this
paper by considering positive lead time as well which may have several
applications in real life situations.
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Simulation of retrial queueing system M/G/1
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In this paper, we consider a retrial queueing system of M/G/1 type with
an unreliable server, collisions, and impatient customers. The novelty of our
work is to carry out a sensitivity analysis applying different distributions of
service time of customers on significant performance measures for example
on the probability of abandonment, the mean waiting time of an arbitrary,
successfully served, impatient customer, etc. The service, retrial, impatience,
operation, and repair times are supposed to be independent of each other.

In the paper [1] a retrial queueing system of M/M/1 type with Poisson
flow of arrivals, impatient customers, collisions, and unreliable service
device is presented. In that, an asymptotic analysis method is used to define
the stationary distribution of the number of customers in the orbit. We
investigate the same model as in [1], but the results are gathered by our
simulation program package. With this approach, it is possible to calculate
performance measures that can not be determined or almost impossible to
give exact formulas using numerical or asymptotic analysis. Various
software packages exist which are capable to describe and perform an
evaluation of complex systems if all the random variables are exponentially
distributed but undoubtedly the usage of simulation has a tremendous
advantage: besides exponential, any other distribution can be integrated into
the code.

In real life in many cases customers encountering the service units in
busy state may make a decision to attempt to be served after some random
time remaining in the system. Instead of residing in a queue these customers

* The work of Dr. Janos Sztrik is supported by the EFOP-3.6.1-16-2016-00022 project.
The project is co-financed by the European Union and the European Social Fund. The
work of Adam Téth is supported by the UNKP-20-4 new national excellence program
of the ministry for innovation and technology from the source of the national research,
development and innovation fund.
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are located in a virtual waiting room called orbit and can be modeled with
retrial queues. Queuing systems with retrial queues are widely used tools
modelling emerging problems in major telecommunication systems, such as
telephone switching systems or call centres. Many papers dealt with these
types of systems which can be viewed in the following works like in [2—4].

Models with customers impatience in queues like the process of reneging
and balking have been studied by various authors in the past. Most recent
results about systems having the impatience property can be found for
example in [5-7].

System model

We consider a queueing system of M/G/1 with collisions, impatience of
the customers, and an unreliable server which is shown in Fig. 1. The system
arrival process is characterized by the Poisson process with rate A. The
arriving customer occupies instantly the service unit in idle state and the
distribution of its service is according to exponentially, gamma, Pareto,
lognormal, hypo-exponentially, and hyper-exponentially distributed random
variable with the same mean value and variance but with different
parameters. Otherwise, it is forwarded toward the orbit. The retrial time of
the requests is assumed to be exponentially distributed with a rate of c. In the
case of a busy server an arriving customer brings about a collision and both
requests enter the orbit. It is supposed that the server is unreliable so it breaks
down from time to time according to an exponential distribution with
parameter Yo when the server is idle and with parameter v, when it is busy. In
that period generation of new requests continues but each of them is sent

Service
request Successful
. ,_~Server Yes = _“server~ YeS _ @ service
" f ”\\Avaliabl > idle > —
Arrivals g Server
No No

Impatience o Collision or
P T Retrials server breakdown
n
< H «—o¢ o<

Orlbiit

Fig. 1. System model

146



to orbit. After a breakdown, it is immediately sent for repair and the recovery
process is also an exponential random variable with the rate y,. Every
customer possesses an «impatience» property meaning that a customer may
depart from the system earlier after waiting a random time in the orbit. The
distribution of the impatient time follows an exponential distribution with
parameter T. In this unreliable model after interruption or breakdown, it is
supposed that requests immediately are placed in the orbit. Every service is
independent of the other service including the interrupted ones, too.

Simulation results

To obtain the results of our simulation program a statistic package is used
that was developed by Andrea Francini in 1994 [8]. With the help of this
tool, it is possible to make a quantitative estimation of the mean and variance
values of the desired variables using the method of batch means. There are n
observations in every batch and the useful run is divided into a
predetermined number of batches. In order for the estimation to work
correctly, the batches are necessary to be long enough and approximately
independent. It is one of the most popular confidence interval techniques for
a steady-state mean of a process. The following works contain more detailed
information about this method in [9]. The simulations are performed with a
confidence level of 99.9%. The relative half-width of the confidence interval
required to stop the simulation run is 0.00001.

The realization of the sensitivity analysis includes four different
distributions of service time to compare the performance measures with each
other. In every case, the parameters are selected in a way that the mean and
variance would be equal. To accomplish that we applied a fitting process that
is required to be done and [10] contains detailed information about the whole
process describing every used distribution. Two scenarios are developed to
investigate the effect of the various distributions. Table 2 shows the chosen
parameters of the distribution of service time while Table 1 the values of
other parameters. In the first one, the squared coefficient of variation is
greater than one and the following distributions are used: hyper-exponential,
gamma, Pareto, and lognormal. Results in connection with the second
scenario (when the squared coefficient of variation is less than one) were also
examined but because of the page limitation, these will be intended to be
published in the extended version of the paper.
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Numerical values of mod el parameters

Table 1

c Yo Y1 V2 T
0.01; 0.001 0.1 0.2 1 0.02; 0.002
Table 2
Parameters of service time of incoming customers
Distribution Gamma Hyper-. Pareto Lognormal
exponential
Parameters o =0.0816326 | p=0.4607213 | 0 =2.0400156 | m =—1.291998
B =0.0816326 |A; =0.9214426 | k =0.5098076 | o =1.6074817
A, = 1.0785573
Mean 1
Variance 12.25
Squared cpe_fﬁment 12.25
of variation

In Figures 2 and 3 the comparison of steady-state distribution can be seen
when the distribution of service time of the incoming customers is different.
It demonstrates the probability (P(i)) of how many customers (7) residing in
the orbit. Taking a closer look at the curves in more detail they coincide with
normal distribution regardless of the used parameter setting. The figures also
show the case of exponential distribution with the same mean as the other
applied distributions. The mean number of customers in the orbit
significantly differs from each other, at gamma distribution customers spend
the fewest at Pareto distribution the highest time for waiting which is quite
interesting.

The mean waiting time of an arbitrary customer is presented in the
function of the arrival intensity of incoming customers in Figures 4 and 5.
Even though the mean and the variance are identical huge gaps develop
among the applied distributions. With the increment of the arrival intensity,
the mean waiting time of an arbitrary customer increases as well. The same
tendency is observable when we use other values of retrial and impatience
time. The usage of gamma distribution results in lower mean waiting time
compared to the others, especially versus gamma and Pareto distributions.
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Fig. 2. Distribution of the number of customers in the orbit
using various distributions, 6 = 0.01, 1=0.02, A= 0.7
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Fig. 3. Distribution of the number of customers in the orbit
using various distributions, 6 = 0.001, t=0.002, A= 0.7
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Fig. 5. Mean waiting time of an arbitrary customer vs arrival intensity
using various distributions, ¢ = 0.001, t = 0.002
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Conclusions

We studied the development of performance measures like the mean

number of customers in the orbit or the mean waiting time of an arbitrary
customer in a retrial queueing system of type M/G/1 with a non-reliable
server and impatient customers in the orbit. Simulation has been carried out,
the obtained results demonstrate that the number of customers in the orbit
corresponds to the normal distribution in the case of every applied
distribution. It is also displayed how the different distributions affect the
performance measures despite the equality of mean value and variance when
the squared coefficient of variation is more than one.
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Some special features of finite-source retrial queues
with collisions, an unreliable server
and impatient customers in the orbit"

Janos Sztrik, Adam Téth

University of Debrecen, Debrecen, Hungary

Queuing systems with repeated calls may competently describe major
telecommunication systems, such as telephone switching systems, call
centers, CSMA-based wireless mesh networks in frame level. The main
feature of a retrial queueing system is that customers remain in the system
even if it is unable to find an idle service unit and after some random time it
attempts to reach the service facility again. Impatience of the customers is a
natural phenomenon and an interesting topic in queueing theory. The process
of reneging and balking is extensively studied by many researchers for
example in [1-3]. Whenever an arriving customer decides not to enter the
system, which is called balking while reneging a customer in the system after
waiting for some time leaves the system without being served. In our
investigated model reneging customers are considered.

Speaking of communication systems where the available channels or
other facilities are very limited thus users (sources) usually need to fight for
these resources. This results in a high possibility of conflict because several
sources may launch uncoordinated attempts producing collisions. In these
cases the loss of transmission takes place and it is necessary to ensure the
process of retransmission. So evolving efficient procedures for preventing
conflict and corresponding message delay is essential. In case of a collision
both calls, the one under service and the newly arriving one go to orbit.
A review of results on finite-source retrial queues with collision and an
unreliable server has been published in [5].

In many papers of retrial queueing literature, the service unit is assumed
to be available steadily. But these assumptions are quite unrealistic because
in real-life applications of these systems can break down, different types of

* The research work of Janos Sztrik and Addm Téth was financed by the construction
EFOP-3.6.3-VEKOP-16-2017-00002. The project was supported by the European Un-
ion, co-financed by the European Social Fund.
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problems can arise like a power outage, human error, or other failures.
Various factors have effect on the transmission rate of the wireless channel in
a wireless communication scenario and these are apt to suffer transmission
failure, interruptions throughout transferring the packets. Investigating retrial
queueing systems with random server breakdowns and repairs has great
importance as the operation of non-reliable systems modifies system
characteristics and performance measures. In this paper, we assume that in
the case of a failure of the server, the request generation from the source
continues, and calls go to orbit.

The novelty of this investigation is to carry out sensitivity analysis using
different distributions of impatient calls on performance measures. Different
Figures help to understand the special features of the system. The paper is a
continuation of the works [4, 6].

Mathematical model

A retrial queueing system of type M/M/1//N is considered with a non-
reliable server and impatient customers as Fig. 1 illustrates. In the finite-
source, N customers reside and each of them can generate calls towards the
server with rate A/N so the inter-request time is exponential with parameter
AN. A customer cannot generate a new call until the previous call returns to
the source. Every incoming customer has an random impatience time which
determines how much time the customer spends in the orbit without fulfilling
its service requirement. Exceeding this time results that the customer no
longer waits for the service unit and departs without being served properly.

Service
L 7w [request
SEUIEE

“impatience ™

Successful
service

|

Collision or
breakdown

©rbife

Fig. 1. Operational scheme of the system
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This random time follows gamma, hypo-exponential, hyper-exponential,
Pareto, and lognormal distribution with different parameters but with the
same mean value. In absence of a waiting queue if an incoming
customerfinds the server in an idle state its service starts immediately. The
service times of the customers are exponentially distributed with parameter
p. After its successful service customers return to the source. Encountering
the service unit in a busy state an arriving (primary or repeated) customer
involves into collision with customer under service and they both move into
the orbit. After an exponentially distributed time with parameter /N
customers located in the orbit make another attempt to get into the service.

The server is not reliable so from time to time it is supposed to break
down. The lifetime is assumed to be an exponentially distributed random
variable with a different parameter depending on whether the server is idle or
busy, that is yo and v;, respectively. In other words, the probability of failure
of the server is vyoh+o(h), yih+o(h) in any time interval (¢, t+h),
respectively. The repair process starts immediately upon the breakdown that
also follows an exponential distribution with parameter v,. If server failure
takes place during the service of a customer then it is transferred to the orbit.
The source, service, retrial, impatience, life, and repair times are supposed to
be independent of each other.

We aim to examine how the different distributions of impatient calls have
an effect on the performance measure when the mean and variance are equal,
respectively. The parameters are chosen in such a way that the squared
coefficient of variation would be either greater than one or less than one.

For comparison hyper-exponential, hypo-exponential, gamma, lognormal
and Pareto distributions are utilized besides the case when the mean value is
constant. Several Figures are generated to illustrate the effect of the type of
distribution on some important performance measures.

Simulation examples

In this section, we give some simulation results with the following input
parameters. The mean of the impatient time is 500 and the squared
coefficient of variation is greater than one.

N MN Yo Y, Y, o/N [
100 | 001 | 0.1 |01 1 0.01 1
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Figure 2 shows the comparison of steady-state distribution of number of
customers. This distribution can be approximated by a normal distribution, as
it was noticed in similar systems, see for example in [5]. However, this
Figure displays the difference between the applied distributions. Although
the shape of the curves is almost the same the average number of customers
in the system varies a little bit especially in the case of Pareto distribution
and when the average impatience of calls is constant the mean is more
compared to the others.

P(i) ] B

| = Gamma

- Hyper-exponential
0.06 Lognormal
Pareto

T =+ Constant B
0.04
0.02 |

0 20

Fig. 2. Comparison of steady-state distributions

The mean response time of a successfully served customer, an impatient
customer, and an arbitrary customer are shown in Figures 3 — 5, respectively
in the function of arrival intensity. Of course, the mean response time of an
arbitrary customer can be obtained with the help of the law of total
expectation. The corresponding probabilities can be seen in Fig. 6.
Interestingly, differences can be observed even though the first two moments
are equal, especially in the case of the gamma distribution. Results clearly
illustrate the effect of various distributions. We draw your attention to Fig. 4,
where the mean waiting time of an impatient customer is much less than the
average of the impatient time distribution that could have been expected.

Despite the increasing arrival intensity, the maximum property
characteristic of a finite-source retrial queueing system occurs under suitable
parameter settings.
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- Gamma = Hyper-exponential - Lognormal — Pareto + Constant

-—...___________--_—_

200

T —

180 °

160

140

120
100 7 .. T Y T A T T -

0 0.4 0.8 1.2 1.6 2 24 2.8
MN

Mean response time
of a successfully served customer

Fig. 3. Mean response time vs arrival intensity using various distributions

- Gamma = Hyper-exponential -~ Lognormal - Pareto - Constant

450

370

290

Mean waiting time
of an impatient customer

210

130 Vool oo v e e

0 0.4 0.8 1.2 1.6 2 24 2.8
MN

Fig. 4. Mean response time vs arrival intensity using various distributions

Figure 6 demonstrates how the probability of abandonment of a customer
changes with the increment of the arrival intensity. By probability of
abandonment, we mean the probability that a customer leaves the system
without getting its full-service requirement (through the orbit). After a slow
increase of the value of this performance measure, it stagnates which is true
for every used distribution of impatience of calls but they differ significantly
from each other. At gamma distribution, the tendency of leaving the system
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earlier is much higher than the others especially compared to at constant
mean of impatience of calls. Here the disparity is much higher among the
applied distributions compared to the previous figures.

Probability of abandonment

220 r ————

Mean response time
of an arbitrary customer

- Gamma = Hyper-exponential ~ Lognormal - Pareto + Constant

0 0.4 0.8 1.2 1.6 2
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Fig. 5. Mean response time vs arrival intensity
using various distributions
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Fig. 6. Probability of abandonment of a customer vs arrival intensity

using various distributions

The case when the squared coefficient of variation is less than one
hopefully will be an investigation in the extended paper.
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Conclusions

In this paper, a finite-source retrial queueing system was presented with a
non-reliable server, collisions, and impatient customers in the orbit. The
obtained results fully demonstrated how essential is the selection of
distribution of impatient calls because it has a great influence on the system
characteristics despite the fact that the mean and the variance are the same.
Figures in connection with the probability of abandonment clearly assure this
phenomenon. Results evidently indicated the distinction was noticeable and
significant among the performance measures having the same mean and
variance of different distributions when the squared coefficient of variation is
greater than one. Soon, we would like to investigate the waiting time
distribution of this system with help of asymptotic methods as N tends to
infinity and that is the reason why we used rates A/N and o/N.
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WccnepoBaHne AByMepHOro BbIXOAALLET0 NOTOKA
MapKoBCKoii moenH y3na 06paboTku 3anpocoB
C NOBTOPHbIMU 06PALLEHUAMY N BbI3bIBaeMbIMU 3aABKaMM

Anekcen bnaruHuH, ViBaH JlanatuH, AHaTtonuim Hasapos

HauuoHanbHbeIl uccnedosamesbckuli
Tomckuli 2ocydapcmeeHHeil yHusepcumem, 2. Tomck, Poccus

B pabote mpemmaraercsi pacCMOTPETh IBYMEPHBIH BBIXOISIIUI MTOTOK
CHUCTEMbI MacCOBOT0 00CITyKuBaHUsI [1] ¢ MOBTOPHBIMH BBI30BaMH [2] U BbI-
3bIBaeMbIMU 3asiBKamHu [3]. Takyro cucTeMy MOXHO MHTEPIPETHPOBATH Kak
y3eJ CeTH CBSI3U CO CIly4alfHbIM MHOKECTBEHHBIM JOCTYIIOM, KOTOPBIH B
cBOOOTHOE OT 00PabOTKH 3alPOCOB BPEMS MOMKET 3allPOCHTh CaMOJIUAarHo-
CTHKY WJIH APYTYIO MpOLEeAypy, KOoTopas OyIeT MpOAOJIKaThCs ClydaiHoe
Bpemsl. Takke JaHHas CUCTeMa IMOAXOIUT JJIsi MOJIEITUPOBAHUS y3J1a CBSI3U C
pPa3HBIMH TUIIAMH 3asBOK. 3asBKH OJIHOTO THIIA HE TEPSIOTCS W B JIIOOOM
clly4ae ToJydaT OOCIy>KMBaHHE, a 3asBKH JPYroro THUIA MOy4ar0T 00CITy-
YKUBaHMS TOJBKO MPH CBOOOJIHOM pecypce.

OTnespHbBIE y3JIBl 00pa3yroT MOJIENb CETH CBS3H, B KOTOPOW BBIXOSAIINN
MOTOK OJTHOTO y3Jia SIBIIAETCS BXOJAIIMM JJIs Ipyroro. B ciywae pasHOTHIT-
HBIX 3asBOK Tocjie 0OCITy)KMBaHHUSI Ha OINpPENETICHHOM Y3Jie 3asBKU Pa3HbIX
THUTIOB YXOJST IO CBOMM MapmpyTaM. [103ToMy pe3ynbTaThl HCCIIeOBaHUS
BBIXOJIAIINX TOTOKOB CHCTEM MAaCCOBOTO OOCIY)KHUBAHHS NIMPOKO MPUMECHH-
MBI JUUISI IPOSKTHPOBAHUS peabHBIX CHUCTEM Iepeladd AaHHBIX M aHaIu3a
CJIOKHBIX TIPOIIECCOB, COCTOSIIIUX U3 HECKOJIBKUX ATAIOB.

B naHHOW paboTe IS WCCICIOBAHUS CHCTEMBI HCIIOJNB3YeTCS METOJ
ACUMIITOTUYECKOT0 aHallM3a Ui HaX0XKJISHHUS BUIA PEAEeTbHOTO TBYMEPHO-
T0 pacrpeieseHHus Yncia 00CTyKEHHBIX 3asSBOK BXOJSIIEr0 MOTOKA U YUCIIa
00CITy’)KEHHBIX BBI3BIBAEMBIX 3aSBOK 32 HEKOTOPOE BpeMsl ! TPU YCIOBUH
00JIBLION 3aJIepKKH 3as1BOK Ha opouTe [4].

MaTtemaTnueckasa mogenb

PaCCMOTpI/IM CUCTEMY MacCCOBOIO O6CJ'Iy>KI/IBaHI/I$I C OJHHM O6CJ'Iy>KI/I-
Baromum HpI/I60pOM, Ha BXOJ KOTOPOTO MOCTyHnaeT HpOCTefIII.[HfI IIOTOK 3as-
BOK C MHTEHCHUBHOCTEIO A. 3asBKa BXOJALICTO MOTOKA, MOCTYyIIad B CUCTEMY U

* Pa6oTa BBIIOIHEHA npu ¢puHaHCOBOM nopnepkke POOU B pamkax HayqHOrO MPOEKTa
Ne 18-01-00277.
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oOHapyxuBasi IprOOP CBOOOTHEIM, 3aHHMAET €T, T 0OCITyKUBAETCS JKC-
NOHCHIMAJIBHO paclpeieNieHHOE cilydaiiHoe BpeMs ¢ mapameTpoM L. Ecmu
K€ TIPU TOCTYIICHUH B CHCTEMY 3asiBKa BXOMAIICTO TOTOKA OOHAPYKUBACT
mpubOp 3aHATHIM, OHA MTHOBEHHO YXOIUT Ha OPOUTY M OCYIIECTBISIET TaM
ClIyuaifHy10 3aJiep)Ky B TEUCHHE SKCHOHECHIUAIBHO PAaCIpeeSICHHOTO Bpe-
MEHH C TIapaMeTpoM G, IOCIie 4ero BHOBL oOpamaercs K mpudopy. B cBo-
0omHOE OT 00CTYKUBaHHS 3asIBOK U3 BXOJIETO TTOTOKA BPeMs IpUOOp cam
BBI3BIBAET 3asBKU JIPYTOTrO THIIA C MHTEHCUBHOCTBIO 0L U OOCIY)KHBaeT HX B
TEUEHHE SKCIIOHECHINAIFHO-PACTIPEICIICHHOTO BPEMEHH C MTapaMETPOM |lp.

Brenewm crnenyromme o603naueHus: i(f) — KOJMYECTBO 3asIBOK Ha opOUTE B
MOMEHT BpeMeHHU !, k(f) — cocTosHue mpudopa B MOMEHT BpeMeHH f: 0 —
npubdop cBobosieH, 1 — mpubop 3aHAT 0OCITyKUBAaHHEM 3asBKU C BXOJISIIETO
MOTOKA, 2 — MprOOp 3aHAT 00CITY)KUBAHHEM BBI3bIBAEMOM 3asBKH; m (f) — KO-
JMYECTBO OOCTYKEHHBIX 3asiBOK M3 BXOJSIIETO MOTOKA K MOMEHTY BPEMCHHU
t, my(t) — KOMUUECTBO OOCITY)KEHHBIX 3asBOK, BBI3BAHHBIX IMPUOOPOM, K MO-
MEHTY BPEMEHH f.

Cucrema auddepeHumanbHbIX ypaBHeHu KonmoropoBa
PaccMoTpuM deThipexMepHBIA MAPKOBCKUAN MTPOLIECC:
k@), i), my (2),m, (1)} .
Hna BepoarnocTed P{k(t) = k,i(t) =i,m,(t) = m,,m,(t) = m,} = B, (i,m,,m,,t)
cocraBuM cuctemy auddepenunanbapix ypaBHeHuid Konmmoroposa

o Gm,m ) _
a———(k+lc+a)f6(l,ml,m2,t)+
t

+P1(i5m| _lam27t)“1 +P2(i7m1>m2 _191)“'25

) . . .
6—: (A +p)BGE,m,m,y,t)+({+1)cF (i+1,m,m,,t)+ )
t

+ AR (i,m ,m,,t)+ AR (i —1,m ,m,,t),

OP,(i,m,,m,,t) . . .
6—=—(7»+uz)Pz(l,ml,mz,t)+sz(l—l,ml,mz,t)+ocPo(l,ml,mz,t).
t

Pemmth NaHHYIO CUCTEMY aHAJIUTUYCCKU HE MMOJYYUTCHA, TaK KaK 3TO CUC-

TemMa OeckoHeuHOro umcna JIudGepeHITUaIbHBIX KOHEYHO-Pa3HOCTHBIX
ypaBHEHUI C MepPeMEHHBIME KO3 PHUIIHEHTAMH.
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g Toro 4toObl mepeTH K KOHEYHOMY YHUCIy YpaBHEHHH, BBEJEM yac-

TUYHBIC XapaKTePUCTHIECKUE PYHKIINU, 0003HaUMB j =~/ -1,

0 0 0
_ Jui _juymy _ ju,m .
Hk(u,ul,u2,t)—zz Z /e’ e P (i,my,m,,t).

i=0 m;=0m,=0
Torna nepenumiem cucremy (1) B Buje

OH , (u,u,,u,,t OH , (u,u,,u,,t

—0( L2 )=—(7»+oc)Ho(u,u1,uz,t)+jc—0( L2 )+
ot ou

+plej“1Hl(u,ul,uz,t)+uze‘/"2Hz(u,ul,uz,t),

OH (u,u,,u,,t _ o OH (u,uy,u,,t

Mz—(k+u])Hl(u,ul,uz,t)—cje J M.,_

ot Ou 2)

+7»H0(u,u1,u2,t)+7»ej”H1(u,ul,u2,t),

OH, (u,uy,u,,t) Jju
T:_OH—HZ)HZ (uy 1y ,0)+ e’ H, (u,uy ,uy )+ olH  (u,u,,u,,t).

AcnmnToTnYecKni aHanus

Ionyuennyto cucreMy audQepeHInanTbHbIX YPABHEHUIH B YaCTHBIX MPO-
M3BOMHBIX (2) OyZeM peliath METOIOM aCHMIITOTHYECKOTO aHalIH3a B Ipe-
JISIIbHOM YCIIOBHH OOJIBIIION 3aJIepKKH 3asBOK Ha opoute (c—0).

O0603HaUNM €£=0,u = ew, F, (w,u,u,,t,e) = H, (u,u,,u,,t), TOrga CUCTEMA
3aIUIIETCS B BUJIC

aF;)(wsulauzatag) (}\‘ )F( ¢ ) .
—_———=—(A+ 0o w,u, U, ,t,€)+
ot ORI / ow

Ju Ju
+ e F (w,ug,u,,t,e) + n,e’ 2 Fy (w,uy,u,,t,€),

6Fo(w,u],u2,t,8)+

OF (w,u,,u,,t,€) ) oF, (w,u,,u,,t,€)
——=—(A+p)FEW,u,,u,,te)— je N —————————+
8[ 1 1 1 2 aW (3)

jew
+ AEy (W,uy,u,,t,€) + Ae’™ F (w,u,,u,,1,€),

—jew

aF‘z (Wa u]auzata 8) jew
TEIERE et ), (0t .8) 4" F (0t 1.8)

+ oFy (w,u,,u,,t,€).
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3aMeTHM, 4TO, UCIIOB3YS YCIOBHE COTJIACOBAHHOCTH JUII MHOTOMEpPHBIX
pacmpeneneHui, xapakTepucTudeckass (YHKIUS mporieccoB mi(f) u mo(t)
BBIpA)KAaeTCs CIICIYIONIMM 00pa3oM depe3 BBEACHHBIE (GyHKIUH

2 2
M {exp(juym, () exp(juymy ()} = Y Hy(0,uy,uy,0) = D F (0,uy,15,1,€) .
k=0 k=0

Teopema. Acumnrorudeckoe NpUONMKEHHE JBYMEPHOH XapaKTepHCTH-
4yeckoi (pyHKIMM dmcia oOCIyKEHHBIX 3asBOK BXOJSIIETO NMOTOKA M YHCIA
00CITy>KCHHBIX BBI3BIBACMBIX 3aBOK 32 HEKOTOPOE BPEMS ¢ IMEET BUJT

F(uy,u,y,0) = clsii%M{eXp(ju]ml () exp(jumy (1))} =

2
:n%zyuammbuazkemax%ﬂgnﬂ, (4)
k=0
~A+oa+x) pe pe™
(S G(uy,u,) = K+A -1, 0 ,
o 0 —H,

BekTop-cTpoka R ={R;,R,,R,} — cTanuoHapHOE paclpeie/IcHUEe BEPOATHO-
CTel cocTostHus ipudopa [5],
R:{HZ(M ) ,l’ apw —A) }’
iy +a) by (py +a)
K — HOpDMHPOBAaHHOE CpeAHEe 3HAUCHHUE YHCIIa 3asBOK Ha opouTte [5]
MOy o)
Hy (g —2)

a E — elMHUYHBII BEeKTOP-CTONOEI] COOTBETCTBYIOLICH Pa3MEpHOCTH.

Hannas Gpopmyiia mo3BoisIeT HAUTH aCUMIITOTUYECKOE PUOIIMKCHNE Xa-
PaKTEepHCTHYECKON (DYHKINHU YHCIa 3asSBOK M3 BXOJIIETO MOTOKA, 00CIy-
YKEHHBIX CUCTEMOM 32 HEKOTOpOE BpeMs L.

Hepexon K pacnpepeneHnio BepoATHOCTN Yncdna OGCJ‘IY)KGHHI:IX 3aABOK

Xapakrepuctuueckass (GYHKIHUS (4) IOJHOCTHIO OIMHMCHIBAET IPOLECCHI
my(t) u my(f), oMHAKO TSI IPOBEJICHUS BEIUMCIICHUI HEOOXO0MMO TOTy4YCHHE
U3 HEe pacrpenesieHus BEPOSTHOCTH.
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Just obpamiennst pyHKIMM puMeHnM o0paTHOe TipeoOpazoBanue Dypre
JUTS TUCKPETHBIX CITy4YalHBIX BETUYMH:

1 T —iupmy —iym
P(m],mz,t)z—.l. J.e e 2 R (uy ,u, , t)du, du,.
21
—TnT—T
[TomyueHnHoe pacmpefielieHue XapaKTepU3yeT BEpOSTHOCTh OOCITYKHBaHUS
mj 3asIBOK M3 BXOJSIIETO ITIOTOKA U 71, 3asBOK, BRI3BAHHBIX IPHOOPOM, K MO-
MEHTY BPEMEHHU ¢ B pacCMaTpPUBAaEMOi CUCTEME.

Koa¢pPuumeHT Koppenauun

[lonmydeHHOE AaCHMNITOTHYECKHE TPHONMKEHHE XapaKTePHCTHUCCKOM
¢bysxun (4) MO3BOJISIET HAM MOAPOOHEe M3YUYHUTh BBIXOIAIINE MOTOKH pac-
CMaTpHUBAEMOM CHCTEMBI, @ IMEHHO — HAHTH KOPPEISAIINOHHYIO 3aBUCHMOCTD
CIy4aiHbIX TporieccoB my(f) u my(f).

PaccmorpumM HaxoxkaeHne Kod(pUIMEHTa KOPPEIALUH, KOTOPbIi Oyaer
3aBHCETH OT Mapamerpa f:

()=

cov(m (1), m, (1))
DO, (D) D(my (1))

Bocnonb3yemMcsi CBOHCTBOM XapaKTEPHCTUIECCKON (DYHKIMH O CYIIECTBO-
BaHUU €€ n-U IPOU3BOAHON, COOTBETCTBYIOIIEH 7-My HAYAJIbBHOMY MOMEHTY

ClTy4yaifHOW BennurHbl. Toraa KoBapuauus ¥ JUCTIEPCUsl Oy YT BEIYHCIATHCS
CJIEITYIOIM 00pa3oM:

cov(r) = Muluz ()M, (OM,, (1) =
1 @& 1 o o 0 >
__28 o, F(uy,u,, 28_u1F(u1’u2’ 0%]?(”1:”25t)‘2:0>

Dul (t) = Mzu] (t) - (Mul (t))z -

1 ¢
__2 F(“p”za

1 0 ;=012
(78_1/[1F(u1:u2’t) uizo) )
Du2 (=M 2u ()= (M, (1) =
2
F(”lﬁ”Z’

1
T2 A

(——F(up“z,f)

Ou, u1 0)

[Toxy4ennbie (GOpMyNbI MO3BOJSIOT YHCICHHO HCCIIEAOBATh MOBEACHHE
CHCTEMBI IIPH Pa3HBIX ApaMeTpax.
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YucneHHbI npumep

IIpuBenem pe3yabpTaThl YUCICHHOIO MpPUMEpa, MOKAa3bIBAIOLIUE, KaK U3-
MEHSETCS KOppPEeJSLMOHHAs 3aBUCHUMOCTb CIIy4ailHBIX HpoueccoB mi(f) u
my(f) IpU pa3HBIX apaMeTPax CUCTEMBI:

Puc 1. Usmenenune kodddumpenTa Koppeasanun mpoueccos 1 (f) 1 my(f)
B 3aBUCHMOCTH OT [TAPaMETPOB || H 1,

IMapamerpsr cucremsl: A =1,0=3,#=150,u, €[0,15],n, €[0,15]. Ilpu

3aJaHHBIX MTapaMeTpax CHCTEMBI BHIHO, YTO HamOoJbIIee abCONMIOTHOE 3HA-
geHne Kod(G(QUIMEHTa KOPPEISIUU MpoueccoB mi(f) U my(f) mocTUTaeTcs

mpH Wy =41, =5,

3aKknuyeHune

Takum oOpa3oM, B pabore mosydeHa (GopmMyia JUisi HAXOXKJICHHUS acHM-
NTOTHYECKOTO NPHONMKEHNS JBYMEPHOH XapaKTepUCTHYECKOH (QYHKIUH
YHcIla 3asiBOK M3 BXOJSINETO MOTOKA, 3aKOHYMBIINX OOCTY)KUBAaHHE B Map-
KOBCKOH CHCTEME MAacCOBOTO OOCIY>XKHBAaHHUS C MOBTOPHBIMH BBI30BAMU U
BBI3BIBAEMBIMH 3asBKAMH B YCIIOBHH OOJBIIOI 3a/Iep)KKH 3asBOK Ha OpOHTE.
BB mpoBeseH YMCIEHHBIH 3KCHEPUMEHT, IOKa3bIBAIOMINI KOPPEISINOH-
HYIO 3aBHCHUMOCTD CIIy9aiHBIX mporieccoB m(f) u my(t). Taxoke, ObUIO MOKa-
3aHO, YTO C TOMOIIBI0 0OpaTHOro mpeodpa3oBaHus Pyphe BOZMOXKHO BBI-
YHCJICHNE 3HAYCHUH pacIipeiesleHns] BEpOSTHOCTEH 10 HalIeHHOMY acHM-
NTOTUYCCKOMY HPHOIMKCHUIO XapaKTEPUCTUYECKOW (DYHKIHHU IIPOIECCOB
m (1) 1 m(?).
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(MO Buga GI*'/Gl/c ¢ rpynnosbIM 06cnyxuBanmuem

AHHa bosapkuHa, CBeTnaHa Mowuceesa,
WpwnHa TypeHoBa, Anekcein LLUKypKuH

HauuoHanweHsIl ucciedosamensckuli
Tomckuti 2ocydapcmaeHHsbil yHusepcumem, 2. Tomck, Poccusa

B manHO# cTaTthe paccMaTpuBaeTcsi OECKOHEUHONMHEHHAs CHCTEMa Mac-
COBOTO OOCIY)KHBAaHHS C TPYNIOBBIM PEKYPPEHTHBIM BXOJSIIUM ITOTOKOM,
JUISL MCCIIEIOBaHUST KOTOPOH HMPUMEHSIOTCS METO]| TUHAMHYECKOTO IPOCEH-
BaHUS W aCUMOTOTHYECKU Meron. [lanHas paboTa sBisieTcs 00OOIIeHHUEM
pe3ynbTaToB [1, 2] Ha ciayyail HEOPAMHAPHOIO PEKYPPEHTHOI'O BXOJSAIIETO
MOTOKA.

MaTtemaTnueckasa mogenb

Pacemorpum CMO Buga GI) /GI/oo ¢ HeopamHapHBIM peKyppeHTHBIM
BXOISIIAM TIOTOKOM H TPYIIOBBEIM oOciyxuBanueM. [log rpynmoBeiM 06-
CIly’)KUBaHHEM OylleM HMOHHMATh cliemyromee. [loctymuBmas Ha oOcIyXuBa-
HUE CIIy4aifHOTO pa3Mepa IpyIa 3asBOK IMocie 00CITy>KUBAHUS B TOM XKE CO-
CTaBe MOKUAaeT cucreMy. PaccmarpuBaemas ccTeMa MaccoOBOIO OOCTYXKHU-
BaHMS MMEET HEOTPAaHHUCHHOE YHCIO OOCIYXMBAIOIIUX NMPHOOPOB, TO €CTH
SIBIISIETCS CUCTEMOM ¢ MOMEHTAIILHBIM 00CITy)kKHBaHueM (puc. 1).

K(), (1)

GI®
A(2), vi B(7)

B(7)

Puc. 1. CMO ¢ HeopauHapHBIM
PEKYPPEHTHBIM BXOAALIUM IIO-
TOKOM M TPYIIIOBEIM OOCITYXH-
BaHUEM
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Jia BXOZSIIEro peKyppeHTHOIOo IIOTOKa MOMEHTOB IpHUXOJa Ipymil
OllpeseuM CIy4yaiHyl0 BEJIMYMHY T, KaK MHTEpBal MEXIy HACTYIUIEHUEM
MoCTIeIOBaTeIbHBIX COOBITHI, BCE T HE3aBUCHMBI U OJMHAKOBO paclpelie-

g

JIEHBL. 3amuieM T B BHJE T:ﬁ’ rae & — HeKoTopas HeoTpUIlaTeIIbHas

ciydaiiHas BenuuuHa ¢ pyHKIMel pacnpenenenuss A(z), senuunHa N > 0,
N — o — mapameTp pacTylleii HHTEHCHBHOCTH TOTOKa. Torma mius QyHK-
UM PacHpeAeICHIsI JUTNH HHTEPBAJIOB T IMEEM

P{r<z}:P{%<z}:P{§<NZ}:A(Nz).

1 TONIOKUTENbHON CiTyyaiiHOH BENUYMHBI, ompesensieMoil ¢yHkuueit
pacnpeneneHus BepoATHOCTEH A(z) CyIIECTBYIOT KOHEYHBIC MaTeMaTHye-

CKO€ OKHUIaHUEC U TUCIICPCHUs, TO €CTh

P
j (1-4(z))dz, o j(u—ar)2 dA(z). (1)
0 0

HeopauHapHOCTh TIOCTYMAIONIMX TPEOOBAHUHN OMpPEAEsIeTCs TUCKPETHOM
citydaifHON Benm4MHON &, 3amaHHON psijoM pachpenenenus P{E=i}=v,.
Bxopnsmias rpynma 3asiBOK pa3MEpHOCTH i 3aHUMAET JII00ble CBOOOIHBIE TIPU-
OOpBL, TIe MPOMCXOANUT MX OOCITY)KHBAaHHE B TEUCHUE CIyYaHHOTO BPEMEHHU
1>0 c dyskiuedl pacnpenenenus BepostHocteil B(x)=P{t<x}. Ilo

OKOHYaHHUU OOCITYy>)KMBaHUS BCS TpyIma OCBOOOXKIAaeT BCe MPUOOPHI OIHO-
BPEMEHHO.

CraBuTcs 3a7aya HCCIENOBAHUS YHUCIA 3aHATHIX MPUOOPOB B CHUCTEME.
CJ0>XHOCTh aHAIUTHYECKOTO MCCIICAOBAHUS YHCIIA 3aKITI0UAeTCsl B TOM, 005-
3aTeNIbHOE YCJIIOBUE, YTO BCE 3asABKMU TPYMNIBI MOKUAAIOT CUCTEMY OJHOBpE-
MeHHO. CIleToBaTeNbHO, BOSHUKACT HEOOXOIUMOCTh OTCIEKHBATH TaKKe U
YHCJIO MMOCTYNUBIINAX TPYIIIL.

st pereHust 3a1a4u MpeAiaracTcs UCIOIb30BaTh aBTOPCKUI METOI AU~
HaMHUYECKOTO TpocenBanus [3, 4] B MpUMEHEHUH K PECYPCHBIM CHCTEMaM
[5]. Vka3aHHBI TOAXOJ B COYETAHWH C ACHMOTOTHYCCKUMH METOJaMU B
JaTbHEHIIIEM TI03BOJIUT HCCIIEIOBATE OOJIee CIIOKHBIC CHCTEMBI C KOppEJH-
POBaHHBIMH BXOSIINMH ITOTOKAMH.
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MeTop guHamunvecKoro npocenBaHunA

Tak Kak OCOOCHHOCTH CHCTEMBI IPEIIOJNIAracT yXOJ 3asBOK TPyNIIaMH
TOTO € COCTaBa, TO HEOOXOAUMO YUUTHIBATH KOJMYIECTBO HAXOJIIUXCS B
CUCTEeME TPYMI, U o0Illee YHCIO 3aHATHIX AUCKPETHBIX pecypcoB (Tpubdo-

K(t)
poB). O6o3Haunm V (t) = 2 V; — oOIlee KOIUYECTBO 3aHATHIX MPUOOPOB B
i=1
CHCTEME B MOMEHT BPEMEHH U IycTh K (f) — YHCIIO TPYII B CHCTEME B MO-
MEHT BpEMEHH ¢, ¢ >, . byaeM cuuTarh, 4TO B Ha4albHBII MOMEHT BPEMEHH
crucTema OblIa ImycTa.

OuesnpHo, uro npouecc {K(7),V(t)} He Oymer SBIATHCS MApKOBCKHM,
TaKk Kak BpeMs OOCIIy>KHBaHUS €CTb IOJOXHUTEIbHAs ClyyailHas BEeJIMYMHA,
HMMEIONIas MPOU3BOJIBHOE paclpeieNieHHe U Mbl HE 3HaeM, CKOJIBKO OCTalIoCh
BpEMEHHU JI0 OKOHYAaHUs OOCIYyKMBAaHWS TOW WM WHOU Tpymmbl. [loatomy
OyJZIeT UCIOJIB30BATLCS METOJ JWHAMHUYECKOTO TpocenBaHUs [3], KOTOpPBIi
MO3BOJISIET YUMUTHIBATh TOJBKO T€ TPYMIIbI, KOTOPbIE HE 3aKOHYMIM K pac-
cMaTpuBaeMOMY MOMEHTY BPEMEHHU CBOE 00CITy)KHBaHUE B CUCTEME.

B npuMeHeHMH K paccMaTpUBAaeMOM CHCTEME METO/[| 3aKJII0YaeTcs B ciie-
aytomeM. OHKCUpYyeTCs: MOMEHT BpeMeHu 1 > f,. BBoaaTca nuHaMH4YecKue

BepositHocTH: S(¢,7)=1—B(T —¢) — BEpOSTHOCT TOTO, UTO TPYyIIa pa3Me-
pa Vv, HOCTYNHBIIAs B CHCTEMY B MOMEHT BpeMeHHU ¢ <71 , K MOMEHTY Bpe-
MeHH ' He 3aKOHYUT 00cIyXUBaHUE U OyJeT 3aHUMAaTh vV MpUOOPOB, U IPO-
THUBOIIOJIOKHAS BepoaATHOCTh 1—S(7,¢) nns Tex madyek, KOTOpble TOKHHYJIH.
O603HaunM N () — YUCIIO TPYMIl COOBITHI MPOCESIHHOTO MOTOKa, a W(t) —
o0IIee YnCII0 3aHIMAEMBIX MTPOCESHHBIMH 3asBKAMH THUCKPETHBIX PECYPCOB,
HACTYIHBIINX HA IIPOMEKYTKE [£),T), B IPOCEIHHOM MOTOKe.I3BECTHO, YTO
B MOMEHT BpeMEHH 7 3aKOHBI PACIPEIEIICHUS] BEPOSTHOCTEH IBYMEPHBIX
ciy4aitneix BemmanH {K(1),V (1)} u {N(¢),W(t)} comanator [4].

s moctpoenust cuctemsl auddepeHnuanbHeIX ypaBHeHuid Konmoropo-
Ba BOCIOJB3YEMCSI METOIOM BBEACHUS JOMOJTHUTECIHHON KOMIIOHEHTHI. [liist
MapKOBH3aLMK JBYMEPHOrO cliydaiiHoro mpouecca {N(7),W(¢)} mobaum
KOMIIOHEHTY z(f) — OCTaTOYHOE BpeMsI OT MOMEHTa / 0 MOMEHTa HacTyIIIe-
HUSl CIEAYIOIIEr0 COOBITUS B HCXOIHOM DEKYpPEHTHOM IOTOKe. Takum
00pa3oM, TpexMepHblil ciydaiiHbiid mnpouecc {z(¢),N(¢),W(t)} sBusercs
MapKOBCKHM, CJEJOBAaTEeIbHO, JJsI €ro paclpeleliecHus BEpOSATHOCTEU
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P{z(t)<z,N(t) =n,W(t) = w} = P(z,n,w,t), mis z >0, 3anuImuemM cucremy

muddepeHanbHbIX ypaBHeHUH Konmoroposa mnst z >0, w,n=0,1,2,...:
i@P(z,n,w,t) _ OP(z,n,w,t) . oP(0,n, w,t)(A(
N ot Oz oz

z)-1)+

0P (0,n = Lw=kyt) 6P(O,n,w,t)} @
k s

+S(t)A(z){z

e 0z 0z

C HaYaJILHBIM YCIIOBHEM
R(z), n=w=0
P(z,n,w,ty) = (), ’
0, uHaue,
rie R(z) — craiuoHapHOE paclpeiesieHHe BEPOSTHOCTEH 3HAYCHUH CIry-

YyaiiHOTO TIporiecca z(¢) , onpe/essieMoe BbIpaKeHHEM

2 © -1
R(z)=X j (1— A(x))dx , e A = { j (- A(x))dx} .
0 0
Onpenenum QyHKIUIO BUIA

h(z,u,v,t)= Zej”" Z e™ P(z,n,w,t), z>0, 3)

n=0 w=0

KOTOpYI0 OyJieM Ha3bIBaTh YaCTUYHOH XapaKTEPHCTUICCKON (PYHKITUEH.
OueBUIHO, YTO

h(oo,u,v,t) = h(u,v,t) =M {ej”N(’)ej"W(’)} = Zej”" Z e P(n,w,t).
n=0 w=0

Taxoke XapakTepUCTHUCCKYIO (PYHKIHIO YHCIa COOBITHH B madke, OyaeM
0003HaYaTh

v (v) :M{ejvé} = iejv"vi .
k=0

VYuureiBast (3), ypaBHeHue (2) 3amuIieM B BUJIC
1 Oh(z,u,m,t) Oh(z,u,v,t) N oh(0,u,v,t)
N ot 0z 0z
N Oh(0,u,v,t)
oz

(A(z) =D+
SO A"V (v)-1), (4)
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C HaA4YaJIbHBIM YCJIOBUEM
h(Zauavat()):R(Z)' (5)

AcmnToTUYECKUA aHanu3

Janee Ans HaXOXAEHHUsS aCUMITOTHYECKOTO pelLIeHusl ypaBHeHus (4) c
HAYaJIbHBIMH YCIOBHAMH (5) BOCIIOIB3YEMCS METOAOM ACHMIITOTHYECKOTO
aHaNM3a MpU YCIOBUH PACTYIel MHTEHCUBHOCTH BXOJSIIETO MOTOKA [3, 4].
B pabote noka3zaHbl TEOPEMBL.

Teopema 1. AcumnroTHueckas XapakTepucTH4ecKass (yHKIHUS MEPBOTO

mopsigka  TpexmepHoro mpomecca  {z(f),N(¢),W(¢)} mis  cuctemsl

GI®) /Gl /o0 TIpH YCJIIOBHH PACTYIIEH WHTEHCHBHOCTH BXOJSIIErO MOTOKA
AMeEeT BHIT

t
h(z,u,v,t) = R(z)exp< NA[ ju + jva]jS(r)dt ,
fo
o0
rme a=M{E} = Zivi — MaTeMaTHYECKOe OKUITAHUE pa3Mepa TPYIIIIEL.
i=0
Teopema 2. ACHMOTOTHYECKOE TIPU YCIOBHU PaCTyIIed MHTEHCUBHOCTH
BXOJAIIEr0 MOTOKA COBMECTHOE CTallMOHAPHOE pacIpeielICHUEe BEpOSTHO-
CTell IByMEpHOTO Tpoliecca Jucia TPYII, HaXOSIIIXCS Ha 00CITy>)KUBaHUU
CyMMAapHOTO YHUCIIa 3aHATHIX PUOOPOB B CUCTEME GI™/Gl/oo sBnsteres JIBY-
MEPHBIM TrayCCOBCKHM paclpeie]IeHneM BEepOsITHOCTE! C mapaMeTpaMu:
- BEKTOPOM MaTEMaTHYECKUX OKUIaHUH

a=[NAb Nlab],
- KOBapUallMOHHOW MaTpHIIeH
N(kb+KB) aN(kb+1<B)
aN (Wb +xB) N(hab+xa’p)|

0
rae b= J.(l — B(t))dt — MaTemaTH4eCKOe OXHAAHHE BPEMEHH OOCITyKHBa-
0

0
2
HUS TPyNObL, B = J(l — B(71))” dt— mareMaTHYeCKOEe OXKHIAHHE MHHHMYyMa
0
CITy9aifHBIX BEJMYWH BPEMEHH OOCIY)KHUBAHHs IPYIIBI 3asBOK; A — MHTEH-
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CUBHOCTb BXOIALIETO PEKYPPEHTHOIO IIOTOKA MOMCEHTOB MOCTYIIJICHUA

IpyI 3a5BOK; K = A’ (62 - %] .

BbiBoapbI

Takum 06pa30M, NOCTPOCHA MAaTEMATHYECCKass MOACIIb CUCTEMbI MaCCOBO-
Iro 06CJ'Iy>KI/IBaHI/ISI C PEKYPPCHTHBIM HCOPAUWHAPHBIM BXOJAAIIHUM IMOTOKOM H

TPYIIIOBBIM OOCITY)KHBaHHEM THIIA GI®) /Gl/ oo, oramune KOTOPOH 3aKIII0-
YaeTcsl B TOM, YTO MOCTylaeMble TPYIIbl MOKUIAIOT CUCTEMY B TOM K€ CO-
craBe. [loctpoeHa mMoan¢uKanus MeToja ACHMITOTHYECKOTO aHann3a A
HCCIeIoBaHusI OOIIero yrcia 3aHAMAaeMbIX IPHOOPOB B YCIOBUH pacTymiei
HMHTEHCHBHOCTH BXOJsIero noroka. Ilokazano, 4to ucciemyemblil npouecc
SABJIACTCA ACUMIITOTUYCCKU HOPMAJIbHBIM.
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AcumnToTUYECKMI1 aHanu3 pecypcHon reteporeHHon (MO
(MMPP+2M)"/M/co *

TatbAHa bywkoBa, AHacTacna Nanunenckas
EkaTepuHa JIncosckas, CBetnaHa MouceeBa

HauuoHanbHbIl uccnedosamesbckuli
Tomckuti 2ocydapcmaeHHbIl yHusepcumem, Tomck, Poccus

B teopun MaccoBoro oOCIyXHBaHUS NPHOOPBI/JIMHUM, a TAKXKEe MeCcTa
i oxuganus (0ydep, odepens) UrparoT posib HEOOXOAUMBIX JUIS OOCITYXKH-
BaHUs JUCKPETHBIX pecypcoB. [Ipu paccCMOTpeHNN pecypCHBIX CHCTEM Mac-
coBoro obciyxxuBanus (PCMO) 3asBkaM MOTyT OTpeOOBAThCS Pa3IMIHbIC
JOTOJHUTETBHEIE PECYPCHL. DTO MOXKET OBITH HEKOTOPBIN CITyYaiHBIA 00heM
pecypca, 3aHIMaeMOoro Ha BpeMsl 0KUAaHUsI Hadana oOCIyKUBaHUs, 100 Ha
BpeMsl OOCITyXHMBaHUsI, TM00 Ha Bce BpeMs NpeOBIBaHUS 3a8BKH B CHCTEME.
Hampumep, Takum 06pa3oM MOXKET MOJETHPOBATHCS 00BEM MaMITH HEKOTO-
poro yctpoiicTBa win oTaenabHoH cuctembl. MaTepec k PCMO o0bscHseTCs
BO3MOYKHOCTBIO HX IPUMEHEHUS TSI MOJICIIMPOBAHMUS TOCTATOUYHO IIHPOKOTO
CIIEKTpa TEXHWYECKHX YCTPOHCTB W, B LEIOM, HH(POPMAIMOHHO-BBIYHCIIU-
TEJIBHBIX cucteM [ 1, 2].

B cratbe paccmarpuBaeTcst pecypcHasi TeTepOoreHHasi CHCTEMa MacCOBOTO
00CITyXMBaHUsI C HEOTPAHWMYCHHBIM YHCJIOM OOCITYKHBAIOIINX MPUOOPOB, HA
BXOJ KOTOPOH MOCTYHAlOT TPH IOTOKA 3asBOK: [IBA ITyaCCOHOBCKUX C Tapa-
merpamn AV i1 A ¥ MapKOBCKH MOJY/THpPOBAHHBII TTyaCCOHOBCKHI ITOTOK
(MMPP-110TOK) CABOECHHBIX 3asBOK JIBYX THIIOB. 3asBKH KaXKJIOTO THUTA 00-
CIIy>)KHBAIOTCSI B TEUCHHE CIy4aifHOrO BPEMEHH Ha MEpBOM U BTOPOM OJI0Ke
COOTBETCTBEHHO. JIyI1 MOITy4eHHs] BEPOSTHOCTHBIX XapaKTEPHCTHK OyaeM
HCTIONIE30BATh METOJ{ MHOTOMEPHOTO AUHAMUYECKOTO IMPOCEHBAHMS I METO]
ACHMITOTHYCCKOTO aHAIN3a B IBYX YCJIOBHSX: SKBHBAJICHTHO PACTYIIECH HH-
TEHCHBHOCTH BXOJSIINX MOTOKOB M 3KBHBAJICHTHO PACTYLIETO BPEMEHH 00-
CITy’)KUBAHUS B OJIOKaX CUCTEMBIL.

" UccnenoBaHue BBIMONHCHO npu puHaHCOBOU noaaepxkke PODU u Tomckoit obractu B
pamkax Hay4yHoro mpoekra Ne 19-41-703002.
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MaTtemaTnuyeckasa mogenb

Paccmorpum PCMO ¢ nBymst Giiokamu 0OCITYKHUBAIOIIMX MPHOOPOB, Ha
BXOJI KOTOPOM MOCTYMAalOT TPHU MOTOKA: JIBa IIyaCCOHOBCKUX C MapaMeTpaMu
AV A? MapKOBCKM MOAYJIUPOBAHHBIN IMyaccoOHOBCKH moTok (MMPP-
MOTOK), YIpaBJIseMbIH Lenbio MapkoBa k(f) ¢ KOHEUHBIM YHCIIOM COCTOS-
Huil, k(f) =1, 2, ..., K, 3aganHoil MaTpuueld HHOUHUTE3UMAJIbHBIX XapaKTe-
puctuk Q = ||qU ||, i,j=1,2,..., K, u maTpuieil yCIOBHBIX HHTCHCUBHOCTEH

A =diagi,, A, 20 [3]. 3agBku npocreiimero 1-noroka 06CIyKUBAIOTCS B
TedeHue ciydaiiHoro Bpemenn & >0 ¢ QyHKuMed pacupeenceHus
B, (1)=P{§, <1} Ha nepBoM OOKe U TPeOYIOT CiTy4aifHOE KOJIMYECTBO pe-
cypca v, 20 ¢ ¢yunkuueii pactnpenenenust G (y)=P{v, <y}. AHaNIOrHIHO
IJIsl mpocTeiiero 2-moToka: ciydaiiHoe Bpems obciyskuBaHusa &, >0 c
(yHkupeii pactpenencuus B, (1) = P{&, <1}, ciydaifHOe KOJMYECTBO pe-
cypca v, 20 c¢ dynkuueit pacupeneneuus G, (y)=P{v, <y}. 3asBkn

MMPP-noToKa pacileruifioTcs Ha J1Be KOIMUH, KakIas U3 KOTOPhIX 00Ciy-
JKUBAETCs HAa COOTBETCTBYIOIEM Onoke. Korma obcinykuBaHne 3aKaHINBACT-
cs1, TpeOOBaHHUE TIOKUAET CUCTEMY, OCBOOOKIas IPUOOP U BCE 3aHUMAEMBbIe
pecypcbl. KonmndecTBo 3aHMMaeMbIX pecypcoB U BpeMsi 0OCTY>KWBaHUS HE
3aBHCAT APYT OT ApYyTa.

O6o03HaunM V(f) — cyMMapHBI 00bEeM 3aHSITOTO pecypca Ha i-M OJIOKe B
MOMEHT BpeMeHu ¢, i = 1, 2.

CraBuTCsl 3ala4ya WCCIEAOBaHHU CIY4YaiHOTO JIBYMEpPHOTO Mpoliecca
V(¢) = {V1(t), V(¢)}. JlaaHbIi mpoliecc He SBISAETCS MApKOBCKHAM, ITO3TOMY
JUISL €r0 WCCIIEOBaHHUS MPUMEHUM MOJU(DHKAINI0 METOJa MHOTOMEPHOTO
JUHAMUYECKOTO MpoceuBaHus [4].

MeTtop guHaMunyeckoro npcenBaHnA

3agagum ¢yHKIMU S (t) € [O, 1], i=1,2, onpeaensomue JUHAMUYECKHE
BEPOATHOCTH NpocenBaHus. 3apuKcupyeM MpOU3BOIbHBIN MOMEHT BPEMEHH
T B Oynymem. Ilonaraem, 4To 3asiBKa BXOJSIIETO MOTOKA, IMOCTYMHBIIAs
B - OJOK CHCTEMBI B MOMEHT BpeMeHH ¢< 7, C BEpOSTHOCTHIO
S;(t)=1-B;(T —t) Gymer HaXOAUTHCS HA OOCIY)KHBAHUH B MOMEHT BpeMe-
HU 7, a 3HA4YMT, 1 cHOPMUPYET COOBITHE TIPOCESTHHOTO MOTOKA, a C BEPOST-
HOCTBIO 1—S;(¢) — 3akOHYHT OOCITy)KMBAaHHE 10 MOMEHTa BpeMeHH [ M 0C-
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BOOOJIUT 3aHUMAEMbIH PECYPC, CIIENOBATENBHO, B IIPOCETHHOM TTOTOKE COObI-
THE cHOPMUPOBAHO HE OyJIeT.
O6osnaunm W, () — cymmapHBIii 00bEM 3aHATOrO pecypca i-ro THIIA

MIPOCESHHBIMU TPEOOBAHUSIMHU Ha i-I0 OCb.

B [3] moxazaHo, 4TO pacmpesereHne BEpPOSTHOCTEH 4YHCIIa 3aHSTBIX
mpuOOPOB COBMANACT C paclpeAeiICHUEM BEPOSITHOCTEH YHCIa MPOCESHHBIX
3asiBOK B MOMEHT BpeMeHH 7. AHaJOTHYHO YCTaHABIUBAETCA CBSI3b

MEXIy TMOCTpoeHHBIM mporeccom W (1) ={W,(t),W,(t)} u npoueccom
V(t)={V,(t),V,(t)} . 3aKoHBI pacmpeeneHus] BEPOSTHOCTEH 3HAYCHUHN CIIy-

gaitsbIx mporeccoB W(¢) u V(¢) B MOMeHT BpeMeHH ¢ =T COBIAJAOT:
P{V(T)<x}=P{W(T)<x}, (D

it MOOBIX X = {x;, X, } . PaBercTBo (1) siBIsieTcst OCHOBHON (hopMyItoii Me-

TO4a JUHAMHUYCCKOTO IMTPOCCUBAHUA IJIA paCCManHBaCMOﬁ CUCTCMBEI.
O0603HaYNM pacopeaeiaceHue BepOﬂTHOCTCﬁ 9TOr0 Ipoi1ecca:

P(k,wi,wy, 1) = PLk (1) =k, W3 (6) <wi, W5 (1) < wy |
Jmst aTOoro pacmpeneneHus COCTaBUM Af-METOJOM NPSIMYIO CHCTEMY
JuddepeHHanbHBIX ypaBHeHu# Koamoroposa:
oP(k t
( ’ZI’WZ’ ) = (xk + 7”(1))Sl(l‘)P(kaWIaWZat) +
t
M
(M +1D) S, (VP ey, wy,0)= (1 42 D) S, (0) [ P,y = 3, w,,0)dG ()~
0

_(7% +7”(2))S2 (f)vj.zp(kawl Wy = 1,0)dGy (»)+ 1S, (1) S, ([ Pk, i, wy 1) =

w,

!
_J.P(kﬂwl _ylﬂw25t)dG1 (y)_ J‘P(kJWIDWZ _y’t)dGZ (y)+
0 0

Wy Wy

+ [ [ PO = 31wy = 32,0)dGy (1) dGy (1) [+ D g P (v, Wi, w3, 1)
00 v

msk=1,..,K w>0,w,>0.

174



Havansnoe ycnoeue st petuenns P(k,w,,w,,f) B MOMEHT BPEeMEHH f,
OTIPEIECTINM B BHIC
r(k),w =w, =0,
P(k,w,w,,t) =
0, unaue,

rae r(k)— craiyoHapHOE paclpeleieHHe BEPOSTHOCTEH COCTOSHHUH IIenn
MapxkoBa k(%).
BBemem uacTuuHbIe XapaKTepUCTHUYECKUE QYHKIIUU BHIA

h(k,vy,vy,t)= '[ejv‘w‘ IejVZWZP(k,dwl,dwz,t) ,
0 0

rae j=~—1 — MHUMAas eANHMIIA.

Torga MoxxeM 3ammcaTh cieaylomue nuddepeHraibaple YpaBHEHHUS:

a 2 2 b *
W: h(kvvy)[ (3 +20)8,0(GF (v) ~1) +

+(7‘k +K(Z))Sz(t)(G;(Vz)_1)"‘7%*91 (1)S, (t)(l_Gl*(Vl))(l_ G, (v, )):|+
+Z‘]vkh(v’v1’v2’t)’

msk=1.. K, rae

0

G (v)= [ dG, (y).
0

IlepenumiemM 3Ty cucreMy B MaTPU4YHOM BHJIE:

0 s Vs, *
%:h(vl,vz,t)[(A+A(”)Sl(t)(G1 (v)-1)+

+A+AD)S,(0)(Gy (v,) 1)+
+AS, ()8, (1)(1-6; (0))(1-G (»,)) + Q] , (2)
C HAYaJIbHBIM YCJIOBUECM!

h(v,v,,t)=r. (3)

3nech
h(v,v,,0) =[h(Lv,vy,1),.. B(K, v v,,1)],
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r=[r(1), ..., "(K)] — BEKTOp CTaIllMIOHAPHOTO PaCHpEEICHUS BEPOSTHOCTEH
COCTOSIHUH yTIpaBiisitoneid enu Mapkosa k(f), yZIOBJIETBOPSIONINI CUCTEME:

rQ=0,

re=1,

€ — IMHUYHBIA BEKTOP-CTONOETI,

A0 0 9 9 - Yk
A_0k2~ O’Q:qZI 9 - Gk

0 0 . A 91 9kx> - Ykk

A0 L0 1 0.0
AD 0o A 9 0y 1 01 .0 ’
0 0 ;\‘(1) (KxK] 0 0 1
AP0 0
AD 0 A@ 0 —9@1

0 0 . APy

Takum 00pa3oM, MOCTaBJICHHAs 3ajlaya CBOAMTCSA K pemeHuto audde-
peHmanpHOoro MatpudHoro ypasHeHus (2) —(3). CinemyeTr OTMETHTH, UYTO
MIOCTPOEHHAsl CUCTeMa MaTPUYHBIX YPAaBHEHUN UMEET CTPYKTYpPY, aHATIOTHY-
HYIO0 ITOXO0KUM 3aavdaM 663 AOTIOJTHUTEJIbHBIX TOTOKOB, HAIPUMEDP B CTATHIAX
[4—6], 4TO TO3BOJSET CAENaTh BBIBOJ O TOM, YTO TOCTaBIEHHYIO 3a1aqy
MOXHO pEIIaTh METOJOM ACHMTOTHYECKOTO aHajHM3a B JBYX MpPEIeTbHBIX
YCIIOBUSIX: YCJIIOBUM DKBHUBAJICHTHO PACTYIIETO BPEMEHH OOCITY>KWBaHUS U
YCIIOBUY SKBUBAJICHTHO PACTYIEH HHTEHCHBHOCTH BXOJISIIIX ITOTOKOB.

Jns sToro ObuIH pa3paboTaHBl M Pean30BaHBl MOAM(DUKAIIMA HEKOTO-
PBIX JTAoOB METOJla aCUMITOTHYECKOTO aHalk3a, YTO MO3BOJIWIO chopMy-
JTUPOBATh W JO0Ka3aTh TEOPEMbI 00 aCHMITOTHYECKOW TayCCOBOCTH HCCIIE-
IYEMBIX TIPOIECCOB M MONYYUTh aCHMITOTHYECKHE BEPOSTHOCTHBIE Xapak-
TEPUCTHUKHU.
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3aKknuyeHune

Taxum 0Opa3om, IOCTpOEHa MaTeMAaTHIECKass MOJEIh MOTMKOMIIOHEHT-
Hoit PCMO tuna (MMPP + 2M)™/M/co. Hpemioxkena MoAu(UKALHS METO-
Jla aCHMIITOTUYECKOTO aHaJIn3a JUIsl UCCIEeNOBaHUA PacCMaTPUBAEMBIX IMPO-
IIECCOB B JIBYX HOBBIX YCIOBHSIX: KBHBAJCHTHO PACTYIIEH MHTCHCHBHOCTU
BXOISIINX TTOTOKOB M SKBUBAJIICHTHO PACTYIIErO BPEMEHH OOCITYKUBAaHUS B
OJIOKaX CHUCTEMBbI. AHATUTUYECKHU MOIYYCH BUJ aCUMOTOTHYCCKON Xapakre-
puctuyeckor (YHKIMH JBYMEPHOTO Tpollecca — CYMMapHBIX 00BbEMOB 3a-
HUMAaeMBIX pPeCypcoB B cucTeMe. HaiiieHbl acCHMITOTHYECKHE YHCIOBBIE Xa-
PaKTEPHUCTHKH YKa3aHHBIX IPOLECCOB: MEPBOrO U BTOPOTO MOMEHTOB, JIUC-
nepcuu U kopdunueHT koppensaiun. Chaenansl BHIBOABI 00 00J1acTi ipruMe-
HUMOCTH.
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AHanuTyeckun MeToA aHann3a UlyyanHbIX NPoLeccoB
C HenpepbIBHbIM BpemMeHeM U AUCKPEHHbIMU COCTOAHNAMM
npu BpeMA3aBUCMMbIX BEPOATHOCTAX NepexoaoB

KoHcTaHTuH BbiToBTOB, ENsaBeta bapabaHoBa,
Bnagumup BuwHeBckumn

MHcmumym npobnem ynpaeneHus um. B.A. TpanesHukoea, Mockea, Poccus

Pa3BuTne cucteM MaccoBOrO OOCIYXHBaHUS TMPEATOaraeT H3ydeHue
Pa3IMYHOTrO PojJia MapKOBCKUX CIyYalHBIX MPOLECCOB U pa3pabOTKy METo-
JI0B uX uccienoanus [1-5], B yacTHOCTH pemienue ypaBHeHuil Konmoropo-
Ba. OTMETHM, YTO Ha CETOMHSIIHUNA JE€Hb OTCYTCTBYIOT aHAJUTHUECKHE Me-
TOIBI pelIeHusT ypaBHeHHUH KoaMoroposa ¢ BpeMs3aBUCSIIAMHU KO3PPHUIIH-
eHTamu [3-5].

B naHHoOIi paboTe BriepBbIC MPEACTABICH TOYHBIH aHAIMTHYESCKUN METO.T
peIIeHns CUCTEMBI ypaBHeHHH KonMmoropoBa TpeThero mopsiaka u M-ro mo-
pAAKa ¢ TPOU3BOJILHBIMU KyCOYHO-TIOCTOSTHHBIMHU KO3 (UITHEHTaMU.

MocTtaHoBKa 3apgaun

B nannoii pabGote, mpexae BCEro, pacCMOTPEH HEOAHOPOIHBIH MapKOB-
CKHH MPOIIECC C TPEMS AUCKPETHBIMH COCTOSHISIMU U HETIPEPHIBHBIM BpeMe-
HeM (puc. 1). [Ipenmonaraercs, 9T0 BEpOATHOCTH IEPEXOIOB U3 OJHOTO CO-
CTOSIHHSL B JpYyroe A;(f) 3aBHCST

OT BPEMEHHU U OIUCHIBAIOTCS MPO-
W3BOJIBHBIMH  KYCOYHO-TIOCTOSIH-
HBIMH ~ (QYHKIUAMH  (Hampumep,
puc. 2). Jlanee NOIy4YEHHBIH pe-
3ynbTaT o00OO0maeTcss Ha Ciydait
MapKOBCKOI'O IIpolecca C IpOou3-
BOJIHBIM 4YHCIIOM M COCTOSIHUM U
MPOU3BOJILHBIMUA ~ KYCOYHO-TIOCTO-
SHHBIMU BEpOSATHOCTSIMH II€PEXO-

Puc. 1. Ipad cocrosumit 0B 7“,] OF

" VccrenoBaHue BBIIOIHEHO npu ¢uHaHCcOBO# moynepxke PODU B pamkax HaydHOTrO
mpoexta Ne 19-29-06043.
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0 n %) 3 171 15 t

Puc. 2. I'paduik 3aBHCHMOCTH IIOTOKOB OT BPEMEHH

Cucrema ypaBHeHuit KoimoropoBa st citydast ¢ TpeMsi COCTOSTHUSIMU
(puc. 1) umeet BUA

d,

%Z _(7‘12 +7"13)1’1 +7‘21p2 +7\.31p3,

d,

%: Moy = Mgy +hg3) Py + A3y 3, M
d,

§= APy + g3 py = (M) + A3y s

3,[[60]) P; — BCPOATHOCTL HAXOXIACHHUA IIpOoneCCa B COCTOAHHMH Si . Hpemae

BCETO, HalJIeM aHAMTHYECKOE pemieHne cucteMbl (1) Uit ciryvast TOCTOSH-
HBIX TIOTOKOB. JIeHCTBHUTEIIEHO, B Tpeieaax HEeKOTOPOro HHTEepBalia BPeMEHU
MOTOKU SIBJISIIOTCSI IIyaCCOHOBCKMMHM, a ypaBHeHHE (1) MMeeT MOCTOsHHbIE
K03(h(uIMEeHTHI. B 3TOM cilydae XxapakTepuCTHUECKOe ypaBHEHHE 3TOH CHC-
TEMBI 3aIIMCHLIBAETCA KaK

YIV? + Mgy + A5 + Ay + Aoy + hgy + A3 + Apahgy + Apphgy + A A, + @)
+h3hg) +Apshos + hishgy + Ag Ay + A A, + Ayshs = 0.
C yueroMm (2) pemieHue Uil BEPOATHOCTH p; HAXOXKACHHS CHCTEMBI B CO-
CTOSIHUM S, MOXKET OBbITh NOTY4EHO B BUJE
p, = A+ Be' +Ce™. 3)
W3 mepBbIX ABYX ypaBHEHUH cucTeMbl (1) HalijileM BEpOATHOCTH HAXOXKICHUS
CHCTEMBI B COCTOSIHUAX S, U S5 :

Py =EgA+E B +E,Ce" ; py =C A+ Be" +,Ce' (€))
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_ Vilay + Aphs + Aphsy + A0
Yikap + Apphgy + Aok, + A3k,

)

rmue &

B Y? + (g + A+ Ay +R3)Y; +Ahgs + A3 + Ak

G (6)

Vilgt +Apphsy + Aok + A3y
Janee, Hameli OCHOBHOW 3afadeil SBIISICTCS HAaXOXKICHHC aHAJTUTHYCCKOTO
penrenust cucteMsl (1) It ciydasi, KOTIa BCe BEPOSATHOCTH MEPEXO0B SB-
JISIOTCSL TPOU3BOJIBHBIMU KYCOUHO-TTOCTOSIHHBIMA (DYHKIIUSIMH, MOCKOJIBKY
Takoe pELIeHHE Ha CeroAHAIIHMM JeHb oTcyTcTByeT. Kpome toro, meron
oboOrmraercss sl ciaydass M COCTOSIHWM CIydaiiHOTO TIpoliecca W KyCOYHO-
MIOCTOSIHHBIX BEPOSTHOCTEH MEPEXO0B.

(Dpr,ameH'raanaﬂ MaTpuula npouecca
C MOCTOAHHbIMUN BEPOATHOCTAMMU Nepexonos

B aTom pa3zzaene HalineMm QyHIaMEHTAILHYIO MATPHILY PEIICHUH CHCTEMBI
(1) Ha i-M uHTEpBase ¢ NOCTOAHHBIMU KO3 (uIeHTaMu. B cooTBETCTBHUH C
MeTOAUKOH 3x3 MaTpuua (yHIAMEHTANbHBIX pEIICHUN MOXET OBITh MOIY-
YeHa B BHIC

M, =A, +Ay exp(yfi)ti) +A, exp(y(zi)ti) ) (7
Ay A, A,
rae Aji =88 §iA;n GiAs| (®)

CAn G GiAp

Bnece A=E, (6, —C,)+E (8, =& +E,(C —G)); A =68, —E,8;;
Ay =880 —&0Cas Ay =G — &80 Ay =G =G5 Ay =85 =Gy
Ay =Cp=C3 Ay =8, -85 Ay =&, =&, Ay =§, =&,

I — HOMEp MHTEpBaJIA.

O0600mmas pe3yibTaT I cry4as ¢ M COCTOSHUSAMH IpoIecca, oIy IiM

M
M, =Y A, exp(ys,). 9)

Jj=0
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Takum o0paszom, MaTpuna GpyHIaMeHTaIbHBIX perieHuit (7) omnpenenser
BEPOSATHOCTH p,(¢), p,(!) 1 p;(t) B M000Il MOMEHT BpeMEHHU IIpH 3a/aH-

HBIX HAYAIBHBIX BEPOSTHOCTSIX COCTOSIHHI MPOIECCa U MOCTOSHHBIMH BEPO-
ATHOCTSAMHU TepeXxoA0B. AHamorudHo, Matpuua (9) ompenenser COCTOSHHE
clly4aifHOro mpotecca ¢ M BO3MOXXHBIMU COCTOSIHUSIMH U TIOCTOSIHHBIMH Be-
POSTHOCTSIMH [IEPEXOI0B.

dyHpameHTanbHaA maTpuLa npouecca
€O CKAQUKO06pa3HbIM N3MEeHeHNeM BepoATHOCTel NepexoAos

[Hanee paccmoTpuM mporiecc (puc. 1) ¢ 3aBHCAIMMH OT BPEMEHH BEPOST-
HOCTSIMH TIEPEXOJIOB, OIHCHIBAEMBIMU IPOHM3BOIBHBIMH KyCOYHO-TIOCTO-
SIHHBIMH (pyHKIUSAME (pHC. 2) U HalJeM aHaIUTUYEeCKOEe PEIIeHHEe CHCTEMBI
ypaBHeHmnit Konmoroposa (1) ans paccmarpuBaemoro citydasi. Ha mHTEpBa-
Jax ¢ TOCTOSHHBIMH BEPOSTHOCTSIMH IIEPEXOIOB BEPOSTHOCTH COCTOSHHI
Ipolecca B MPOU3BOJIBHBI MOMEHT BPEMEHHU OINUCHIBAIOTCS MaTpHIEH (yH-
JAMEHTAIbHBIX penieHni (7) npu 3alaHHBIX HadalbHBIX YCIOBUSX B Hauale
KaXIOTO WHTepBaja. A (yHAaMEHTaNbHAas MaTpUIa U1 MPOHU3BOIBEHOTO
YrCIa UHTEPBAIOB B COOTBETCTBHHU C METOIOM HaXOIHTCS KaK

1
M=][M,—1). (10)
i=N
YuuteiBas BeipakeHue (7) B IPOBOJIS ajreOpandeckue npeoopa3oBaHus,
¢ynnamentansHas Marpuia (10) 18 IPOU3BOIBHOTO KOJIMYECTBA CKAYKOB
BEPOSITHOCTEH MEPEXOA0B U TPEX COCTOSHHUHU ciydaifHoro mpouecca (puc. 1)
OPHHUMAET BH]

3 3 N
M=% exp| D (Ind, +v,AL)|. (11)

=l iyl i=1
O0600mas TaHHBIH pe3ynabTaT it ciaydas M cocTosHHM mpouecca u N

CKa4YKOB BEPOATHOCTU NEPEXOA0B, ITOITYIUM
N

M
M= Z exp Z(lnAij‘ +Yy',Ati) . (12)

Ji=l i=1

TakuM 00pa3oM, HaMU TIPEICTABICH aHATUTHICCKUI METOJT HAXOXKICHHS
(hyHIaMeHTaIbHON MaTPHIIBI, OMUCHIBAIOIIECH MMOBEIEHHNE PACCMAaTPUBAEMOTO
ciy4aitHoro mporecca ¢ M AUCKPETHBIMU COCTOSIHUSIMU WU TPOU3BOJIBHBIMU
KYCOYHO-TIOCTOSTHHBEIMU BEPOSTHOCTSIMH ITEPEXO/IOB.
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YucneHHble pacyetbl

B nanHoM pasjesne IpoBeaeHbl YUCIEHHBIE PACUETHI, HOATBEPKIAIONINE
IPaBUIIBHOCTD IOJNYYEHHBIX aHAIUTHYECKHX pe3ylbTaToB. IIpexxme Bcero,
pacueTsl IPOBEAEHBI UL Clydas JBYX HHTEPBAJIOB C IIOCTOSIHHBIMH BEPOST-
HOCTSAMH TiepexoioB (puc. 3, a). CKayoK BEITUYWH ATHX BEPOSTHOCTEH MPO-
HCXOIWT NP ¢, =2 . Benu4uHbl BeposATHOCTEH IEPEXON0B [0 U HOCIE CKad-
Ka: Julsi IepBoro uHTepmana A, =0.1; A;; =0.9; A,; =0.2; Ay =0.8;
Ay =04; Ay, =0.6; mma Broporo wuHTepBaza A, =0.7; A;; =0.3;
Ay =0.65; Ay; =0.35; Ay =0.45; Ay, =0.55. Kpome Toro, npencraBieHsl

pe3yABTATHl PACUETOB MOBEACHUS CHCTEMBI JUISI TPEX MHTEPBAIOB C IOCTO-
STHHBIMU 3HAYCHHUSIMH TIEPEXOJHBIX BeposiTHOCTel (puc. 3, 6). Ckauku mpo-
UCXOZAT IIpHU ¢, =2; t; =5 . IlapaMeTpsl IEePBHIX IBYX UHTEPBAJIOB COOTBET-

CTBYIOT HpeIblOyleMy CIy4alo, a JUli TPEeTbero HHTepBama A, =0.3;

A3 =0.7; Ay =0.15 Ayy =0.9; Ay =0.6; Ay, =0.4. B 000uX ciydasx Bbl-
Opausl HaganbHbIe ycnoBus { p,(0); p,(0); p; (O)}T = {0.9;0.1;0}T )

P() 1 P01
g 6
0.8 0.84
| Pi(0) \pl(t)
0.6 1\ 061\
\ 0 :
0.4 >\J\ x ,__—:.:_—_—':—_—:—_p—zl-, 0.4 >\: g B
ST ] f oL A
02 7?'1// p5() 0.2 7?&/:02(0 P30
0 2 4 6 8 ¢ 0 2 4 6 8 1

Puc. 3. 3aBucumoctb BEPOATHOCTHU COCTOSIHMI CHCTEMBI OT BPEMECHU

Pe3ynbraTel IPOBEAECHHBIX PacyeTOB, IIPEXKAE BCErO, IOKa3bIBAIOT KOp-
PEKTHOCTB IIPEJCTABIECHHOTO MeTola. JIeHCTBUTENBHO, KaK B IEPEXOJHOM,
TaK M B CTAlHOHAPHOM DEXHMMAax CyMMa BEPOSTHOCTEH COCTOSHHUHI PaBHA
eauHuue. [ ciaydas OZHOTO CKauyka CTAalMOHAPHBIA PEKUM yCTaHABIIUBA-
eTCsl IpH ¢ > 6, 71 ciyvasl IByX CKauKOB CTAl[MOHApHBIM PEKUM yCTaHABIIU-
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BacTCA IpU t > 9. bonee TOTr0, MpPOUECC HE HUCIBITBIBAET CKAYKOB BEPOSATHO-
cTeH Ha TpaHULI€ UHTEPBAJIOB, XOTA NPOU3BOAHBIC 3TUX BepOHTHOCTeﬁ nMe-
IOT CKa4YKH Ha 3TUX I'PaHULAX.

BbiBoabi

B nanHO#l paboTe paccMOTpeH HEOJIHOPOJIHBIM MapKOBCKHU TpoIece ¢
TpeMs IUCKPETHBIMHU COCTOSHUSIMH M HENpPEpBIBHBIM BpeMeHeM (puc. ).
[Ipennonaraercs, 4To BCe BEPOSITHOCTU MEPEXOAOB U3 OJHOI'O COCTOSIHUS B
ApYyro€ SABJISIIOTCA MTPOU3BOJIBHBIMU KYCOYHO-IIOCTOSHHBIMHA q)yHKHI/ISIMI/I
BpemeHu (puc. 2). Kpome Toro, pe3ynbraTsl 0000IIeHbI 1S ciiydas ¢ M co-
CTOSIHMSAMH IpoLecca. B paboTe Brnepsble IpeACTABIECH TOUHBIN aHATUTHYE-
CKHH METOJ pelIeHusl CHCTeMbl auddepeHInaabHbIX ypaBHeHuid Konmoro-
poBa Tpetbero (11) m M-ro (12) mopsaka ¢ NPOU3BONBHBIMH KYCOYHO-
MOCTOSIHHBIMH KO3 uureHTamu. Takke MpoBeAeHbl YUCIEHHbIE PaCUeThl,
TMOATBCPKAAIOINE TPABUWIBHOCTD NOJIYYCHHBIX aHAJIMTUICCKUX PE3YJIbTATOB.
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06 ucnonb3oBaHuUM YeTbipexdasHbIX CUCTEM
MaccoBOro 06cnyxMBaHNA AnA onncaHnA pa6orbl
rPY30BbIX 1 COPTUPOBOYHDIX XKEeNIe3HOJ0POMHBIX CTAHLWIA

Makcum Xapkos', Muxaun Masuaunc?

" IHcmumym QuHamuku cucmem u meopuu ynpasieHus
umeru B.M. Mampocosa CO PAH, 2. ipkymck, Poccusa
2Wpkymckuli 2ocydapcmeeHHbili yHusepcumem nymeti coobujeHus,
2. ipkymck, Poccusa

OmHUM W3 KIIOYEBBIX JIEMEHTOB HHPPACTPYKTYPHI KEIE3HOIOPOKHOTO
TpPaHCIIOpPTa SBISIOTCSI TPY30BBIE U COPTHPOBOYHBIE IKEIE3HOJOPOIKHBIE
craanuu (I'CXKC). Ot kadecTBa X pabOTHI 3aBUCAT 00BEMBI IEPEBO3UMOTO
rpy3a (TOBapoB), YCTOHYHBOCTh IIEPEBO30YHOTO Tporiecca U 3P (PEKTUBHOCTh
pabOTHI JKEJIE3HOJOPOKHON ceTH B HEeloM [1]. DTi 00beKTH 00eCICUHBAIOT
nepepaboTKy MOCTYNAIIIUX BaroOHOTIOTOKOB, MOTPY3KY / pa3rpy3Ky rpy3oB
(mns Tpy30BBIX CTaHIWI) U HOPMUPOBAHUE HOBBIX TOE3/IOB B COOTBETCTBUH
¢ o0mieceTeBEIM U TOPOKHBIM IUTaHaMu. [103ToOMy TMOBBIIEHIE TPOU3BOAN-
TENFHOCTH U o0ecreueHne ux Oecrepe0oitHOi paboTh ABISETCS aKTyaIbHON
3a/a4ei.

Panee aBTOpaMu OBUT MPEIJIOKEH MOIXOJ K MOJCIUPOBAHUIO (PYHKIINO-
aupoBanus ['CXKC Ha ocHOBe Tpex(a3HBIX CHCTEM MAacCOBOTO OOCITY)KHBa-
Hust (CMO) [2]. B stoMm ciyuae kaxkmast (aza OIMUCHIBaeT pabOTy OIHOM
(hyHKIIMOHAJILHOW MMOACUCTEMBI: TTapKa MPHUOBITUS C COPTUPOBOYHOM TOPKOH,
COPTHPOBOYHOTO MapKa, MapKa OTHpaBIeHUs (111 COPTUPOBOYHON CTAHIINH)
WM TPY30BOTO ABOpa (A1 TPY30BOH). DTO MO3BOJISET 000OMIEHHO O0TOOpa-
3HUTh YCTPOHCTBO U (PYHKIIMOHUPOBAHHE CTAHIINH.

B xone nmanpHeHIMX HMCCIEIOBAaHUN BBIICHUIOCH, YTO MapK MPUOBITHA
(IIT) u coptupoBounas ropka (CI') sBISAIOTCS OTAECTHHBIMU (YHKIIMOHAIb-
HBIMH 3JIeMeHTaMH. Tak, BO-TIEPBHIX, B HUX BBIOJHSIOTCS Pa3IUYHBIC OIe-
paunu ¢ noezgamu: B [1I1 mporcXomuT MpUHATHE TOE3/1a U OTLENKA OT HETO
JIOKOMOTHBA, 3aTeM Ha CI' monmy4yeHHBII cocTaB pa30UBaeTcsi Ha TPYIIbI Ba-
TOHOB IO HamparieHHusM. Bo-BTopeix, B IIII ecth cBom oOcmyxuBaromme
ycTpoiicTBa — 3IeKTpoBO3bl Hamsura, a CI' mmeer cBoio mepepabarbiBaro-

" VccnenoBanue BBIIOIHEHO npu ¢puHaHcoBOH noxuepxke PODU B pamkax HaydyHOro
npoekta 18-07-00604, POOU u IIpaButenscrBa MpKkyTckoii 00nacT B paMKax Mpoek-
Ta 20-47-383002.
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OIyI0 cIOCOOHOCTh. B-TpeThux, B 3aBUCHMOCTH OT CTPYKTYpHI ctaHmuu [111
u CI', MOTyT HaXOAUTHCS Ha 3HAYUTEIHLHOM yJAJIIEHUH IPYT OT Apyra. Takum
00pa3oM, JIOTUYHBIM BHIUTCS ONKCAHUE MapKa MPUOBITHS ¢ COPTHPOBOYHOM
TOPKOW B BUJIC IBYX 000COOJICHHBIX (a3.

B aToli cBs3M mpemaraeTcs WCHONB30BaTh 4yeThipexdaszapie CMO mis
monenupoBanuss paborel 'CXC. DTo MO3BOMUT OMUCATH YETHIPEXITAITHOE
00CITy)XKMBaHUE IIOTOKA BarOHOB HA CTAHIUH, a TAKKE OIPEICITUTD IPOIYCK-
HYIO CIIOCOOHOCTB KXKIOH U3 TIOACUCTEM B OTJCIHHOCTH.

MaTtemaTnuyeckasa mogenb

Matemarnueckyto Monenb (QyHkuunonupoBanus ['CXKC OyaeM cTpouThb
Ha ocHOBe ueTbIipexdazHoii CMO crenuanbHOro BUAA, B KOTOPOH Kaxkaas
(a3za COOTBETCTBYET MOJCHUCTEME BBIOPAHHOIO OOBEKTa U 00JIamacT cie-
IYIOIMIMMH XapakTepucTuxkamu [3]:

- B (paze umeercs n 00CITyKUBAKOIIUX YCTPOUCTB (KaHAJIOB);

- IOIyCTHMO TPYIIIOBOE 00CTYyKHBaHUE 3aSBOK B KOXKJIOM KaHAJIE;

- Ha KaXHo# (aze IpHCYTCTBYeT odeperb, €e MaKCHMalbHas JUIMHA
KOHEYHa;

- JUIMHA OYepeNH, pacIlpeaeICHNs BpEMEHN O0CTy)KUBAaHHS TPYIIIHI 3asi-
BOK B KaHAJIE U €€ pa3Mepa pa3IMIHbI IS KaKI0H (a3sr;

- 3asBKH W3 ouyepenu BeiOuparotcs cornacHo FIFO (mepBbrit Bomien, mep-
BBIH BHIIIIEN);

- KaHAJIBI TEPBBIX Tpex (ha3 BPEMEHHO OJOKHPYIOTCS MPU OTCYTCTBHH
CcBOOOJHBIX MECT JJISl IPUHATHA 3a4BOK B OUepeaH Mociaeayomux dasax.

Jns omnMcaHus BXOHALIETO BaroHOMOTOKA, OOJIAZAIOIIEro CIIOKHOM
CTPYKTYpoOH, npumensercs moaens BMAP-noroka [4, 5]. bnaronapst atomy
BO3MOJKHO Y4YeCTh HaJIM4Me HECKOJIbKHUX IMOAMOTOKOB 3asiBOK C Pa3IMYHBIMHU
napaMeTpamH, BKJIFOYasi 3aKOHBI pacrpeiesieHus pa3MepoB TPyl 3asBOK U
WHTCHCUBHOCTH HMX MOCTyIUIeHUs. [IpuObiBIINE B CUCTEMY TpYIIIBI 3asSBOK
MPUHUMAIOTCSI COTJIACHO JUCIUILTMHE TOJHOTO oTKa3a (Complete rejection):
€CITH HE XBaTaeT MeCTa XOTs OBl JJIsl OJHOH 3asIBKH, TO TEPSETCS BCS TPyIIIa
3asBOK [5].

B TepmMmHax Teopmm MaccoBOro oOcCiyxuBaHus [3] Momens pabOTHI
I'CXKC 3anumiercs ciemyommm oopa3oMm:

BMAP/G “/n/my —* G Inymy — %G Iny/my — ¥ G ng/m,

rre G — NpOU3BOJIbHBINA 3aKOH paclpeesICHUs] BpeMEHH 00CTy KUBaHUS 3as-
BOK B KaHase; Xi — pacHpeseneHle pa3MepoB TPy 3as1BOK, BHIOPAHHBIX Ha
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oOcy>XxuBaHUe B KaHaJ (assl i; m; — [UTMHA OYEePEIH, /1; — KOJMYECTBO KaHa-
JIOB Ha a3ze i.

s mapameTpudeckoil nASHTH(OUKAIIMA MOJEIN KOHKPETHOTO 00bEKTa B
Buzie MEOrodazHoit CMO Heo0X0IUMO, BO-IIEPBEIX, OIPEISIUTh MapaMeTPhI
BMAP-nioToKa, BO-BTOPBIX, IS KO0 (a3l — YCTAHOBUTH YUCIIO MECT B
ouepeay, KOJTUYEeCTBO KaHAJIOB, paclpe/esieH!s] BpeMEeHU OOCTYKUBaHUA U
pa3MepoB 00CITYKUBAEMBIX TPYTII 3asBOK.

[Tomyuennast yerbipexdaznas CMO oxazanach CIOXKHA Ui aHAJIUTHYE-
CKOTO HCCJIEJIOBAaHUS, IIOATOMY aBTOPaMH MPHUMEHSETCS UMUTAIIMOHHOE MO-
JenupoBaHue [6] mis onpeneseHus ee nokaszarenei adpdexkruBaocty [3]: Be-
POSTHOCTH OOCIY’KMBaHHS 3asBKH M TPYMNIBl 3asSBOK, CPEIHETO0 BPEMCHH
peOBbIBaHMUS 3asBKH B CHCTEME, CPETHEH UTMHBI O4eped s KaxIoi ¢asbl,
BpeMeHH OJOKMPOBKH KaHAJIOB U IPYTHUX XapaKTEPHCTHK (B COOTBETCTBUU C
LIEJTBIO UCCIICJIOBAHUS).

MmMmuTaunoHHaa mogenb N BbIYNCANTENbHDIN JKCNepuMeHT

NmuranmonHas Moaens padotel MHOTOGazHoit CMO ocHOBaHa Ha AWC-
KpPEeTHO-COOBITUIHOM IMOAX0JI€ MOJEIUPOBAHUS U peain30BaHa B BUJE MPO-
rpaMMHOro moxyns [7]. OH mpenHa3HayeH Uil YHUCIEHHOTO HAaXOXKACHUS
BEPOATHOCTEH COCTOSIHMI M Ha UX OCHOBE OIpEeNeNeHusl Mokaszareinei 3¢-
(extuBHOCTH BBIOpaHHOM CMO, a Takke NMPOBEACHUS MHOTOBAPHAHTHBIX
CIICHAPHBIX PACUYETOB.

OO0BekTOM HccieoBanus Oblia BeIOpaHa copTupoBouHas cranmus U-C,
pacnonoxxenHas Ha BCXK]] B Upkytckoii obiactu. OHa sBIseTCS JBYXCHC-
TEMHOM C MOCIEOBATEIBHBIM PACIOI0KeHHEM MapKoB. O0e CHCTEMBI Mpak-
THYECKH UICHTHYHEL, TIO3TOMY PACCMOTPUM PabOTy HEUETHOH, B CTPYKTYpe
KOTOpPOH MMEIOTCS TTapK MPUOBITHS, COPTUPOBOYHBIE MTAPK U TOPKa, MapK OT-
npasiieHus. B cucreMy mocTynaeT moes3IonoToK ¢ pa3IMyHbIMU NapaMeTrpa-
MH JUII JHEBHOW M HOYHOM CMEH.

B TepMuHax Teopuum MaccoBOro oOCIYyXHBaHHUA MOJENb HEYETHOM cHc-
Tembl cTanuuu M-C umeer Buj

BMAP/G?/2/720 —*/G?/1/0 —* /GB/2/3500 —* /G®/2/750,

rie B — OMHOMHAJIBHOE paclpeeeHHe.
Bonee monpobuas undopmanust 00 00bEKTE UCCIEOBaHUS U PE3YIbTATHI
YHCJICHHOTO aHaJIM3a €€ MOJIeIH OyIyT MPEACTABICHBI B JOKIIAJE.
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BbiBoapbi

B pabore mpencraBieHo pa3BUTHE paHee pa3pabOoTaHHOTO MOIX0/a K Ma-
TEMaTHUYECKOMY MOJETUPOBAHHUIO pabOTHl IPY30BbIX U COPTUPOBOYHBIX JKe-
JIE3HOJJOPOXKHBIX CTAaHIMK 3a CUET HCIOJb30BaHMs yeThipexdaszHsix CMO ¢
BMAP-niotokamu. VX mpuMeHeHHe MO3BOJISET OMKCATh YeThIpe (HyHKITHO-
HaITbHBIE TTOJICHCTEME], KOTOPEIE SBISIOTCS dTaraMu 00CTy)KUBaHHS BaroHO-
notoka B 'CXKC. Ha ocHoBe mpemioxkeHHOro nojaxoaa pazpaborana 0000-
[ICHHAs! MOJIeNTb Pa0OThI KENE3HOIOPOKHON CTAHIIMH, MPEUMYIISCTBOM KO-
TOpOM SIBJISETCS TO, YTO OHA MOXKET OBITh aJlalTHPOBAaHA 32 MUHUMAJIbLHOE
BpeMsl [0J KOHKpeTHyro cuctemy. Mcmnonb3oBanue uersipexdazupix CMO
3HAYUTEIHLHO YBEIUYMIIO CIIOKHOCTH TIOJIyYaeMbIX MOJelieil, OTHAKO COBpe-
MEHHBIE CPEACTBA MMUTAIMOHHOTO MOIEIMPOBAHMS MO3BOJIAIOT d(PPEKTHUB-
HO UCCIIEZI0BATh MOA00HbBIE OOBEKTHI.
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MeTop 6eCKOHEUHbIX pa3MeToK
B CUCTEMAX C Hen3BeCTHbIM BpeMeHeM 06CnyKuBaHus
NOCTYnaloLWwmX 3asBoK

Bnaanmnp 3agoporkHbin, TaTbsAAHa 3axapeHKoBa

Omckuli 2ocy0apcmeeHHbIl mexHuYeckul yHusepcumem, 2. OmMck, Poccua

B crarbe uccnenyroTcss BO3MOKHOCTH MPAKTUYECKOTO INPUMEHEHHS Me-
Tona OeckoHeuHbIX pasmeTok (MBP) [1, 2], mo3Bomstomero 3QpQpexTuBHO
o0ecIieunTh KOHEYHOE CpEIHEe BpeMs OXHIaHHSA (KOHEUHYIO CPETHIOIO
JUIMHY OYepeir) B CUCTeMaX ¢ OECKOHEYHOW JHCIIepCHeil BpeMEHH 00Ciy-
kuBaHus. Ecnu Bpems x o0CiIy>XKMBaHUS MOCTYNAIOLIEH 3a9BKU U3BECTHO, TO
el mpucBamBaeTcst aOCONIOTHBIN NPHOPUTET, OMPEAETSIEMBI COOTBETCT-
BYIOIIUM HHTEPBAJIOM OCCKOHEYHOH pa3MeTKH AMala30Ha BO3MOXKHBEIX 3Ha-
yeHU# x. UeM Janplie HaXOAUTCS MHTEpPBaAJl pa3METKU OT Hauyajia Juana3oHa
BO3MOXKHBIX 3HAYECHUIl X, TEM HIDKE COOTBETCTBYIOUIMH 3TOMY HHTEpPBaILy
npuoputer. MBP MoXeT ucnonp3oBaThes Ul PELIEHUS pa3IMYHbIX KJI1acCOB
3a7a4, BO3HUKAMONINX IIPH OOCITYKHBAaHHU (paKTaTbHOTO Tpaduka coBpe-
MEHHBIX KOMIIBIOTEpHBIX ceTeil. Takoil Tpapuk ONMUCHIBAETCA CTETNIEHHBIMU
pacrpeneneHusIMA BPEMEHH 00CTYXUBAaHUS 3as1BOK, XapaKTEPU3yEeMbIMU KO-
HEYHBIM MaTeMAaTHYeCKUM OXHIAHHEM M OeCKOHE4HOW amcriepcueit [3].
®opmyna [Nonsuexa — XuHYIMHA UIS TAaKOTO (paKTATBHOTO Tpaduka ompe-
JensieT Ipu 1ro00M Ko3(h(hHULIKeHTe 3aTpy3KU P CUCTEMBI, MEHbBIIIEM EIAUHU-
Ibl, OECKOHEYHOE cpelHee BpeMs OxuaaHus [4] (OECKOHEUHYIO CPETHIOI0
JUIUHY odepean). PaccMaTpuBaroTes ciaeayromue ciaydan:

- KOTJ]a X M3BECTHO M JUIMHA OYEpEH OIpEAeNiseTCcsS HE TOIBKO YHCIOM
3as1BOK B HEl, HO M MX JUTMHOH (KaK MpH repeaade GailiioB B HHTEPHETE),

- BOKHBIA U MPAaKTUKHU CIydYaid, KOrJa JJMHA OYepeldu OIpelesseTcs
TOJIBKO YHCIIOM 3asBOK B HEll, HO BpeMsi 00CIIy>KUBaHUS MTOCTYMAIONIIUX 3as-
BOK HEW3BeCTHO. /(s aToro ciyyas npennaraercs Bepcust MBP, ocHoBaHHas
Ha JUHAMHUYECKH HAcTpauBaeMbIX MPUOPHUTETaX. YCTaHABIMBAETCA, YTO B
aToM ciaydae MBP Taxke mo3BoisieT 3¢ ¢heKTHBHO oOecrnednBaTh KOHEUHOE
cpelHee BpeMsl 0KUIAHUs 3asBOK.

Crydaii, xorna (akTH4IecKoe BpeMsi X OOCITYy>KUBaHUS KaXIOW IOCTY-
MaroIeH 3asBKU U3BECTHO M JUIMHA OUCPEAU OIpPEEISIeTCs] KaK 4UCIIO 3as-
BOK B HEH, uccienoBad B [1, 2] — 3170 ocHOBHOM city4aii npumenenus MBP.
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MaTtemaTnuyeckasa mogenb

Bpewmst x o0ciryxnBaHus 3asBOK pacrpeiesieHo 1o 3akony [lapero:
K o
F(t)=P(x£t)=1—(—) , a>0, 2K,
t
rae K > 0 — MUHUMaJbHOE 3HaUY€HHUE CIy4yailHOH BeJIMYUHBI (C.B.) U, OJIHO-

BPEMEHHO, MacIITaOHBIN TapaMeTp pactpeeNeHHs; o, — napaMeTp HOpPMBL.
[lepBEIe 1Ba MOMEHTA C.B. X BEIpaKaIOTCs (GopMyIaMu

M(x)=:°—i, (@>1),

2 ak?
M(x )_—(a—l)z(a—z)’ (a>2),
ak?
- 2).
D(x) T (a.>2)

IIpu o < 1 Bce MOMEHTEHI C.B. X OECKOHEUHEI.

IIpu 1 <o £2 umeem M(x) < w0, D(x) = c0. DTOT ciyyail B MOAETHPOBa-
HUU (pakTanpHOrO Tpaduka Hamboiee BocTpeOoBaH. B cucreme M/Pa/l/oo
(c BpemeHeM x, puHaANeKaUM pacnpeneneHuto [lapero) npu 1 <o <2 B
cooTBeTCcTBUH ¢ (hopmyioii [Tosstueka — XununHa [4] cpenHss JmHa L ode-
penu GeckoHEeYHa:

2 2
L AME) (0
2(1-p)
rze Kodp@uImeHT 3arpy3ka p = AM(x) < 1, A — HHTEHCHBHOCTb BXOJAIIETO
ITyaCCOHOBCKOTO TIOTOKA 3asBOK.

B coorBerctBuuM ¢ Qopmynoit JlurTiaa cpemHee Bpems OXHUIAHUA
W =L/\.CnenoBatensHo, ipu L = oo Taxke U W = oo,

BBeneHne B cucteMy aOCONIOTHBIX MPHOPHTETOB B COOTBETCTBHU ¢ MBP
ompenemnsercss pa3OueHneM nuama3zoHa K <f<oo BO3MOXHBIX 3HAYCHUH
BpeMEHU x OECKOHEUHOMH MOCIe[0BATEIbHOCTBIO TOUEK

(=g tys s by oo
Ha UHTEPBAJIBI [f,5)s [t,t), s [tipste)s oos

rae ¢, = K (puc. 1).
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Puc. 1. beckoneuHast pa3MeTKa JHana3oHa BO3MOXKHBIX 3HAYCHUH X

Ecnu y Bxogsmelt 3asiBKM BpeMsl X IPUHAUICKUT HHTEPBAIY [f,,1,), TO
el mpucBamBaeTcss aOCOMIOTHBIN mpuoputeT Pj; eciu x €[t,¢,), TO 3asBKe
HpHUCBauBaeTCs NpuopureT P — 1; eciu x €[t,,t;), TO 3asiBKe IPUCBaUBACT-

cs1 puopHuTeT Py — 2 U T.JI.
IIpu TakoM Ha3HaYeHHH aOCOJIOTHBIX MPUOPUTETOB CpeaHss uMHA L
odepenn U cpenHee Bpems W okugaHus CTAaHOBATCS KOHEYHBIMU [ 1, 2].
[anee OyneT HCIONBL30BaThC SKCIIOHEHITHANIbHAS pa3MeTKa, B KOTOPOH

th=K, t, =K +ce™, (k=1,2,..). )

3HayeHHs MapaMeTPOB d, ¢ ONTUMHU3UPYIOTCS MO KpuTeputo W — min. IIpu
9TOM A7l pacueTa W HCHONb3yIOTCS H3BECTHBIE (POPMYIIBI pacdeTa CUCTEM C
a0COIOTHRIMH NTpUOpUTETaMU [4].

BnuaHne MBP Ha ouepefab, onpepensaemylo € y4eToM A/IMHbI 3afABOK

Ecnm BpeMsi 00cnyXKHUBaHHS 3afBKH HPOINOPIHUOHATLHO €€ JITMHE — Kak
npu nepenaue ¢aitia — TO AJMHY OYEpPEeId MOXKHO DPAaCCUUTBHIBATH NIBYMsI
cniocobamu. [lepBbiM crmocoOOM, TpaIUIIMOHHBIM, JTMHA [ OYepean orpele-
JIIeTCs KaK YMCIIO 3as8BOK B Hel. B aTom cinydae npumenenne MBP k cucre-
Me ¢ OECKOHEYHOU AMCIIepCUeii BpeMEeHH 00CTYKUBAaHUS MIPUBOJUT K TOMY,
YTO CpeAHss UIMHAa L ouepein CTAaHOBHTCS KOHEYHOH. BTopeiM criocoGom
JUTMHA OYepell onpeselsieTcs Kak CyMMa JUTHH 3asBOK B Hell. UTOOBI OTIIH-
YaTh TaKylo JJIUHY OuYepeqd OT TPaJAMIMOHHON, OyJaeM Ha3bIBaTh €€ Mpo-
JIOJDKUTEIIBHOCTBIO OYepe/id, 0003HauaTh 4epe3 M, a CPEIHIO TPOIOIKH-
TENBHOCTH ouepean obo3Hadath depe3 2. [Ipu 3TOM, momaras, 4to Bpems
00CITy>)KMBaHUSI 3asfBKH IPOMOPLIHOHAIBHO €€ JUIMHE C KO3 UIIUEeHTOM
MPOIIOPIMOHANBHOCTH €IMHHUIIA, TIOTyYaeM

0=3" x, 3)

TAe X; — BpeM: O6CJ'Iy)KI/IBaHI/IH 3asBKH, Haxonﬂmef&ca B o4epeau.
Omnpenenum TecToBYI0 cucteMy M/Pa/l/co xak cuctemy ¢ mapaMerpaMu

K
29 3, D(x) = 0, x030-
a-1

¢urnment 3arpy3ku p =0.5. Cpenmuss anuHa L ouepenu (1) OGeckoHedHa.
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OnTuMU3HPOBAaHHBIC 3HAYCHUS MMAPaMETPOB d, ¢ IKCIIOHCHIMAJIBHOW pas-
MeTKH (2) cocTaBisiioT a = 1, ¢ = 0.5. VI3 L = oo BeITeKaeT () = .

B Tabn. 1 mpuBeneHs! pe3ynbTaThl IMATAIHOHHOTO MOJCIHPOBAHUS TeC-
ToBO# cucteMbl M/Pa/1/00 (6e3 mpumenenuss MBP) npu pa3HBIX THHAX TpO-
roHa Monenu. [[nmmHa mporoHa ompenessieTcss MOAEIHPYEMBIM IEPHOIOM
BpEMEHH, Ha KOTOPOM B CHCTEMY IOCTYIAeT B cpenHeM N 3asBok. Vimurarm-

OHHBIE OIIEHKU L Q u W nokasatereit L, Qu W c pocToM JUIMHBI IPOTOHA
CXOMIATCSA K CBOMM CTAllMOHAPHBIM 3HAUYCHHUSIM — K OECKOHEYHOCTSIM.

Tab6numa 1

A

N3menenne onenok L, Q u W c pocrtom N B MoJes M GeCIPHOPHTETHOI CHCTEMBI

Jmuna nporosa N I O W
10* 1.093 2.773 3.737
10° 3.025 7.884 15.222
10° 64.486 161.834 383.375
10’ 129.524 332.182 773.538

B Tab:1. 2 npuBeseHBI pe3yabTaThl UMUTAITMOHHOTO MOJICITMPOBAHMUS TEC-
ToBOM cucteMbl M/Pa/l/c0 ¢ mpumenenneM MBP. Onenku s L u qis W
CTaOWIM3HPYIOTCS BOJIM3M KOHEYHBIX CTAIMOHAPHBIX 3HAYCHHI THUX TOKa-
3aTenei, OMM3Kkux, cooTBeTcTBeHHO, K 0.22 m 1.3. B TO e BpeMs oreHKa
CpeIHel MPOJOHKUTEIIEHOCTH {2 0Yepei ¢ POCTOM JUTHHBI IIPOTOHA PacTeT,
YTO CBHUIETEIBCTBYET O TOM, 4TO (2 =o00. YYHUTHIBas, UTO CpEIHEE YHCIO
L =~0.22 cnaraempix B Qopmyne (3) HEBEIWKO, CTAI[MOHAPHOE CpeaHee
Q) =0 00ycnoBnuBaeTcs TE€M, YTO B OUYepe]b MOMAJar0T 3asBKA CO BCE
00JIBIIUM BpEMEHEM OOCITY)KHUBaHMs. DTO BIIOJHE COrjiacyeTcsl ¢ (u3uue-
ckuM cMmbiciioM MBP, naroiero BO3MOXXHOCTh «KOPOTKUMY» 3asiBKaM 3a CUET
BBICOKOTO a0COJIFOTHOTO MPUOPUTETA OOCTYKUBAThCS O€3 3a/IepPiKeK.

TabGnuma 2

A

H3menenue oueHok L, Q u W c¢ poctom N B Mojeu, ncnoJib3yiouieii MBP

Jiuna nporona N L Q w
10* 0.133 3747 0.903
10° 0.176 45688 1.070
10° 0.233 514686 1.391
10’ 0.222 5055579 1.329
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MpumeHeHne MBP npu HensBecTHOM BpemeHU 06cnyKBaHNA

Hpyroii BaxubIi cmydail mpumeHneHust MBP cBsizan ¢ anmuHO# ouepenn,
olpeessieMoil JIMIIb YUCIIOM 3asIBOK B Hell (Kak Ipu nepeaaye MareMaTHye-
CKHUX 3a/1a4 JUIs pelieHus Ha cailT wolframalpha.com). B aTom ciyuae Bpemst
00CITy>)KHBaHUS 3asiBKM 3aBHCUT TOJILKO OT €¢ 0COOEHHOCTEH (OT CIOXKHOCTH
reperaBaeMoll MareMaTuieckor 3amaun). [lpm 3ToM, Kak mpaBuio, Bpems
00ciTyKMBaHHUs IOCTYMAIOUINX 3asBOK (BpEMsI pEeIIeHUs 3a/1a4K) HEU3BECTHO.

[ paccMaTpruBaeMoro ciydas MOKHO IPEAJIOAKUTh Takyro Bepcuto MBP,
B KOTOPOH IMPHUOPUTETHI 3asBOK HACTPAMBAIOTCA B XOIC WX OOCITY>KHUBAHHSL.
Beskoil moctynaromieil B cucreMy 3asBKe BHayajle MPUCBAMBAETCS BBICLIMN
npuoputeT P;. Ecnu 3asBKa oOcimyxuBaeTcs 3a BpeMs, MPUHAIICKAIIEES HH-
TepBaiy [f,, 1), TO 3asBKa IOKNUIAET CUCTEMY OOCIY’KEHHOH U B MTOTE IOIYy-

YaeTcs, YTO BBICIIMH MPUOPUTET eif ObLT MPUCBOEH NpaBHIbHO. Ecnn 3asBka
00CITyXUBaeTCs TOJBIIE, T.C. €CII BPEMs X JOCTUTAeT BEIWYUHEI ¢, TO TIPH-
OpHTET 3asBKM YMEHbBILAETCS Ha eAuHuLy. Jlanee, ecinu ee oOCIyKuBaHUe 3a-
BEpILIAETCS 32 BPeMsl, HE MPEBBIIIAOLIEE #,, TO 3asBKa MOKHIAET CHCTEMY 00-
CIIy’)KEHHOW W B UTOTE TIOJYYACTCs, YTO TIOCIICAHUIN MPHOPUTET e OBbLT MpH-
CBOEH NpaBWbHO. Eciyu Bpems 0OCIyXHUBaHUSI TOCTUTHET BEJUYUHBI 3, TO
MIPUOPUTET 3aIBKH YMEHBIIAETCS ellle Ha eANHHUILY, U T.JI.

B Tabn. 3 mpencraBieHBI pe3yNbTaTHl MMHTAIIMOHHOTO MOJCIHPOBAHUS
TECTOBOW cUCTEMBI ¢ Bepcuet MBP ¢ nnHamMudeckoil HacTpOMKON MpUOpPH-
tetoB. CpeaHsas AnuHa odepenu B 3Toil Bepcun MBP coctasnser nmpubnusu-
tenbHO 0.53, cpemHee BpeMsl OXHAAHMSI COCTaBisieT Okojo 3.14 eaunun
BpemeHH. [Ipu n3BecTHOM BpemeHu obciyxuanus MBP oGecnieunBaeT 3Ha-
YeHUsl 3TUX Tokazarenel, coctaisitomue 0.22 u 1.3 cOOTBETCTBEHHO (CM.
Tab1. 2), KOTOPHIE, ECTECTBEHHO, HECKOMIBKO JIydIe. B To ke Bpems mpu He-
W3BECTHOM BpeMeHHU o0ciTyxuBanus MBP 3a cuetr quHaMU4eckoi HacTpOUKH
MPUOPHUTETOB 00ECIECYNBACT MPHHIUIHAIBHOE YIIydIIeHHE 3THX IOKa3aTe-
Jiell Mo CpaBHEHHIO ¢ OECIPUOPUTETHOW CHUCTeMOU (cM. Tabi. 1), rae oHm
OCCKOHEYHBI.

Tab6nuuma 3

Xapakrepuctuku MBP npu Hen3BecTHOM BpeMeHHU 00C/Iy:KMBAHUS 3asIBOK

Jmna nporona N I W
10* 0.366 2.337
10° 0.419 2.534
10° 0.556 3.325
10’ 0.525 3.144
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OTHOCUTENBHO BBICOKAsI d(PPEKTUBHOCTD aJITOPUTMA HACTPOUKH ITPHOPH-
TETOB MPH HEM3BECTHOM BPEMEHHU 0OCITy)XKHBaHUS 00yCIIOBIIEHA IPUMEHEHHU-
€M 3KCIIOHCHIMATBHOW pa3MeTkH (2). [TockonbKy JJIMHA MHTEPBAJOB pas-
METKH OBICTPO pacTeT ¢ POCTOM HOMEpa HHTEpBalia, BPEeMs OOCITYKUBAHUS
3asiBOK B HAYaJbHBIX MHTEpBajlaX (C HEaJeKBAaTHO BBHICOKUM MPHUOPHUTETOM)
3aHUMAaET OTHOCHUTEIFHO MAIYIO OO OT BCETO BPEMEHHU MX 00CTy KHBaHHMS.

3aKknwuyeHne

BrInonHeHHBIE B CTaTbe HUCCIEAOBAHUS IO3BOJISIOT CHOPMYIHPOBATH
MpoOJIeMy COXpaHSIONIeHCs pU HcIoib30BaHuH MBP OeckoHeuHOH cpen-
HEW MPOJOJKUTEIBHOCTH OYEpPEIH.

Tam, rne mpoIoIKUTENBHOCTh ouepean paBHa ee anuHe, MBP moxer
3 (PEKTUBHO HCHONB30BATHCS TSI KapIUHAIBHOTO COKpPAIICHHsS Odepend U
BPEMEHHU OXHJAHHs Jake MPU HEU3BECTHOM BPEeMEHH OOCIyKMBaHUS 3asi-
BOK. DKCIIOHEHIIMAbHAs pa3MeTKa oOeclevyrBaeT Majoe BIUSHHE HTaroB
JUHAMHYECKOW HACTPOHKH NPUOPUTETOB 3asBOK Ha AP PekTBHOCTH MBP.
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"pMMEHEHMe MeToAa 6eCKOHeUHbIX pasMeToK
Kcetam ¢ Kommyrauueﬁ naKkeToB

Bnaavmmp 3apopoxHbiii!, Mukene MNaraHo?,
TaTbsAHa 3axapeHKoBa'

" Omckuli 2ocy0apcmeeHHbIl mexHu4eckul yHugepcumem, 2. OMck, Poccus
2[uzaHckul yHusepcumem, . uza, manus

PaccmaTpuBaeTcs BO3MOXHOCTh MPAKTUYECKOTO MPUMEHEHUSI B CETSX C
(pakTansHBIM TpadukoM [ 1] MeToaa, IpeNTo)KEHHOTO aBTOpaMu B [2, 3] miist
CHIDKEHUS CpeHUX JJIUH oyepesel B cucTeMax ¢ OECKOHEUHOH aucnepcueit
BpeMEHHU 00cyX HBaHUsA. METoJ] OCHOBaH Ha BBEJEHHU aOCOTIOTHBIX MPH-
OPHUTETOB, HA3HAYAEMBIX B COOTBETCTBHH C OECKOHEYHBIMH pa3MeTKaMH II0-
JTyocu BpeMeHH obciyxuBanus. U3 popmynsl [omsiuexa — XuHunHa chemy-
eT, uTo B cucremax M/GI/1 ¢ OGeckoHeuHO# qucnepcueil BpeMeHH 00CTy K-
BaHUS CpEIHSs IUIMHA ouepenu OeckoHeuHa. B [4] 3T0 meTanbHO TMOKa3aHO
JUIsl BpeMEHU OOCITY>XKHBaHUsI, pacrpeaesieHHoro mo 3akony I[lapeto. B [2]
JI0Ka3aHo, YTO BBEJEHHE aOCOJIOTHBIX IPUOPUTETOB MO METONY OECKOHEed-
HBIX Pa3METOK JIeJIaeT CPEAHION0 JIIMHY OYepeId B CUCTEME KOHEUHOM.

OpHako HermocpenCcTBeHHOe MPUMEHEHNE METO/1a OECKOHEUHBIX Pa3METOK
(MBP) kK KOMIBIOTEPHBIM CETSIM CTAJIKMBaeTCs ¢ AByMs mpoOiemamu. Bo-
NEePBHIX, Mepeada MakeToB, Ha KOTOpble pa3OuBaroTcs (haiibl, He IpepbhIBa-
€TCsl, I03TOMY HCIOJIb30BATh 3/1€Ch JUCLUIUIMHY aOCOIOTHBIX PUOPUTETOB
He ynaercsa. Kpome Toro, mouT Bce MakeThbl, HA KOTOpbIe Pa3OMBAIOTCS Iie-
penaBaembie (paiiiibl, UMEIOT OJIMHAKOBBIE OTHOCHTEIBHO HEOONBIINE pa3Me-
PHI, TIO3TOMY AWCIEPCHS BPEMEHH TIepeadl IaKeToB He OeCKOHEUHA.

Tem He Mmenee MBP MOKHO NpUMEHSTH U 31€Ch, €CIIU B KAUECTBE 3aIBOK
paccMaTpHuBaTh HE MAKeThl COOOIIEHHH, a (aiibl, pa30rBaeMble Ha MAKETHL.
B sToMm ciryuae aGcomoTHBIE TPUOPHUTETH (PaliIoOB TOCTATOYHO TOYHO pea-
3YIOTCS OTHOCHUTEJIbHBIMH HPUOPUTETaMHU IAKETOB. OTO IOATBEPKIAETCS
UMUTALMOHHBIMH OSKCIIEPUMEHTAMHU, BBINONHAEMBIMA C OJIHOKaHAJbHOM,
MHOTOKaHaJbHOHU U ceTeBoit Monensmu. [Ipumenenre MBP k cersim ¢ dpax-
TaJIbHBIM TPaQUKOM ¢ OCCKOHEYHOW TUCIepCHeld BPEeMEHU OOCITY)KHBaHUS
MO3BOJISIET MPUHIUIIMAIILHO COKPATUTh CpellHee BpeMs mepenadn ¢aitnos (c
OecKOHEYHOro Ha KoHewHoe). Ho miaToit 3a 3To ABIsSETCS HEKOTOPOES YBEIH-
YeHHE CPEIHEro 4Mcia MakeToB B cucreMme. Jlajee UCCIEAYyIOTCS 3T OCO-
6enHocty npuMeHeHHs MBP Kk KOMIBIOTEPHBIM CETSM.
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MaTtemaTnueckasa mogenb

ba3oBoii MaTeMaTHYeCKOH MOJIENBIO Tiepeaadn (aiioB 1Mo KaHady SBJIS-
etcst cuctema M/Pa/l/co ¢ BpemeHeMm x 0OciyKHBaHUs 3asBOK, paclpene-
JIEHHBIM 110 3aKkoHy I[lapero:

l%ﬂzP@Sﬂzl—@?T,a>0,t2K, (1)

rae K > 0 — MUHUMaJIbHOE 3Hau€HHUe CIy4yailHON BeJIMYUHBI (C.B.) U, OJHO-
BPEMEHHO, MacIITaOHBIA MapaMeTp paclpenieNeHus; o — napamerp (Gopmsl,
KOTOPBII MPH MOJEIUPOBAHNH (PPAKTAIBHOTO Tpa(uKa MPHHAIICKHAT THa-
na3zony 1 < o < 2. IIpu takux o umeem M(x) < oo, D(x) = co.

B s10i1 cucteme M/Pa/l/00 pu koaddurpente 3arpys3ku p < 1 umeer me-
CTO CTalMOHApHbI pPEXUM: CYIIECTBYET CTAl[MIOHApHOE pacIpeaesieHue
BpeMeHU W oxuJaHus. Ho 3To cTaluoHapHOe pacrlpenelieHue XapakTepusy-
eTCst 0ECKOHEUYHBIM cpelHuM W = oo [4].

Brenenue B cucremy aOCONIOTHBIX MPHOPUTETOB B COOTBETCTBUU ¢ MBP
ompenensercs pazOueHreM auanazoHa K <t <o BO3MOXXHBIX 3Ha4YeHUI
BPEMEHHU X OECKOHEYHOI MOCIEI0BAaTEIbHOCTHIO TOUEK

{l‘k}Zlo,tl,...,tk,... 2)
Ha MIPOMEXYTKH
LATR/D N LTS 9 NN /AR Y %) N
rae t =K . Ecnu y Bxomsmel 3asgBKU BpeMsl X NPUHAMIEKUT k-My HUHTEp-
Bally — HHTEpBAlly [¢,_,,t,), TO €l IpucBauBaeTCa abCOMIOTHBII IPHOPUTET
Py, =Py +1-k, tne P; — IpHOpPHUTET, COOTBETCTBYIOIIUI [IEPBOMY HHTECPBAITY
— HHTepBaly [#,,t) . IlosBieHne ¢ pocToM k OTPULATEIBHBIX IPHOPUTETOB

HE MEHSET JIOTUKH WX UCIIOIB30BAHUS.
U3 pa3merok, paccMOTpeHHBIX B [2], Hamboiee d(pPEKTUBHON SBISIETCS
9KCIIOHEHIIMANIbHAS pa3MeTKa, B KOTOPOU

th=K, t, =K+ce®, (k=1,2,..), (3)

onpenensemas AByMsl mapamerpamu a > 0, ¢ > 0. 3HaueHus a, ¢ Jerko ONTU-
MU3UPYIOTCS B DIIEKTPOHHBIX TabiHIax mo kpureputo W — min. s pacye-
Ta W HCHONB3YIOTCS U3BECTHBIE (OPMYJIIBI pacyeTa CUCTEM ¢ aOCOIIOTHBIMU
npuopuTeTami [2, 5].
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Bo3smoxHocTs nmpumenernst MBP k ceTsiM ¢ koMMyTanuen MakeToB Oc-
HOBaHa Ha TOM, YTO OTHOCHTEJIbHbIE MPHOPUTETHI MepenaBaeMbix (haiiios,
pa30uBaeMbIX Ha TAaKeThl, QYHKIIMOHUPYIOT MPAKTUIECKH TaK XkKe, Kak abco-
moTHble nmpuoputeTsl. Ha puc. 1 moka3zaHo, Kak MPOUCXOAUT BpEeMEHHOE
IpeKpalleHue nepeaadn MakeToB HEeKOToporo ¢aiina (n300pakeHHbIX HE 3a-
KpaIIeHHBIMHU TPSMOYTONBHUKAMH B OUEpEAN K KaHAITy) MPU MOCTYIUICHUU
MakeToB 0oJiee MPUOPUTETHOTO (aiisa (YepHble TPIMOYTOIbHUKH).

2
—00000 - OO0CoREmEEE—~(0)-—>

d)
—00000 - 0000—~(0)>

Puc. 1. Tlepenaya npuoputeTHOro (aiina,
pa3duToro Ha HaxeTel (YEepHbIE INPSIMO-
YTOJIBHUKH), TIPU JUCLHUIUIMHE OTHOCHUTEIb-
HBIX IPHOPUTETOB

Puc. 1, a, b mutocTpupyeT NOCTyIUICHHE TPHOPUTETHOTO «IEPHOTOY Ma-
KeTa W OXHUJaHHEe UM OKOHYAaHHWS Tepenadu «Oeioro» makera, yKe 3aHH-
Matoriero kanan. Cpasy Hociie OKOHYaHHUs Tepefadn «0ejoro» makera Ha-
YMHAET IMepe/laBaThCsl «UYEPHBI», U B 3TO BpeMs 32 HUM B Hayayuo o4yepe/u
MOCTYIAIOT OCTANIBHBIC «IEPHBIC) MAKETHI MPHOPUTETHOTO (aitina (puc. 1, ¢).
Korpa mepemava mnpuoputeTHOTO (hailyia 3aKaHYMBAaeTCs, BO30OHOBISETCS
nepeada «OeNbIX» MakeToB MeHee puopuTeTHoro (aiia (puc. 1, d). U, no-
CKOJIBKY TIepenaBaeMble (Daiiibl COCTOST W3 HECKOJBKHX ITaKETOB, TO 3a-
JiepKKa Hadasla 00CITy)KMBaHHs MPUOPUTETHOro (aiiia, cocTaBisroLIas Jo-
JF0O BPEMEHH ITepeiavyd OJHOI0 IaKeTa, OTHOCHUTENBHO HEBENIMKA, YTO IIPH-
BOJUT K HEOONBIIOMY OTIHYHIO TIpollecca mepenaayn (aiaoB ¢ OTHOCUTEINb-
HBIMH [PUOPUTETAMH OT Mpoliecca nepenadu (GailioB ¢ aOCOMIOTHBIMU ITPHU-
OpHTEeTaMH.
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BosmoxkHOCTh NpriMeHeHuss MBP k mepenade ¢aitioB panee 000CHOBBI-
BaeTCs MMOCPECTBOM UMHUTALIMOHHOTO MOJIEIMPOBAHMSL.

AmuntaunoHHoe MmopenvupoBaHne Tunosoro ¢parmeu1‘a ceTtn

Monenupyemsiii parMeHT ceTH TpeicTaBieH Ha puc. 2. [lotoku ¢aii-
JIOB, TIOCTYyTaomue Ha BxoAs! 1, 2 u 3, myaccoHoBckue. Bpemst x nepenaun
¢aitnoB mo kaHamy (ompeaenseMoe pazMepaMu (GaiiioB) pacIpenesieHo II0
3akoHy [lapero ¢ mapamerpamu K =1, o = 1.5. CnenoBatensHo, M(x) = 3,
D(x) = .

Az

Ay

As

Puc. 2. MozenupyeMmslii ¢pparMeHT ceTu
(cuMBOIIBI OUeperiel K KaHaJlaMH OITyIIIEHbI)

Cpennee BpeMsl MeXIy MOCTYIUIEHHSIMH (aiiiaoB Ha Bxoasl 1, 2 u 3 co-
craBisieT 6, 12 u 12 enununil cooTBeTcTBeHHO. DaiinaM NMpuCBanBalOTCs MpPHU-
oputeTsl B cootBeTcTBUU ¢ MBP, ¢ TeM oTimunem ot 6a3oBoii Bepcun MBP,
YTO ATHU MPHUOPUTETHI He aOCOJIOTHBIE, a OTHOCHTENbHbIE. [Ipu Ha3HaYeHHUn
MIPUOPUTETOB UCIIONB3YETCs SKCIIOHCHITMAbHAs pa3MeTka (3). B pesynbrate
ONTUMU3ALMY €€ NapaMeTPOB d, ¢ YCTAaHOBJIEHO, YTO Ha BCEX BXOJax MpH-
OJIMKEHHO ONTUMANIBHBIMHU SIBJISIIOTCS OJIHU U T€ ke 3HadyeHus a = 1, ¢ = 0.5.

[epen nepenayeii aiinoB oHM pa3OUBAIOTCS HA TTAKETHI €IUHUYHOM JITH-
TENFHOCTH, KOTOPBIE HACIEAyIOT MpHOpHTeTHl (aimos. [lakeTsr MoryT me-
pemelarbcs pa3sHbIMH MapiipyTamu. [lakeT u3 y3na 1, Hanpumep, mocrymna-
€T B y3€ll 2, eciIi OUYepe/ib B HEM Kopoue, YeM B y3Jie 3, HHaue MaKeT MOCTy-
maeT B y3en 3. Ha BeIXome M3 ceTH MaKeThl BHOBH COOHMpAroTcs B (hailibl
B MomeHT 3aBepiieHus COOpPKH (aiiyia OH CUUTAeTCs MepeIaHHbIM.

PesynbraTel MOAENMPOBaHUS, MTONYUYSHHBIE MIPH MPOTOHE MPHOIU3UTENb-
HO 10 MyH aiimoB Ha mepBOM BXoje (W, COOTBETCTBEHHO, MPUMEPHO IO
5 MutH (aiiIoB Ha BTOPOM M TPETHEM BXO0JIaX) MPEICTABICHBI B Ta0M. 1.

JIBa BapuaHTa CETH OTIMYAIOTCS JINIIb TEM, YTO B OJJHOM U3 HUX HCIIOJIb-
3yercst MBP. CoOTBEeTCTBEHHO OLIEHKH KOA(D(UITMCHTOB 3arPy3KH P1, P2 U P3
KaHajioB 1, 2 1 3 17151 CpaBHUBAaEMBIX BapHAHTOB CETH MOJIYUYHIUCH MPHUOIH-
3UTENbHO OAMHAKOBBIMU. OJHAKO OIEHKU cpenHero Bpemenu 1) 1, u T;
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repeadl ¢ y4eTOM BPEMEHH OXKHAAHMS (ailiIoB, MOCTYIAIONIMX Ha BXOJBI
1, 2 u 3 cymecTBeHHO pasznuyatorcs. Jlns BapuanTa cetu ¢ MBP 3Tu onenku
CXOAATCA K KOHEYHBIM 3HAUCHMSAM, IIOKAa3aHHBIM B IIOCJIEIHEH CTpOKe
tabu. 1. s GecripHOpHTETHOTO BapHaHTa CETH COOTBETCTBYIOIINE OIEHKH
HE CXOJATCS K KOHEUHBIM 3HAYEHUSIM U PACTYT C POCTOM BPEMEHH MOJEIH-
poBanus. TeM caMbIM UMHUTAL[MOHHOE MOJAEIUPOBaHUE MOATBEPXKIAET IPe-
MIOJIO’KEHUE, YTO OTHOCHTEIbHBIC IPUOPHUTETHI (haiIIoB B CETH C KOMMYTAIlU-
eil makeToB (YHKIMOHUPYIOT NMPHONU3UTEIBHO TAK Xe, KaK U aOCONIOTHBIC
IPUOPUTETHI, YTO MO3BOJIIET HCIOIb30BaTh MBP 1 uTO Tem cambIM mpu Gec-
KOHEYHBIX JUCTIEPCHIX «IHCTOT0» BPEMEHH X Hepenadr (aiaoB MBI MOXKEM
obecreunBaTh KOHEUHOE CPEHEE BPEMs UX OXKUIAHUS.

Tabonuma 1

PeSyJ’leaTI)I MmporoHa MojaeJjiu B Te4eHUue 60 MJIH eTUHUIl MO/IEJILHOTO BpeMeHHU

Bapuant cetu P P2 P3 T, T, T3
be3 npuopureron 0.502 0.364 0.634 798.4 23.5 50.5
Cetb ¢ MBP 0.503 0.362 0.636 5.82 3.70 3.92

ITpumenenne MBP He npuUBOOUT K CYILIECTBEHHOMY CHUIXKEHHUIO CpEl-
HUX JUIUH Ly, L, u L3 ouepenelt makeToB nepea kanamamu 1, 2, u 3 coot-
BETCTBEHHO, XOTS M HE yXyaAlaeT 3TH mokazarenu (tabx. 2). Ilokazarenu
Ly, L, u L3 co BpeMEHeM pacTyT, IIOCKOJIbKY UX CTal[MOHapHbIE 3HAYCHUS
OceckoHeuHBI. B paccmarpuBaeMoil Mojenu ¢ OeckoHEYHBIMH Oydepamu
3TO HE UMEET 3HaU€HHUs, HO Ha MPAaKTUKE MPUBEAET K NpobdieMe CHUKEHUS
BEpOSITHOCTEH TOTeph. Pe3ynbraTel, MpeacTaBlieHHbIe B Ta0J. 2, MOKa3bl-
BAIOT, YTO CKOPOCTH pOCTa OuYepeici UyBCTBHUTENBHA K KOA(pHUIHEHTAM
3arpy3Ku KaHaJoB.

Tabnuma 2

Cpemme JAJIUHBI oqepez[eii MmaKeToB IIPU MOACJIbLHOM BPEMEHH 60 MJH CAMHUI

Bapuanr cetu p1 P2 P3 L L, L
bes npuopureros 0.752 0.635 0.862 2591.5 84.45 111.2
be3 npuopureron 0.502 0.364 0.634 876.14 10.85 49.59
be3 npuoputeroB 0.251 0.153 0.346 282.63 10.84 19.10

Cetb ¢ MBP 0.754 0.632 0.864 2262.8 61.25 105.8
Cetb c MBP 0.503 0.362 0.636 806.53 19.49 44.26
Cetb ¢ MBP 0.251 0.152 0.347 266.78 13.06 16.68

198



Jls 6ecnipropuTeTHOM cetr U cetr ¢ MBP B Tabn. 2 mpuBeneHsI MO TPH
CTPOKH IOKa3aTeleH, MOIydeHHbIE COOTBETCTBEHHO NPH CHIDKEHUU OBICTPO-
JCUCTBHS KaHAIOB IO CPAaBHEHMIO C CETHIO, PACCMOTPEHHOW B Tadim. 1, B
oJITopa pasa (IepBble CTPOKU ABYX BapUAHTOB CETH), IPU TAKOM K€ UX ObI-
CTPOJCUCTBUU (BTOPBIE CTPOKU) U MPH UX BJIBOE YBEIUYEHHOM OBICTpOAECH-
cTBuH (TpeThu cTpoku). Kak BuamM, mokaszaTenu L;, a ClieIoBaTebHO, U Be-
POSITHOCTH TIOTEpPh (IIpH KOHEYHBIX Oydepax) MOTYT 3HAYMTENEHO CHUYKATH-
Csl 3a cueT MOBBIIIEHUS MPOU3BOAUTENbHOCTH ceTu. IIpu koaddunmentax
3arpy3ku kaHajoB nopsaka 0.25 3a Bpems nepenaun 10 miH daiinos cpen-
HUE JUIMHBI OYepe/iei MaKeToB elle JaleKu OT 3HAUEHUH, yrpoXkKarolux Mo-
TepsIMHU MAKETOB.

3aknuyeHune

Ananu3 noruky (yHKIIMOHUPOBAHUS OTHOCUTEIBHBIX IPUOPUTETOB B Ce-
TAX ¢ KOMMYyTaIlel MaKeTOB COOOIIEHHMH IMO3BONSET MPEANOIO0XKUTH, YTO
mporeccsl nepegadn (aiiioB ¢ OTHOCHTENBHBIMH INPHOPHTETAMH HMEIOT
CBOIfcTBa, OJM3KME K CBOWCTBAM IIPOIIECCOB Iepenadd (aiyioB ¢ abCOOT-
HBIMHU NIPUOPUTETAMU U YTO 3TUM 00ECIEUMBACTCS BO3MOXKHOCTb NPHUMEHE-
HUSI METOa OECKOHEYHBIX Pa3MEeTOK. IMUTAaIlMOHHOE MOJICTNPOBAHNE THIIO-
BOTO (pparMeHTa CeTH MOATBEPXKIAET CIPABEINBOCTD CIEIAHHOTO HPEIIIo-
noxeHust. Takum o6pa3oM, B ycIoBUsIX (ppakTanbHOro Tpaduka, Ipu 6ecko-
HEYHOH IUCIIEpCHH YHCTOTO BPEMEHH mepenadyd (aillioB MBI MOXEM CHH-
XKaTh OECKOHEYHOEe CperHee BpeMs OXuAaHus (aiiIioB 10 KOHEYHOH BeNH-
YMHBL 3a CUET TOTO CTOJIb K€ CYIIECTBEHHO CHIXKAETCS U TOJIHOE CpeJHEe
BpeMs nepenayn (aitios.
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Metop pelleHua ctallioHapHbIX ypaBHEHMﬁ
AnA npouecca NPpUOPUTETHOIO 06CJ'IY)I(VIBaHVIﬂ
CpaspeneHuem spemeHu B cnyqaﬁuoﬁ pepe

AHppen 3opuH, KceHuna Cnsosa

Huxezopodckuti eocydapcmaeHHeili yHusepcumem um. H. Y. Jlobauesckozo,
2. HuwxHuti Hoszopoo, Poccusa

B paborax [1-5] paccMaTpuBanach 3aaada 00 00CITyKHBaHUS KOHDIUKT-
HBIX OPJIMHAPHBIX WM HEOPAWHAPHBIX MyaCCOHOBCKUX ITOTOKOB B Klacce
QITOPUTMOB C pa3lesieHHueM BpeMeHH. Kiacc anropuTMoB ympaBieHHS CO-
CTOSUI B TIEPEKIIOUEHHH NpHOOpa MEKAY OdepeldsiMd 10 HH(OPMALUH O
JuinHax ouepezeil. OCHOBHOM pe3yJsibTaT 3THX paboOT — YCTaHOBJIGHUE ONTH-
MaJIbHBIX CBOMCTB aJIrOpUTMa OOCIY’KMBAaHHS C OTHOCUTEIIBHBIM IIPUOPHUTE-
TOM B 3a/1a4€ MUHUMU3AIMU CPEIHEr0 BpeMeHH NpeOBIBaHus BCeX TpeOoBa-
HUH B CHCTEME B €MHUITY BPEMEHH WU 33 pabOuYUil aKT 00CITYKHBAIOIIETO
ycrpoifctBa. KiroueBoii MOMEHT [10Ka3aTeNbCTBA B YIOMSHYTBHIX paboTax
COCTOSUT B ITOJTyYEHHUH SIBHBIX BBIPAKEHUIA JUIsl CTAIIMOHAPHBIX BEPOATHOCTEH
COCTOSTHHI MpUOOpa, KOTOPBIE OKA3BIBAIIICH HE3aBUCAIIMMHI OT BEIOPaHHOTO
QITOPUTMA YIIPABICHUSL.

B pabotax [6, 7] paccmarpuBaniock 06o0ieHne 3ana4 u3 [3—5]. BxoaHsie
ITOTOKH CHCTEMBI (POPMHUPOBAIHCE B CIyYaiHOI cpele ¢ AByMs COCTOSHHS-
MU. SIBHBIC BBIPOKCHUS JJIsI CTAIIMOHAPHBIX BEPOSATHOCTEH COCTOSIHUII MpH-
0opa ObLTH TMOyYeHBI TOJBKO B YACTHOM MPEANOJIOKEHUH, YTO UHTCHCHUB-
HOCTH ITOTOKOB TIPH Ka)XIOM COCTOSHHH CpeIbl ONUHAKOBHL. B obmem ciy-
Yae HallTW TH BEPOATHOCTH AHAIUTHYCCKU HE YNACTCS U, CIICAOBATENHHO,
OCTAeTCsl OTKPBITBIM BOIPOC O 3aBUCHMOCTH 3THX BEPOSTHOCTEH OT amro-
pUTMa yIIpaBIICHHS.

B mnactosmeit pabore mpuBeaeHAa METOMUKA PEIICHHUS CTAIlHOHAPHBIX
ypaBHEHUI TpU OOCIYKMBAHUU C OTHOCUTEIHHBIMH MPHOPUTETAMHU C HC-
IIOJIF30BAHIEM CPEIICTB KOMITBIOTEPHOI ainreOpsl.

OnuncaHue cMcTeMbl 06CNyKMBaHNA

B cucremy obcmykuBaHusl nmoctynarot m mnorokos I1, I, ..., I1,. Tpe-
6oBanus notoka I1; nomemarorcss B Hakonurenb (J; ¢ HEOrPaHUUEHHOH eM-
KOCThIO, j =1, 2, ..., m. [lonoxxum n =m + 1. Ilocne obcmyxuBanus Tpedo-
BaHue M3 oyepenu O; NepeHanpapiseTcss Ha IOBTOPHOE OOCIY)KHUBAHHE B
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m

r=l1 p J>r
kujaetr cuctemy. [locnme kaxmoro akta oOCITy>KHBaHUSI MPHOOP MPOBOJIUT
mepeHanagkd U (YHKIUH YIpaBICHUS MOTOKaMHd. [|TUTETBHOCTH aKkTa 00-
cIykuBaHus TpeboBanus u3 ouepenu O; 3aqaHa QyHKIMEH pacrpeseneHus
Bi(t), B{+0)=0, a anauTenpHOCTh IOCHEAYIOIIETO aKTa IepeHaNajku |

odepenp O, C BEPOSTHOCTBIO Py, & € BEPOSITHOCTBIO p; , =1— Z To-

ynpaBieHus — (QyHkuueil pacnpenenenuss B;(t), B;j(+0)=0. Eciu mo
OKOHUYAHHH aKTa IepeHaa ki M YIpaBICHHUS OUepean MyCTHI, IPHOop mepe-
XOJUT B PEXKUM OXKMAAHUS MOCTYIUIEHHUs TpeOOoBaHUIl M Ha 0OCIy)KUBaHUE
BBIOMpaeTcsl mepBoe MocTymuBIIee. Eciau mocie akTa mepeHajialkd JTUHbBI
ouepernei 3a1laHbl HEHYJIEBBIM BEKTOPOM X = (X1, X2, ..., Xp), TO HEMEICHHO
Ha4yMHaeTcsl 00CIy)KMBAaHUE 3asiBKM U3 O4Yepear C HOMEpPOM j = h(x). 3mech
h(-) — HEKOTOpOE 3a/JaHHOE OTOOpaKEHUE IIETOYNCICHHON HEOTpUIIaTeIbHON
pemretku X = {0, 1, ...} x ... x {0, 1, ...} pa3mepHOCTH m Ha MHOXeCTBO {1,
2, ..., n}, Takoe, uTo h(x) =j Bnever x; >0 npu j =1, 2, ..., m. IIpoobpazom
TOYKH 7 ABJSIETCA TOJBKO HyneBoit Bektop 0 = (0, 0, ..., 0) € X.
[ocrymienne mepBUYHBIX TPeOOBAaHUN B CHCTEMY IO KaKIOMY H3 HOTO-
KOB ONpEIe/ISIeTCs BHEIIHEH ClrydaifHoil cpesioil ¢ aByMs cocTosHusMH ') 1
¢®. COCTOSHMS Cpetbl MOTYT MEHSTHCS TONBKO B MOMEHTBI OKOHUYAHHS aK-
TOB OOCITy>)KUBaHHUS M aKTOB IIEpeHaTaqOK W yIpaBieHHsI. BeposTHOCTE Te-
pexona BHemmHeii cpeisl w3 cocrosms ¢ B cocrosue ¢ pasHa ay, TOE
k,l e {1, 2}. Ha mpoMexyTKax HOCTOSIHCTBA COCTOSIHUI clIydaitHOIl cpessl
notoku 11, Iy, ..., II,, ycinoBHo He3aBucuMmbl. Tpebosanus moroka II; mpu
cocrosiHum cpesl ¢ mocTynaror rpynmnamu, rpymmna conepxur b TpeGosa-
Huil ¢ BeposiTHOCTBIO pi(b; k), b=1, 2, .... B TO ke BpeMs, IrpyIibl 00pa3yroT

noTok IlyaccoHa ¢ HHTEHCHBHOCTBIO 7»5/‘ ).

Ilyctb 19 =0 u 1; ecTh 1MO0 MOMEHT OKOHYaHMSA OOCIYKUBaHHUA TpeOo-
BaHUs, JIMOO MOMEHT OKOHYaHUS IEPEeHANaJKH, MpHYEeM T; | > T;. BBeaem
HCTONB3yEeMbIe  Jaiee  CIIydYailHble BEMWUYMHBI W JJIEeMEHTHL. [lycTh
Yi € {X“), X(z)} — COCTOSHHE BHEIHEH CIIlydaHOW cpeabl Ha MPOMEXYTKe
BpeMeHH (T;, Tiyi]. Ilycts cayuaiinbii snement I € {LY, T@, .., T™} npu
i=1, 2, ... oNKCBHIBaE€T COCTOSHUE OOCITYHBAIOIIEr0 YCTPOWCTBa Ha MpoO-
MEXYTKe (Ti_1, T;]. [Ipu 3TOM paBeHcTBO [; = re mpu s =1, 2, ..., m umeer
MECTO, €CJIM MPOHUCXOAUT HIIH TOJBKO YTO 3aBEPIIIICS aKT OOCITYKUBaHHUS
ouepenut Oy, a IPH S = 11 — MPOUCXOAUT WIIHM TOJIKO YTO 3aBEPILIUIICS aKT Iie-
penananku. DnemeHT [y co 3HaueHussMu U3 [ 3a1aeT cocTossHUE OOCITYXKH-
BAIOLIETO YCTPOHCTBA B MOMEHT T¢. Uepes k;; 0003HauuM utnHy odepenu O;
B MOMEHT T;, K; = (K1, K2y --os Kmi), i =0, 1, .... B cIeTaHHBIX BBIIIE TIpe-
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TOJIOKEHUSIX CiTydaitHast mocnenoBatenbHocTh {(I, K, %,); i=0, 1, ...} npn
3amaHHOM HadaibHOM BekTope (o, Ko, Yo) SBISETCS MAapKOBCKOW IIETBIO,
CYIIECTBEHHBIC COCTOSIHUS KOTOPOH 00pa3yroT OMUH KIacc ¢ ABYMS LUKIH-
YEeCKHMH MOIKIaCCaMU.

O6o3naunm uepe3 O, x, k), j=1, 2, ..., n, x € X, k=1, 2, cramonap-
nyto Bepositiocts cocrosiams (I'7) x, ™). Jlns nenouncnennoro Bexropa

x € XuBekropa v = (vi, v, ..., V,y) € C"” BBezieM KpaTKyIo 3amuch v' =y, X
0
Xvy> X...xv,m B 4acTHocTH ompexeanm 0 = 1. Beexem mnpoussomsiue

byHKIIH

@)=Y pb:k)", zeC,
b=1

m
-1 m
Rj(v)=vj (pj,n +ij,rvr]’ veC,

r=1

4 0= [T Tep a0 ) ~038,)

0 r=I1

RO Tlﬂ[exp{xi.")r(ﬁ“‘) (v,) = D)}dB (1)

0 r=l1

Y,s,k) =Y Os,x, kv, D, j.k)= D O@nxkW

xeX xer

u o603maunm AN = A0 L0 1 4 A® g k=1, 2. Panee B [6, 7] Gbun

Hal/IeHbl ypaBHEHUS

A0
F(v.j.) ;ak,qﬁ“R (v)(@(wk)wk)f”‘)(v )O(m+1,0,k) |, j=Lm, (1)

2 m
Wnk) =Y a, ) g P, k), @

k=t j=1
cIipaBeIJIMBBIE, 110 MEHbIIEH Mepe, B moiukpyre |v;|< 1, j=1, 2, ..., m.
[MoxacraBuB B ypaBrenus (1), 2) v=1=(1, 1, ..., 1) € X, nonyuum, c yue-

ToM ycioBus Hopmuposku: Y (1, n, k) = a1 x(2(a;2 + az,l))fl, I #k.
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MeTop pelieHns ctTaynoHapHbIX ypaBHEHU A
ANA NPUOPNTETHOrO anropuTma

Ilycte A(x) =min{j: x; # 0}, 4TO COOTBETCTBYET IPUOPUTETHOMY ANIrO-
puTMy, npuueM odepenb O UMeeT HauBBICHIMK npuopurer, O — Clemyo-
mas [0 [OpUOpHTETY, W T.J. Bocrnonssyemcs omepatopom v =
=(0,...,0, V), Vi1, ..., V), v € C". Toraa uMeeT MECTO PaBEHCTBO

D(v, j, k) = POV, n, k) ~PO0'v, n, k).
Torna 3agaya cBoauTcs K otbickanuo ¢yukuuii Y(v, n, k), k=1, 2, ananu-
THYECKHX B 001acTH |[vi| < 1, |v5| < 1 ¥ yIOBIETBOPSIFOIINX YPaBHEHHSIM

2 m 2
Ymk) = a, > a0 a4 (R, (v)x
=1

L=1 j=1

)
x| (0 v,n,) =¥ (0 v, 1)+ ¥ (0,n,0) £ (v, % . (3)
+
3agady MOXKHO pEIINTh, IOCIEIOBATEIFHO IIOAOHpas aHAJIHTHUECKIE
OYHKIMH Vs = Ve (Vist, Vieas oovy V), =1, 2, ..., j— 1, 9TOOBI HCKIIOUHUTH
YW, n, k), Y(0%v, n, k), ..., Y(0"'v, n, k), k=1, 2 u3 paBencraa (3).
Hanpumep, mns uckmouenust W(v, n, 1) u W(v, n, 2), o603HaunmM uepes
O1(v) maTpuity

2 2
YV — Z al,lal,lal(l) (V)%(l) WMVR(v) _Z az,1a1,1‘71(l) (V)ql(z) VR, (v)
/=1 =1

2 2
_Z al,lal,qu(l) (V)ql(l)(V)VlRl v v- Zaz,zal,qu(”(V)sz)(")"lRl )
I=1 I=1

U paccMoTpuM ypaBHenue det Q(v) = 0.

YrBepxkaenue 1. Ilpu |vy| < 1, ..., [vu| < 1 ypasnenue det Q(v) = 0 umeem
6 kpyee |vi| < 1 ¢ yuemom kpamuocmu pogHo 08a HYJIs.

Joxazamenvcmeo yreepxaeHus | MpOBOAUTCS HA OCHOBAHUU M3BECTHOMN
teopembl  Pyme. OpHako j0Ka3aTh, YTO 4YacTHAas  IPOU3BOJAHAS
0/0v,(detQ(v)) He obpamaeTcs B HOMNb NIPU YKA3aHHBIX Vy,...,V, U TEM Ca-

MBIM BBIICTIHTE PETYIIPHBIC BETBH MHOTO3HAYHOH aHANUTHYECKOH QyHKINN
vi(va,...,V,;) HE YAAETCA.

B nanHOi paboTe MCIIONB3YIOTCS YUCICHHBIE METOMBI TEOPHH (DyHKIUIT
KOMILIEKCHOW mepeMeHHoM [8, 9] u cucreMa KoMmmbioTepHOU anreOpsr [10]
JUTSL 9UCIIGHHOTO pellieHus ypaBHeHuH (3) mnst nByX motokoB (m = 2). Ilpu
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5TOM Ha KaXIOM MIare ajropuTMa pelICHHs YHCICHHO Bepuduimpyercs
BBIITOJTHEHUE COOTBETCTBYIOIIUX TeOpeM aHanu3a. Hampumep, Ui mpoBepKu
OTCYTCTBHUS y HESBHO 3alaHHBIX PyHKIUH V| = v(V,) 0COOBIX TOYEK B oOJac-
TH || < 1 ucnons3yercss GpopMmyria Ui YUcia PEIICHUH CHCTeMBbl HENHHEH-

HBIX ypaBHeHuil det Q(v) =0, 0/0v,detQ(v,,v,) =0, ucnomns3yromias MHO-

TOMEPHBIH aHAJIOT JIorapu@mudeckoro Bbiueta Komm [11].

HpI/IMeHeHI/Ie KOM6I/IH3HI/II/I CUMBOJIbHBIX BBIYMCIECHUN U YHCICHHBIX Me-

TOZIOB TO3BOJISIET MPOSICHUTH BOMPOC O 3aBUCUMOCTH CTAIlIOHAPHBIX BEPO-
SITHOCTEN HEKOTOPBIX COCTOSIHUW paccMaTpUBAEMOM CHCTEMBI OT Ha3HA4YECH-
HBIX IPUOPUTETOB TSI OUEpEACH.

10.

11.
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(TaI.IMOHaprIe XapaKTepucruku
aicrembl MaccoBoro 06CJ'IY)KVIBaHVIﬂ
CNoBTOPHbIMU BbI30BaMU U NOUCKOM Ha op6uTe

BaneHTnHa KnumeHok, AnekcaHap LyauH,
MBaH BaHbkOBMY

benopycckuli 2ocydapcmeaeHHsil yHugepcumem, 2. MuHck, benapyce

B nmamHOi cratbe paccMaTpUBAeTCs ONHONMHEHHAS DKCIIOHEHIIMATbHAS
CHCTEMa MacCcOBOI'0 OOCTyKHMBaHMS, KOTOpasl OTIMYAECTCS OT KIACCHUYECKOIl
cucteMbl M/M/1 ¢ TOBTOPHBIMH BBI30BaMH HAJIMYMEM ITOMCKA 3aIpOCOB Ha
opbute. B Takoit cuctemMe B MOMEHT OKOHUAHHS 00CITy>KUBaHUS BKITIOYAETCS
MEXaHH3M IOHCKA, BO BpEMsI KOTOPOro OCBOOOJUBIIMKCS NMpUOOp HIIET 3a-
mpoc Ha opOHUTe, YTOOBI MPHHATH €ro Ha OOCIyXuBaHHE. TakuMm 00pazoM,
Kornma nmpudop cBoOOJeH, Oopbba 3a €ro 3aHATHE MPOUCXOJUT B YCIOBHSIX
KOHKYPEHIIMH MEKAY IePBHYHBIMU 3aIIPOCAMH, 3aIIPOCaAMH, MOCTYHAOIIIMU
Ha pHOOp C OPOUTHI B pe3ysbTaTe MOBTOPHOI MOMBITKH U B PE3yJIbTaTe yc-
MENIHOTO MONCKA. AKTYyaJbHOCTh HCCIICIOBAHMUS TAKOH CHCTEMEBI CIEAYET U3
TOTO, YTO BO3MOYKHOCTb IOMCKA Ha OPOHUTE MOKET COKPATUTH BPEMs IIPOCTOS
npudopa.

[Touck 3ampocoB Ha opOuUTE OBUT BBEJIEH B CTaThe [2], TIe paccCMOTpeHa
cucreMa M/G/1 ¢ noBTopHbIMU BbI3oBamMH. CTaths [3] 3HAUUTEIEHO 00600-
maeT pe3yibTatsl [2]: B HEW BBOAUTCS BpeMs MOMCKA, 3aBUCSIIEE OT YUCIIa
MOBTOPHBIX BBI30BOB Ha OpOWTE, pacCMaTpUBAETCS! TPYIIIOBONH MapKOBCKUIA
notok (BMAP — Batch Markovian arrival process) u 1Ba THma o0CITyKHBa-
HUS: A7 IEPBUYHBIX 3aIPOCOB U 3alpOCcOB ¢ opOuTHl. CHcTeMa C MOHCKOM
3ampocoB B Oydepe (a He Ha opOuTe) paccMaTpuBanack B [l], roe mocne
OKOHYaHWs OOCITY)KMBaHWs TPUOOP HAYMHAET MOHMCK 3ampoca B Oydepe, a
MHTEHCHBHOCTH SKCIIOHCHIINATIBHO PaclpeaeIeHHOrO BPEMEHH MMOHCKA IPO-
MOPLMOHAIBHA YUCITy 3alpocoB B cucTeMe. YacTHBIN ciaydail cucrems [3] ¢
TPYNIOBBIM ITyaCCOHOBCKHM ITIOTOKOM OBLT paccMOTpeH B padote [4]. Cuc-
TEeMa C TPYIIOBBIM ITyaCCOHOBCKAM ITOTOKOM, MOBTOPHBEIMH BBI30BAMHU U
JBYMs TUITAMH TIOMCKA, B KOTOPOH YHUCIIO 3aIPOCOB, B3STHIX Ha OOCITYKHBA-
HUE, 3aBUCUT OT YHMCJIa 3alIPOCOB Ha OpOUTE, paccMaTpUBaIach B cTaThe [5].

B nmpomuTtupoBaHHBIX CTaThsiX [2—5] pacCMOTpPEHBI CHCTEMEI C TOBTOP-
HBIMHU BBI30BaMH CO CJIOKHBIMH IMPOLIECCAMHU MOCTYIUICHUS H(WIU) 00CITy-
JKHBaHU I/I(I/IJ'II/I) TMOUCKa, YTO JCJIaCT HCBO3MOXXHBIM IIOJIYUYCHUE MPOCTHIX
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SIBHBIX (DOPMYJI IJIsI CTAIIHOHAPHOTO pacIpeleleHus 3TuX cucrteM. s Ha-
XOXKAEHHS ATUX pacIpe/ieNieHNil UCIIOIBb3YIOTCS JOCTATOYHO CIIOYKHBIE MaT-
PHYHBIE AJITOPUTMBI, IIPU MTOMOIIN KOTOPBIX YAAeTCs BBIYMCIUTH BEKTOPHI
CTallMOHAPHEBIX BepOATHOCTEH. BMecTe ¢ TeM, mpencTaBisieTcss HHTEPECHBIM
MIPOaHAIM3UPOBaTh O0JIee MPOCTYIO HKCIIOHEHIIMAIBHYIO CHCTEMY C TIOBTOP-
HBIMH BBI30BaMH U IIOMCKOM Ha OpOHTE U TMOJYYHUTh €€ paclpeiesieHue U Xa-
PaAKTEPUCTHKH MPOU3BOAUTEIHHOCTH B SIBHOM, JIETKO TPAaKTyeMOM BHJIE.
AHaNM3 Takoi CHUCTEMBI CO CTAalMOHAPHBIM ITyaCCOHOBCKHM IOTOKOM, 9KC-
NOHEHIMAIBHBIMHU PACIIPEACICHUAMH BpEMEH 00CITy)KHUBaHHs, IOMCKA U UH-
TEPBAJIIOB MKy TIOBTOPHBIMH ITOTIBITKaMH MTPOBOAMTCS B JAHHOH CTaThe.

PaccmarpuBaercs oHOJIHMHEWHas CHCTEMa MacCOBOTO OOCITYXHMBAHHS C
MOBTOPHBIMU BBI30BAMU U OECKOHEUHOH OpOHMTOH. 3ampochl MOCTYNaoT B
CHCTEMY B CTaI[IOHAPHOM ITyaCCOHOBCKOM IIOTOKE ¢ mapamerpoM A. Ecmu B
MOMEHT IIOCTYIUIEHUS 3aIlpoca 00CITyKHBAIOIIMKA MPUOOpP 3aHSAT, TO 3arpoc
un€r Ha opOHTY, OTKyJa IOBTOPSET IMONBITKHM IONAcTh Ha O0CITy)KHMBaHHE
gepe3 ciaydaiiHoe BpeMsl, pacipeaeaéHHoe 0 IKCIIOHEHIINATEHOMY 3aKOHY €
mapameTpoM v. B MOMEHT OKOHYaHHS 00CITYKHBaHUI BKIIOYACTCS MEXaHU3M
IIOKCKA 3arpoca Ha opOuTe. Bpems moucka pacnpeneneHo Mo KCIOHEHIH-
AIFHOMY 3aKOHY ¢ mapamerpoM y > 0. B pesynprare mpubop okas3bIBaeTCs
3aHATHIM JINOO TEPBHYHBIM 3aIIPOCOM, JINOO MOBTOPHEIM 3alpocoM B pe-
3yJabTaTe TOBTOPHOW IONBITKH, JIMOO ITOBTOPHBIM 3alpOCOM B pe3yibTaTe
noucka Ha opOute. Bpemena oOcmyxuBaHHs JFOOBIX 3aIIPOCOB pacmpeserne-
HBI 110 SKCIIOHEHINATFHOMY 3aKOHY C ITapaMeTpoM L.

CTauMoHapHoe pacnpefenieHne.
XapaKTepucTnku nponsBoauTeNIbHOCTH

Iporecc GYHKITMOHHUPOBAHKS CHCTEMbI OMHCHIBACTCS JIBYMEPHOM IIEIIBIO
Mapkosa & = {i,n;}, t =0, TIe B MOMCHT BPEMEHU ¢
e i, — YKCJIO 3a5BOK B CHCTEME;
0, ecru npubop c60600en,

o N =
1, ecau npubop 3ansam.

t

Hens MapkoBa &, siBIsieTCsl peryisipHOd HENPUBOJIUMON U €€ 3proauye-
CKO€ pacIpe]elIeHUe COBNAJAeT C €AMHCTBEHHBIM CTallMOHApHBIM. Beenem
0003HAYEHUS ISl CTAIIHOHAPHBIX BEPOSTHOCTEH COCTOSIHIIM IIeTIH:

o, =limP{i, =i,n, =0}, x;, =lim P{i, =i,n, =1} i 20. (1)
t—o0 >0

VHTYUTUBHO NOHATHO M HETPYJHO J0Ka3aTh, YTO YCIOBHE CYILIECTBOBA-
Hus npezaenos (1) coBmazaeT ¢ yCJIOBHUEM CYILIECTBOBAHUS CTALlMOHAPHOI'O
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pactipenenenus cucteMsl M/M/1 ¢ MOBTOPHBIMH BHI30BaMHU U IMEET BHI He-
paBeHcTBa M < 1. B nanpHelitiem OyaeM mpearnonaraTh, 9YTO 3TO YCIOBHE
BBIIOJIHEHO.
Teopema 1. CraunoHapHble BeposITHOCTH Lien Mapkosa &, ¢ > 0, UMeroT
CJIEeIyOIINI BU:
i—1

[+a
i>20; 2
Ole+(b+1) @
k+y I+(a+1)
3
1_[l+(b+1) 3)
e p:&,azmbzx;
1 H n
A+ -
aoz{F(a,l,bJrl,p)Jr yF(a+1,1,b+l,p)}, @)
il

F(¢,4,%,z) — runepreomMerprudeckasi GyHKIHS ¢ HapaMeTpaMu @, §, x, z.

Hokazamenvcmeo. Vcrionb3yst nuarpaMMy MHTEHCUBHOCTEH IEPEXOJOB,
MOJIY4YHMM CIEIYIOIIYI0 CUCTEMY YPaBHEHUH pPaBHOBECHs sl CTALMOHAPHBIX
BEPOATHOCTEH:

o (G+D)v+y)=Ak;, o, (iv+y+A)= i20. (5)

l s
VYpaBHeHus (5) HO3BOJSIOT BBIPA3UTh BCE BEPOSTHOCTH 0; Yepe3 Ol.
C yuetoM 0003HaueHMH, BBEJIECHHBIX B TEOpPEME, 3TH BEPOSATHOCTH OYyIyT
umeth Bua (2). [anee, nojacraBuB BeIpakeHUs (2) BO BTOPYIO TIOJCHCTEMY B
(5), momyunM ciemyroNIyto MEermoYKy Mpeo0pa3oBaHmii:
i-1

:aiu:aol ZHH—a( +l)

p a
H o+ ()

o Vg iﬁl+(a+1) L+y Hl+(a+1)
" p,:01+(b+1)  n oL+ (b+1)

13 KOTOpOH cieaytoT GopMyisl (3) At BEPOSITHOCTEH k;.
HensBecTHyt0 BEpOATHOCTH 0p HAHAEM U3 YCIOBUS HOPMHUPOBKH

Zai+21<i:l. (6)
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J1st mepBoii GecKOHEUHO# CyMMEI B (6) CIIpaBeiIvBa CIEAYIOIAs 1IeTI0Y-
Ka COOTHOUIEHU:

- S [+a
E .= 1 E — = o=
= %[Jri_l/—ol"‘b"'lpj

2 (I+a)(l+1)
co 1 STTTAOUFD i FaLb+Lp). 7
“0[ IIU+Jx1+b+1) j %f (a P) ™

Hcnons3ys popmyiry (3), Uit BTOpoid OECKOHEYHOH CyMMBI B (6) TOIy-
YHM CIIEAYOIIEee COOTHOIICHHE:

S k+y < L+ (a+1)

K. = 1+

Sx - BTG -

QOMF(a+1,1,b+l,p). (8)
u

[Moncrapnsas (7) u (8) B (6), monyunm dopmyny (4) mias oy Berawcmus
CTalMOHAPHBIC BEPOSTHOCTH O; H K;, MOYKEM BBIYHCIIHTE Pl XapaKTEPHCTHK
POM3BOAUTEILHOCTH CUCTEMbI. HeKOTOpbIE M3 HUX TPUBEICHBI HUXKE.

¢ BeposTHOCTB TOTO, 4TO IPHOOP 3AHAT

usy

P =ag R (a+1,Lb+1,p).
u

e BeposATHOCTh TOr0, YTO MOCTYNUBIIWNA MEPBUYHBIN 3apoc cpaszy MOM-
net Ha obcnyxusanue P, = o F (1,a,b+1,p).

mm

o CpejiHee 4HCII0 3asBOK Ha 0pOUTe, Koraa mpubop cBo6oaeH
Ly=oy(aF(l,a+1L,b+1,p)—aF (l,a,b+1,p)).
o CpejiHee YHCII0 3as1BOK Ha 0pOUTe, KOrAa mpubop 3aHsT

L=y Y (a4 )P (La+2,b+1,p)- F(La+1,b+1p)

o CpenHee yncio 3asBOK Ha opoute L = Lo+ L.

YucneHHbIN 3KCNepyMeHT

Kak 0bU10 cKa3aHO BBIIIE, HCTIOJIF30BAaHIE MEXaHM3Ma MIOUCKa Ha OpOUTe
MO3BOJIIET B HEKOTOPHIX CIIy4asX CYIIECTBEHHO CHHU3UTh BpeMs IpPOCTOS
npubopa B CHUTyalUsaX, KOrja Ha OopOHTEe €cTh 3alpochl. B akcmepuMeHTax,
HpEJCTAaBIEHHBIX HIDKE, UCCIENYeTCa 3aBUCUMOCTD Pp,g U Pjyy OT MHTEH-
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CHUBHOCTH BXOJIHOTO ITOTOKA A TIPU (PUKCHPOBAHHBIX 3HAYCHHSX |L M V U pas-
JUYHBIX BEJIMYMHAX MapameTpa mnoucka y. Jljis 5KCIEpUMEHTOB B KauecTBE
BXOJIHBIX JTAHHBIX BO3bMEM CJICIYIOIINE BEIIMYMHBI: A M3MEHSCTCS B MHTEP-
Baine [1,9], u =10, v=>5,y=10, 20, 30. Ha puc. 1 u 2 npuBeacHbI rpaduKu
3aBUCUMOCTEM BEPOATHOCTEN Ppygy U Py OT MHTEHCHMBHOCTH BXOJHOTO IIO-
TOKa A TIpHU (PUKCHUPOBAHHBIX 3HAUCHUSX |1 M V U Pa3IMYHBIX BEJIMYMHAX IT1a-
paMeTpa rmoucka .

P busy

0.85

0.75

0.65

0.55

12 3 4 s 6 7 8 A&

Puc. 1. 3aBHCUMOCTb Ppy, OT A IPH PA3IMYHBIX 3HAYCHUSAX Y

Pimm 1

0.4 1

0.3 4

0.2 4

0.1 1

12 3 4 5 6 71 8 1

Puc. 2. 3aBucumocts P;,,, OT A IpH pa3IMYHBIX 3HAUCHUSAX Y
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U3 npuBeneHHBIX TPaQUKOB CIEAyeT OYCBHIHBIA (DaKT, UTO MPH POCTE
napaMmeTpa A 0 ypOBHS, TJi¢ HapyIIaeTCsl CTAI[HOHAPHBIN PEKUM B CHCTEME,
BEPOSITHOCTH TOTO, YTO MPHOOP 3aHAT, CTPEMUTCS K 1, a BEpOSTHOCTH TOTO,
YTO NOCTYNUBIIMKA NEPBUYHBIN 3anpoc NOWAET HA OOCIyKUBaHUE, HE MOCce-
mast opoury, ctpemurcst k 0. Bonee uHTEpecHO MPOCIEAUTH 3aBUCHUMOCTh
3THX BEPOSITHOCTEH OT MapaMeTpa MoucKa y. M3 pHCyHKOB BHIHO, YTO yBe-
JIMYEHHUE ATOT0 MapaMeTpa MOXKET 3HAYUTEJIbHO COKPATUTh BPEMs MPOCTOS
npubopa. Ecnu BBecTH KpuTepuil kauecTBa (PyHKIMOHUPOBAHUSI CUCTEMBI,
BKJIFOUAIOIIUI CTOMMOCTH IPEeOBIBaHHS 3alpoca Ha OpOUTE M CTOMMOCTH II0-
HCKa, TO MOXKET CTaBUThCA 3allaya HaXOXKJEHHUs ONTHMAJBbHOIO MapamMmeTpa
MIOUCKA.

3aknuyeHune

B craThe mosryueHbl aHATUTHYECKUE (POPMYIIBI ISl CTAMOHAPHOTO pac-
npeseNeHns] SKCIOHEHIIMATIbHONH CUCTEMBI C MOBTOPHBIMH BBI30BAMH U TIO-
HCKOM Ha OpOHTE U JJIs €€ OCHOBHBIX BEPOATHOCTHBIX XapaKTepUCTHK. I1po-
BEJICHHBIE YMCIICHHbIE SKCIIEPUMEHTHI MOKa3ali, YTO COKpAIleHUEe BPEeMEHHU
MOKMCKa YMEHbBILIAET BpeMs MpocTod oOchmykuBatomiero npubopa. Ilomyden-
HBIC PE3yJILTAaThl MOTYT MCIIOJIb30BAThCs MIPU pa3paboTKe peajbHBIX CTOXAC-
TUYECKHUX CHUCTEM C IOBTOPHBIMU BbI30BAMHU.
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AHanu3 0Xupaaemoro 10X0Aa B OTKPbITON ceTh
C OrpaHMYeHHbIM YUCUIOM 335ABOK
1 06XoAaMmu UMK CUCTeM 06CYKNBaHUA

Omntpnn Konatb, Mmnxamn MaTanbiukum

IpodHeHcKul 2ocydapcmeeHHbili yHUgepcumem umeHu AHku Kynarel,
2. [podHo, benapyce

[IpoBeneHo wccienoBanne OTKPHITOW MapKOBCKOH CETH MaccoBOro 00-
ciryxkuBanus (CeMO) ¢ orpaHUueHHbIM YHUCIOM 3a1BOK, 00X0AaMHU UMU CHC-
TeM o0CIy)XKuBaHUA U goxogaMu. IlapaMeTpsl 00CITy>)KUBaHUS CETH TIOCTOSH-
HbI, MapIIPyT 3asBOK ONpEAENsieTcs B COOTBETCTBUM C MaTPULEH BEPOATHO-
cteil mepexoqoB. CocTosHME ceTH OmuchiBaeTcs uenbio Mapkosa (LIM) c
HETIPEPHIBHBIM BPEMEHEM M KOHEYHBIM YHCIOM COCTOSHHH. C MOMOIIbIO
ACHMOTOTHYECKOTO aHaJM3a MpH OOJBIIOM YHCIIE 3assBOK HAaWJEH ITOJHBIN
OKAJAEMBIN TOXOJI B TAKOU CETH.

BBepgeHue. OnncaHne cetn

CeMO c o0xonaMu y370B 3asgBKamMH BBeJeHa B padore [1]. B Helt noka-
3aHO, 4TO TaKasl MOJENb BKIIIOUAeT BO3MOXXHOCTh 00X0Ja CUCTEM 3a CUET Or-
paHUuYEHUI Ha KOJIMYECTBO 3asBOK WMJIM Ha IPEAINOJIaraeMoe BpeMs OXKuia-
Hus. HalijieHbl cTaliuoHapHbIe BEPOSATHOCTH COCTOSHUM ceTH B (opMe Mpo-
u3BelieHus. B mepexonHOM pexkuMe ceTh ¢ 00XoaaMu Oblia HCCleoBaHa
METOJIOM MHOTOMEPHBIX MPON3BOIAIINX (QYHKIUH B padote [2]. BeipaxeHus
JUIA O)KUJAEMBIX JOXOA0B TaKOW CETH, KOTJa 10XO0/bl OT IIEPEXOIOB SIBJIAIOT-
cs cnyvaitneiMu BenuuuHamu (CB) Obu monyuensl B cratee [3]. Cpennue
XapaKTEPUCTUKH JJIS CETH C 00XO0IaMH C TIOMOIIBI0 aCHMITOTHYECKOTO aHa-
nu3a ObUTH HaliZieHbl aBTopamiu [4]. [IpuMeHeHne cetr ¢ 00XojaMu CBSI3aHa C
BO3MOKHOCTBIO KJIMEHTA, MPUOBIBILIETO B CEPBUCHBIM LEHTP MH(POPMALIMOH-
HOW CeTH, HE MPUCOCTUHATHCA K OUepequ MO TeM WM MHBIM MpUYMHAM, a
MepeiTH B APYroil CEepBHUCHBIN IEHTP. B naHHOW cTaThe ¢ MOMOIIBI0 acHM-
NTOTUYECKOT0 aHallu3a HalJleH 0XKUIaeMbIil JOXO CETH C 00X0JaMHU CHCTEM
obcnyxuBanusi (CMO) 1 1oxogamu.

PaccmoTpum  oTKpBITYIO 3KcnoHeHIHaNbHYI0 CeMO ¢ OmHOTUIHBIMU
3asiBKaMM, COCTOAILyI0 U3 n ogHoiauHeHHbIX CMO. CocTosiHue ceTu B MO-

MEHT BPEMEHH ¢ OIMCHIBACTCS BEKTOPOM pa3MEpHOCTH 7 + 1: l;(t) = (lg,t) =
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=(k,k,,....,k,,t), xoTtopelii obpasyer LIM c HempepbIBHEIM BpEMEHEM H
CUETHBIM YHCIIOM COCTOSIHUH, TAe k; — 4McIIo 3as1BoK B i-i CMO, i = I,_n .

B i-10 cuctemy U3 BHEWIHEW cpeabl OCTYIAaeT MPOCTEUIINI TOTOK 3asIBOK
C UHTEHCUBHOCTBIO A, , i=1, n. Bce MOTOKH 3asBOK, KOTOpBIE MOCTYMAIOT
B CETh, HE3aBUCHUMBL. JITUTENEHOCTH 00CTy)XKUBaHUS 3a1BoK B i-if CMO pac-
HpeJiesIeHbl 110 0Ka3aTelbHOMY 3aKOHY C IIapaMeTpoM L, ,1 = 1Lon.

3asBKa, HanpasiieHHad B i-10 CMO u3BHe Wiu U3 Apyro CUCTEMBI, KOria
CeTh HAXOJUTCS B COCTOSIHUM k, ¢ BeposTHOCTbIO f ) (k;) mpucoenuHseTcs K
ouepeu, a ¢ JOMOJHUTEIbHON BEPOSTHOCThIO 1— f @ (k;) He mpucoennHs-
€TCsI K O4epelld, CYNTAsICh MTHOBEHHO 00CTyXeHHOH (T. e. 0oxoaut CMO).

3asBKa, obciyxkeHHads B CMO S, ¢ BEpOATHOCTBIO p;; HalpapisdeTcad B

CMO S§; u c BEpOSITHOCTBIO i p; =1 yxomur u3 cetu (8 CMO ),
Jj=0

i, j =1, n. BBeném crnenyromue yCcIOBHBIE BEPOSITHOCTH.

ITycts ¢, (k) — YCJIOBHAs BEPOSITHOCTB TOI'O, UTO 3asBKa, IOCTYMAroLIas B

i-to CMO, korja ceTb HaXOAUTCSA B COCTOSHUM k , HE OyneT oOciayxeHa HU
oxuoit n3 CMO 1 He U3BMEHHT COCTOSIHHE CETH,

v (k) — YCIIOBHAsI BEPOSTHOCTH TOTO, YTO 3asBKa, MOCTYIAIOIIAs B -0
CMO, korna ceTb HaXOJIUTCS B COCTOSIHUU Kk , BIIEPBBIC TIOJIYYHT OOCITYKH-
BaHue B j-it CMO, j=1n;

ai(k) — YCJIOBHasi BEPOSATHOCTh TOTO, YTO 3asBKa, 0OCIy)XeHHas B i-i

CMO, 3aBepilieHa U KOTZIa CETh HAXOJUTCS B COCTOSIHUU k , He Oyzaer 00Jib-
me obcayxeHna HU B oaHoM 3 CMO u yilnér us cety;

Bij (k) — YCIJIOBHAsI BEPOSATHOCTh TOTO, YTO 3asBKa, OOCITYKUBaHHE KOTO-

poii B i-it CMO 3aBepiieHo, KOTJa CeTh HaXOIUTCS B COCTOSTHUM K , BIIEPBBIE
OCIIe 3TOTO0 MOMYyYuT obcayxuBanue B j-it CMO, i, j=1,n.
Ha ocHoBanuu ¢hopMyJibl TIOJTHOH BEpOSITHOCTH Tony4aeM [ 1], uro

0, (F)=(1= OB 2o+ X0y, (F) |, i=Tom: (1)
j=1
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vy ()= 1O @3, + 0= FOENE pyvy (F) 6 =T @)

ai(l_é)=pi0+il[pijd)j(l_é_li):l7Bij(l_é)=lilpilwy<l_é_]i)9 Lj=ln, (3)
j= -

rae I, — HyneBod BEKTOp pa3sMEpHOCTU 7, 3a UCKIIOYEHHEM KOMIIOHEHTEHI
C HOMEpOM i, KoTopas paBHa 1, u(x) — enuHHYHas (QyHKOUS XeBUCcahna.

B pesynbraTte nepexosa 3asBOK U3 OJHOM CUCTEMBI B IPYIYIO 10XOJ IIE€PBOI
CHCTEMBI yOBIBAET, a BTOPOIl BO3pACTAeT Ha ATy K€ BETHINHY.

O6o3Hauum uepe3 V(k,t) — MOMHBIA OXUAAEMBIH JTOXOMA, KOTOPBIA TO-
JYYHUT CETh 3a BPEeMs !, €CJIM B HAYaJbHBII MOMEHT BPEMEHH OHA HAXOIHUTCS

B COCTOSAHMH k . OUeBHHO, YTO V(E,t)zZV[(l;,t), rae V,.(l;,t) — OXHU-
i=0

JlaeMbIi J0X0M, KOTOpLIﬁ MOJIy4Jae€T CUCTEMA Si 3a BpeMms ¢, €CJIM B Ha4Yajlb-

HBI MOMEHT BPEMCHU CCThb HAXOAUTCA B COCTOSIHUHA k.

ypaBHEHIlIe B YaCTHbIX NPON3BOAHDIX
ANA NVIOTHOCTUN pacnpenesieHnA oXXngaemMmoro gqoxoaa cetm

AHanorn4yHo KakK B [6] MOXHO ITOKa3aTh CIIPaBENINBOCTE JIEMMBI.
Jlemma. OkustaeMblii JJOXOJI CETH YJIOBJIETBOPSIET CIEAYIOUIEH crucTteMe
pasHocTHO-Tu(hepeHnnanbHbIX ypaBHeHui (PA1Y):

delfat) =R —I:}\'Oi (1—¢,- (/;)u(ki))+uiu(ki)(l—ﬁii (l}))+xaiu(ki )]x

x V (k,t)+ iuiai (k=1 )u(k) (R +V (k —1,t)) +

i=1
+ i (o i (e 1, Yulhe) (7 + V (K + 1,0)) +
i,j=1
By (k=1 + 4 Julky ) (R + V(=1 +1,.0) | )
Pemmte cucremy PIY (4) aHanutudecku mpu OOJBILIOM YHCIE 7 HE

MpeJICTaBIsIeTCS BOSMOXKHBIM. MccaenoBanrue 3TOW CUCTEMBI OyZeM MpOBO-
JINTh, UCTIONB3YSI METOANKY, onmucaHHyto B [5]. [lepeiizemM Kk OTHOCHTEIHHBIM

TepeMeHHBIM M GyIeM HCCIIeIoBaTh BEKTOp &(f) = (k1 (K "k (K,
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ok, (1)K _1) ,rae K — BennurHa, OrpaHHYMBAOIIAs O0LIee YHCIIO 3asBOK B

cetu. Bo3MoxHBIC 3HaUeHHUS BeKTopa &(f) NpHHAAJIEKAT OTPAaHHUYCHHOMY

n
3aMKHYTOMY MHOXeCTBY G = {?c = (X, %, %,) 1 X 20, le. <1 } , B KO-
i=l
TOPOM OHHM pPAacCIOJaratoTcs B y3JaX 7 -MEPHOM PEHIETKH Ha PACCTOSHUU
e=K" Ipyr ot npyra. Ilpu yBenudeHuu 3HaueHUd K «IIJIOTHOCTH 3aIloil-
HEHMsD» MHOXKecTBa G BO3MOKHBIMM 3HAYEHHUSMHU PAacCMaTPUBAEMOIO BEK-
Topa &(f) yBETMUMBACTCS, M CTAHOBHTCS BO3MOMKHBIM CUHTATh, YTO OH MMe-

€T HelpephIBHOE pacnpeseneHue B oosacti G . [Ipu 3TUX MPeanoIoKeHUIX
MOJKHO CUHTATh, YTO IMOJHBIA 0KUJACMBIN TOXOJT CETH HEMPEPHIBHO M3MEHS-
€TCsl B 3aBUCHUMOCTH OT HA4aJIbHOTO COCTOSIHUSI (X,7) .

IToaTromMy MOXeM BBECTH B pacCMOTpeHHE (YHKIIHIO TUIOTHOCTH pacipe-
nenennst (KOHIEHTpaIlMK) OXumaaeMoro poxona p(x,¢) B odmactu G , KOTO-

PYIO ONpeenM KaK CIe YOI Ipee:

p(X,0) = lirréV(x1 SE <x +8€,,..,x, <&, <x,+e)e". %)
ftd

U3 (5) mosryanm, 4ro st V(lg,t) CIIpaBEJIMBA CIEAYIOIIAS allpPOKCUMAIUs

npu K - oo
V(k,t)=V(K,t)=€"p(%,t) wmm p(3,t)=K"V(ZK,1). (6)
BBeném 0003HaueHUS:
K"R=r, K"y, =n), K"Ry =Ry, K"R; =R} (7)

W3 ypaBuenus (4) ¢ yuerom (5) — (7), cnenyer, 4To AJisl IIIOTHOCTH pac-
npeneneHus 1oxoxa p(X,7) ypaBHEHHE MOXET ObITh PECTABICHO B BUIC

dpglf’t) =r+ Ki{“iai(g_Iz')u(xi)[P(yc_ei’t)_p(i’t)]_“" x

XL, (;c—e[)u(x[)Rl%)}+KZn: [Kojwﬁ(;c+e[)u(x[)[p(?c+e[,t)—p(7c,t)]+

i,j=1
i (v—e; + e Ju(x; ) [ —e + .0 —p(3.0)] -
o (v e Ju) ! + i (x—e; e Ju(x )R]

214



TeopeMa. IInoTHOCTH pacrnpeaciacHus goxoaa C€TU € TOYHOCTBIO 10

0(82) YIOBIIETBOPSIET caeayromemMy /Y B 4acTHBIX MTPOU3BOIHBIX:

apg’t)?i/% . ap(xf Zn‘,ul (¥=e)u(x)RY +
i=1

+ i [Xojwﬁ (;c +e )u(xi)ro(il) + u].Bji (;c —e; te )u(xj )Rly)], 9)
i,j=1

re A (X,1) =(|,tioci (;c—el.)—koj\yﬁ (;c+ei))u(xl.)+uj[3j.i(;c—ej +el.)u(xj).

HaxoxxpaeHue oXxungaemoro foxoaa ceTu

WnTterpupys obe wactu (9) mo X B obmactu G W pazfenuB obe gacTh

ypaBHeHus Ha 00beM obnactu G , paBublit m(G) = (n !)71 [6], momyunm

(@) [ [ PG =m0 [ [ 54 50 P
@y - j{zu,,x o )u(x) R +

n
- (1) = N7 -
+ Z [kojwﬁ (x+ ei)u(xl.)rol. + 1By (x—ej +e u(xj)Ri(j) dx ;.
i,j=1

Bynem cunraTh, 4TO B JIEBOI YaCTH 3TOTO PaBEHCTBA AOIyCTHMA IEepeMe-
Ha TOpsIIKa WHTErpupoBaHus U aAnuddepeHnupoBanus (IyCTh B 3aMKHYTOU
obnactu G ¢yHkuua p(X,?) ABISAETCA HEMPEPHIBHOMN):

(m(G))™ jj...j@df—( (G))" ” o, t)dx——vG(t)

rae vi(¢f) — cpeqHee Mo X 3HAUEHUE JOXOJA IPH yCIOBHU M3MEHEHUS Ha-
YaJbHOTO cocTOsTHUA (X,7) B obyactu G . Torma:

0= 0 () ][ {iuiai(%—e,-)wxi)ze,%) .
i=1 1 G i=1

1

+Zn: [Koj\yﬁ(;c+ei)u(xi)r0(il) + ujBﬁ (;c—ej +ei)u(xj)Rfjl)J}d)?.

i,j=1
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Ero PEIICHUC UMECT BU
Lo 04;(%,2)

— X dz 1
0= 5 o0 ] S (e«

+iI:XOJ\V‘]'j(;C"'ei)u(xi)ro(})+uiji<;C_€j+ei) ( J) I)JIdT

i,j=1

3aknuyeHue

IIpoBeneH acUMITOTUYECKUN aHAIM3 OXUAAEMOTO J0XOJAa Ui CEeTH C
OTPaHWYCHHBIM YHUCIIOM 3asSBOK M 00XOJaMH UMH CHCTEM OOCITYXKHBaHUS.
[Tonmyuens! BbIpaK€HHMs AJIS CPEIHEro IO BEKTOPY OTHOCUTEIBHBIX Iepe-
MEHHBIX JIOXOJa CETH.
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WccnepoBanne CMO Bupa MMPP|M|N c 06paTHoii cBA3bI0
MeTOA0M acUMNTOTUYECKN AN PY3MOHHOTO aHaNN3a

AHatonuun Hazapos, EkatepuHa lMaBnoBa

HauyuoHaneHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaerHsbili yHugepcumem, 2. Tomck, Poccus

[Ipencrasnensl pe3ynsTaThl uccieaoBanuss CMO ¢ N 00CiTyKUBaIOIAMA
npubopamu, ¢ 0OpaTHOM CBS3bI0 M OPOHMTOW. 3asBKM MOTYT IOCTYIIaTh Ha
OopOUTY B HEOTPAHUYCHHOM KOJIMYECTBE. BXOIAImIMiI MOTOK sIBISETCS Map-
KOBCKMM MOJYJIMPOBAaHHEIM ITyaccoHOBckuM (MMPP). Merogom acummTo-
THYECKH (P PYy3HOHHOTO aHAIN3a HAXOAATCS paclpeeieHNs] BepOITHOCTEH
YHCia 3aHATHIX TPHOOPOB B CHCTEME U YHCTIa 3asBOK Ha OpOHTe.

BBepgeHme

Ilox obGpaTHOH CBA3BI0 OHMMAIOT ITOBTOPHOE OOpalieHne 3asBKH K 00-
cirykuBaronieMy npudopy. CaMbIM IPOCTBIM IIPUMEPOM CUCTEM € OOpaTHOI
CBSI3BIO SIBJISIIOTCSI CETH KOMMYHHKALMH, B XOJ€ HCIOJNB30BaHMSA KOTOPBIX
MOBPEXCHHE NAHHBIX MPUBOAWT K MOBTOPHOMY OTIIPABICHUIO JaHHBIX aj-
pecary.

B [1] mpencraBnens! pe3ynbraThl uccienoBanuii CMO ¢ MTHOBEHHOI
o0OpaTHOii cBs3bI0, a B [2] u3yueHsl CMO ¢ OTCTpOoueHHOH 0OpaTHO# CBs-
3p10. Taroke psax padoT [3—5] HOCBAIIEH UCCIeJOBaHNUIO CHCTEM C IBYMS TH-
amMu 0OpaTHOM CBSI3H.

MaTtemaTnuyeckasa mogenb 1 NOCTaHOBKa 3ajaun

PaccMoTpuM cucteMy MaccoBOro 0OCTYXHUBaHUS ¢ N 00CITyXHUBAIOIIUMHI
ycTpolicTBaMu U oOpatHOU cBsizblo. Ha Bxox cucremsl mocrynaer MMPP-
MIOTOK 3asBOK, 3aJaHHBIA JTHArOHAIEHON MATPUIEH yCIOBHBIX MHTEHCHBHO-
creift A=[A,], k=1,2,..,K, matpuueil "HOUHUTE3UMAIBHBIX XapaKTEpH-
ctuk Q= [qu]a i,j=12,..,N, ynpapusomeid MOTOKOM Iienu MapkoBa
k®=12,..,K.

3asBKa, MOCTyMNas B CUCTEMY, 3aHUMaeT OJIMH U3 CBOOOTHBIX MPUOOPOB U
00CITyXHMBaeTCA B TCUCHHE CITyJalHOTO BPEMEHH, PACIIPEICIICHHOTO SKCIO-

HEHLMAJIBHO ¢ napaMerpoM L. Eciin, npu mocTymiieHuu B CUCTEMY, 3asiBKa
OOHApYKUT BCE MPUOOPHI 3aHATHIMHU, OHA MTHOBEHHO OTIPABISETCS HA Op-
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OuTy, TIe OCYILECTBIIAET 3aJIEPXKKY B TEUCHUE CIyHalHOro BPEMEHH, SKCIIO-
HEHIMAJIBHO paclpeesIeHHOTO C apaMeTpoM G .

B MomeHT 3aBepiieHnsT 00CTYKUBaHUS 3a1BKa MOYKET MMOKHHYTH CHCTEMY
C BEPOATHOCTBIO 7); OCYILECTBJIASI MTHOBEHHYIO OOpaTHYIO CBs3b, OTIpa-

BHUTHCSI HA TOBTOPHOE 00CITY)KHBAaHUE C BEPOSTHOCTBIO 7 ; OCYIIECTBIISIS OT-
CPOYCHHYIO OOPAaTHYIO CBSI3b, OTHPABUTHCS HA OPOUTY C BEPOSITHOCTBIO 7 .
O6osnaunm k(¢t)=k — cocrosHue uenn MapKoBa, YIPaBISOLICH
MMPP-niotokoM B MOMEHT Bpemenu ¢, k=1,2,..,K, n(t) — 4ucio 3aHs-
TBIX MPUOOPOB B CUCTEME B MOMEHT Bpemenu ¢, n=0,1,..,N, i(t) — uncno

3as1BOK Ha OPOHMTE B MOMEHT BPEMEHH 1 .
CraBuTCS 3a[a4a MOTYYEHHs TPEXMEPHOTO CTALMOHAPHOTO PacIpeserie-
Hust Beposithoctent P(k,n,i)=P{k(t)=k,n(t)=n,i(t)=i}.

Cucrema ypaBHeHuin KonmoropoBa

PaccmoTpum MapkoBckmii miporiecc {k(¢),n(t),i(t)} , Ui ero HecTarMoOHAp-
HOTO pacnpeneneHust BepostHoctedlt P{k(t) =k,n(t) =n,i(t) =i} = P(k,n,i,t)
3aIuIleM cUcTeMy TudQpepeHIuanbHbIX ypaBHeHni Konmoroposa

% =—(\y + (= 5)np+ic)P(k,n,i,t) + b Plk,n —1,i,1) +
t
+(i+1)oP(k,n—1i+1Lt)+(n+DryuP(k,n+1,i,t) +
+(n+DrpPk,n+1,i =10+ Y g, P(v,n,i,1),0<n < N -1,

OP(k,N,i,t)
ot
+A P(k,N,i—1,t)+ (i +1)oP(k,N —1,i+1,¢)+ qukP(v,N,i,t). (1)

—(\, + (1= K)NWP(k,N,i,t) + A Pk, N —1,i,6) +

BBeneM yacTUdHBIE XapaKTepUCTHUeCKUe (PyHKINU BUIA

o0
H(k,nu,t)=Y e P(k,n,i,1),
i=0
rae j=~-1 MHumas emununa. Torga moxkeM 3amucatb cucremy (1) mns
XapaKTepUCTHYECKUX (PyHKIMH
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W =~ =k +nu(l = ) H (ko t)+ h H (kon—1u,t) +

. _OH(k,n,u,t)
+jo—m—F—"7-—">-
ou

—jce_j“ OH (k,n—1,u,t) N
ou

+(n+Dp(ry + e )H (k,n+1,u,t) -
D quH ,nu,),0<n<N -1,

OH (k,N,u,1)

ot :(}\‘k(eju —1)—NH(1_7’1))H(](,N,M,I)+

N -1u,t) N

+A H(k,N —Lu,t)— joe OH (k, W qukH(v,N,u,t). )

O603HaYNM BEKTOP-CTPOKU
H(n,u,t) ={H(n,u,t),...H(K,n,u,t)},
H(u,t) = {H(,u,t),H(,u,?),.... H(N,u,t)}

" niepenuiieM (2) B MaTpUIHOM BHJIE C YUYETOM BBEICHHBIX 0003HaYEHUI

MO _ 1A+ B) + jo D (1, _ i) |
ot ou

3nece I — equanunas matpuma pazmepHoctd K x K,

Q-A A 0 0
uyl  Q-A—pl(ry+r,) A 0
A=l 0 2uly, Q-A-2ul(ry+ry)) ... 0 ,
0 0 0 w. Q=A-Nul(7,+1r,))
0 0 0 0|
ulr, 0 0 0
B 0 2ulr 0 0
0 0o .. 0 0
| 0 0 .. Nulr, A]
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JloMHOXasi MaTpUYHOE YpaBHEHHE HAa CIMHUYHBIA BEKTOP-CTONOCI €, MPH-
Humas Bo BHMMaHue (A+B)e=0 n (I,-I,)e=0, nomyuum ckanspHoe
YpaBHEHUE U 3aMUIIEM CUCTEMY
H ; H ;
MWD _ (A +eB) + jo D (1, _ piny,),
ot Ou
8H(u,t)
ot

Bynem uckarp perenne 3agadu (3) METOIOM acCUMIITOTHYECKH AU(DDY3HOH-
HOTO aHaIHW3a B YCIIOBHM OOJIBIION 3aIep)KKH 3asBKM Ha OpOWTE, TO €CTh
c—0.

H(u t)I ]

—[H(u,))Be+ joe (e’ 1. 3)

AcnmnToTuuyecku AndPy3nNoHHblit aHann3

OO0603HaYMM G = € ¥ BBINIOJIHHUM CJIEIYIOIIUE 3aMeHHI B (3):
u=ew,t=te,H(u,t) =F(w,1,¢).

C yuerom 3ameH nepernuiiem (3)

c aF(W? T, 8) F(W, , T 8)(A + e/&WB) + aF(WM T 8) (I 7]8\1/11)’
ot ow
a—aF(W’ ©.€) e= [F(w, 1,6)Be + je /% —OF(W’T’E) Ioe](ej”W -1).
ot ow

Teopema 1. B cuctemMe MaccoBoro o0CIyKUBaHHS ¢ 0OPaTHOM CBS3BIO B
MpeneNbHOM yclioBuM G — (0 mpenenbHas XapakTepucTHyecKas (QyHKUuS
HOPMHUPOBAHHOTO Yncia i(¢) 3asBOK Ha OpOUTE UMEET BH]L

lim M {e/*} = ¢/
c—0 ’

rae ¢yHKus x(t) SBIASETCS peuIeHHeM TU(QEepeHINAIbHOTO YPaBHEHUS

x'(t)=a(x), a bpyHkus a(x) ompenenseTCs paBEHCTBOM
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a(x)=R(B-x(D],)e. ()

3neck BekTop-cTpoka R = {R(0), R(1),...,R(N)} sBIsieTCs pellIeHUEM CUCTEMBI
R{(A+B)-x()(I,-1,)} =0,

Re=1.

Teopema 2. IlpenensHast INIOTHOCTb PAacIpeleNIEHUs. BEPOITHOCTEN HOP-
MHPOBAaHHOTO YHCJIA 3asiBOK Ha OpOHTE B pacCMaTpUBAcMOW cuUcTeMe ¢ 00-
pPaTHOM CBSI3bIO UMEET BUJ

n(z) = %Z)exp {% J.Oz%dx}, (5)
rae C — HOpMUpYIOIIasg KOHCTaHTa, PyHKIusS a(x) ompenenseTcs BbIpaxe-
HUEeM (4), a b(x) — paBEeHCTBOM

b(x) = a(x)+2g[B —xI,]e + 2RxI e, (6)
a BEKTOp g SBILICTCS PEIICHUEM CUCTEMBI YpaBHEHUI

g(A+B+x(I, - 1)) = a(x)R+ R(xI, - B),

ge=0.

PaccmoTpuM BeIpakeHue (5), MoACTaBIsAS B HETO HabOp apryMeHTOB kG ,
rae k=0,1,2..., mosydnm Habop ducen

ko
n(k0)=Lexp EJ. @dx ,
b(ko) G0 bh(x)
K KOTOPOMY MPUMEHUM YCJIOBHE HOPMHPOBKH, MOJYYUM JUCKPETHOE pac-
Tpe/ieJieHNue BEPOSTHOCTEN
n(ko)

> (ko)

k=0

P(k) =

Taxum ob6paszom, nomydeHa ammpokcumarms P(k) AUCKPETHOTO pacipe-

JCJICHUA 4YHKCiia 3as4BOK Ha Op6I/ITe B paCCManI/IBaCMOI\/'I CUCTEMC C O6paTHOI>i
CBA3bIO.
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3aKknuyeHune

[Ipu npenensHOM ycimoBuu OonbIIoi 3anepxku (o — 0) 3asBOK Ha op-
oure ms CMO Buga MMPP|M|N ¢ 00paTHO# CBSI3bI0 TIOJIYYESHBI aCHMIITO-
TUYECKHE paclpeesICHUs] BEPOSTHOCTEH 4nciia 3aHAThIX PUOOPOB B CUCTE-
Me 1 HOpPMHPOBAHHOT'O YHCIIA 3asSBOK Ha OpOUTE.
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UccnepoBaHme cucrembl ¢ 06paTHON CBA3bIO,
PeKyppPeHTHbIM 06CTyKMBaHWUEM W HEOPAUHAPHBIM
NyacCOHOBCKUM BXOAALLUM NOTOKOM

AnaTonuin Hasapos', CBeTnaHa PoxkkoBa'?,
EkaTepuHa TutapeHko'?

" HayuoHaneHbIt uccnedosamesnbckuli

Tomckuli 2ocydapcmaeHHsbil yHusepcumem, 2. Tomck, Poccusa
2 HayuoHasnbHbIl uccedosamesnnbekudl

Tomckul nonumexHu4eckul yHueepcumem, 2. Tomck, Poccus

B nHacrosimee Bpemst At oOecrieueH s HaJle)KHOCTH HH(POKOMMYHHUKAIH-
OHHBIX CHCTEM HCIOJB3YIOT MoJelb RQ-cucreMbl ¢ 0OpaTHBIMHU CBSI3SMH,
KOTOpas MpEeAIoaracT IMOBTOPHOE OOy KUBaHHE 3asBOK, YK€ ITOITYIHBITHX
oOciyxuBanue [1].

JlaHHOE HCCclieZIoBaHUE MOCBSIIEHO CHCTEMaM MacCOBOTO OOCTYKHUBAHHS
(CMO) ¢ MrHOBEHHBIMH U OTJIOKCHHBIMH OOpPAaTHBIMH CBSI3IMH, HEOpIUHAP-
HBIM ITyaCCOHOBCKUM BXOJISIIIAM ITOTOKOM, PEKYPPEHTHBIM OOCITYKHBAaHHEM
U SBISIETCA MPOJOIHKEHUEM UCCIEN0BaHUs [2], B KOTOPOM paccMaTpUBaIOCh
OKCIIOHEHINATbHOE 0oOcTyXnuBaHue. [Ipum mccienoBaHHHM CHCTEM C IIPOU3-
BOJIBHBIM OOJY>)KUBAHUEM HCIIOJIE3YIOTCSl JIOTIONHUTEIBHBIC IEPEMEHHBIE,
TaKue, KaKk UCTEKIIIee U 0CTaTOYHOE Bpemst [3].

B pabote mpu mocTpoeHUH CHCTEMBI ypaBHEeHHH KommMoroposa mcmois-
3yeTcsl HCTeKIee BpeMs. B 3ToM ciywae paccmarpuBaemas CHCTEMa JIOITyC-
KaeT aHAJIMTUYECKOE PEelIeHHe, B OTIMYUE OT METOJa C UCIIOIb30BAHUEM OC-
TATOYHOTO BPEMEHH, MPH KOTOPOM HEOOXOIUMO MPUMEHSITh aCUMIITOTHYC-
CKHe croco0bl pemenns. [lomydeHo crannmoHapHOE paclpenelieHHe BeposT-
HOCTEH Yuciia 3aBOK Ha opOuTe.

OnvcaHve mopgenu N NOCTaHOBKa 3agauv

Paccmorpum CMO M"/GI/1 ¢ mosropubiMu BeizoBamu (puc. 1). Ha Bxox
IIOCTYMAET IIyaCCOHOBCKUI HEOPAUHAPHBIN IIOTOK 3asBOK C IIapaMETPOM A U
3aaHHBIMHU BEPOSTHOCTAMM ¢, TOSBICHUA V 3asBOK B rpymme (v>1, g,=0,

o0 v
szlqv =1). Ecim oGcmyxuBatommii mpubop cBoOOJECH, TO OAHA 3asBKa

DOoCTynacT Ha O6CJ'Iy>KI/IBaHI/Ie, OCTAJIBHBIC ITOMMaJar0T Ha Op6I/ITy. 3ai[BKI/I, 10~
CTyYIMBIIME B MOMCHT, KOrJa l'[pI/I60p 3aHAT, TaK)XKC IIOIIaJar0T Ha Op6I/ITy.
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E E I[J'II/ITGJ'H:HOCTB O6CJ'Iy>KI/IBaHI/I$I 3as4BKH SABJIA-
o \O

m eTcsl CITy4ailHON BETMYMHOMN C IPOU3BOJIBHON

g _> "o ¢dbyHKImed pacnpeneneHus B(x). 3asBka, 00-
yYv o

— B(x) > CIy)XHBaHUE KOTOPOH 3aBEPIICHO, MOKHIACT

U CHCTEMY C BEPOATHOCTBIO 7y, IOBTOPHO IIO-
ri CTyIIaeT Ha OOCIY’)KUBaHHUE C BEPOSITHOCTBIO
Puc. 1. Mozens CMO 71 WIA IEPEeXOAUT Ha OpOUTY C BEpOSATHO-
CTBIO 7, TAKUM 00Opa3oM 7y +17 +r, =1. Ha

opOuTe 3asBKH OXHIAIOT IIOBTOPHOTO OOCITY>KUBAHUS B TEUCHHE BPEMCHH,
pacmpeelIeHHOrO 0 AKCIIOHEHIMAILHOMY 3aKOHY € IapaMeTpoM G, MOCIe
Yero MOBTOPSIOT MOMBITKY 3aHATH HpHOOp. B ciyuae HeynauHOW MOMBITKU
3asIBKH OCTAIOTCS Ha OpOUTE.

O603HauuM i(f) — 4MUCIIO 3assBOK Ha OpOMTE B MOMEHT BpeMmeHu . IIpo-
necc n(f) omnpenenser cocrosiHue npuodopa: n(f) = 0, ecmu mpudop cBoboIeH,
n(t) =1, eciu ipudop 3aHaT. TpeOyercs HAlTH cTalMOHAPHOE pacIpenesie-
HUE YHCIIa 3a5BOK HA OPOUTE C YIETOM COCTOSIHUS IPHOOpa.

YpaBHeHusa Konmoroposa
C NCNONIb30BaHNEM NCTEeKLIero BpemMmeHn o6cnyKnBaHus

Crnyuaitaeiii poniece {i(f)}, a Taxxke npouecc {i(t), n(f)} He sBIAOTCS
MapKOBCKHMH, TTO3TOMY BBEJIEM JOMOIHHUTEIbHYIO mepeMennyto y(¢). TIpo-
necc )(f) mpeacraBiseT coOOH UcTekIlee BpeMs 00CIyKUBAHUS, T.€. IJIHHY
HUHTEpBaJia BpEMEHN OT MOMCHTA Ha4dalia O6CJ'Iy)KI/IBaHI/I$I 3asBKH 10 MOMCHTA
t. Eciiu mpubop cBoboeH, To mporiece y(¢) He onpenensiercs. Torma MapkoB-
CKUM SIBJISICTCSI CIIyYaWHBIA TPOLECC C MEPEMEHHBIM YHCIOM KOMITOHEHT
{i(%), n(t), y(¥)}. DTOT TpoIIECC COCTOUT U3 ABYX KOMITOHEHT i(?), n(f), ecnu
pubop cBOOOJICH, U U3 TPeX KOMITOHEHT i(?), n(f), y(t), eciiu mpuodop 3aHsT.

O003HaYNM BEPOSITHOCTH YHCIIA 3asIBOK Ha OPOUTE B MOMEHT BPEMEHHU ¢

B(@i,t)=Pli(t)=i,n(t) =0},
B (i,y,t)=0P{i(t) =i,n(t) =1, y(t) < y}/oy.
PaccMoTpuM  MHTEHCHBHOCTB  oGcmyxusanus  W(y) = B'(»)/[1- B(y)],

Toraa
B'(y)At _ B(y+At)—B(y)

1-B(y)  1-B(»)

— YCJIOBHasl BEPOSITHOCTb TOT0, YTO BpeMs OOCITy>KUBAHUS T 3aKOHUUTCSA 32
¥ + At IpH YCIIOBUH, YTO OHO MPOJOJIKAETCS JOINBIIIE ).

n(y)At = =P{y<t<y+At/1>y}
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3anuiieM BeposATHOCTH B MOMEHT BPEMEHH ¢ + At:

P()(iat + At) = J.”OH(J/)Atpl (iayat)dy+ JFZH(y)A[PI(i_layat)dy+
0 0
+(1-AAt)(1—icAt) By (i,t) + o(At);

B,y +At,t+An) = (1-2A8) (1-p(»)A1) R (G, y, 1) +

+> Ag AR (i = v, ,0) + o(AD).

v=l

Ecan ucrekuiee Bpems Maio, To
i+l

At
J- B(i,x,t+At)dx = J-rlu(y)AtP @i, y,t)dy + ZXQVAZP (i-v+1,0)+
0 v=l1
+(i +D)oAR (i +1,t) + o(At).
Ioce npeobpa3oBanmii oTy4nM cucTeMy ypaBHeHH Konmoroposa

Ry (i,1) NN : T .

—L = —(hrio) B+ j TR, v, 0)dy + f BB -1, y,0)dy;
OR(,y,0)  ORGY.0) _

ot oy
C KPaeBBIM yCIOBHEM

~(h+ () RG,y.0) + ZMVP(Z v, 3,0)

v=l

i+1

B(G,0,0)=(+DoR(i+1, t)+J.r1;,t(y)P(z y,t)dy+z7uqu (i—-v+1Le).

v=l

Hepem/lmeM CHUCTEMY C KpAacBbIM YCJIOBUEM JJIA CTAIITMOHAPHOI'O PEXKHUMa

~(h+ic) R (i) + f MO [ B G,2) + 1B (i~ 1,)]dy = 0;
(1)

ap(yy)+[%+u(y)]1’(l y)- ZMVP(I v,»)=0;

v=l

i+1

B(i,0)=(i+1)ch, (z+1)+fq;,t(y)P(z y)dy+z7»qu (i—-v+1). )

v=l
BBeneM uacTHUHBIC XapaKTepUCTHUYSCKUE (PYHKIIMU YKCIa 3asiBOK Ha Op-
_ o jui . _ o jui .
bute H,(u)= Zl_:oe B3, H(u,y)= Zl_:oe B (i,y) u xapakTepucTu-
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YecKyr0 (YHKIMIO dYHCIa 3agBOK B TpyIIIe Q(”):Zilem‘lv , Tae

j= V-1 [Ipeobpasys (1) u (2), MOTYyYUM CHCTEMY YpaBHEHHN JUTs (HyHKITHHA
Ho(u) u Hy(u,y)

G 7
—MH,(u)+ jo H(;;(”) +(ry + ™) [uO)H,y (u, y)dy = 0;
0 3)
%;W)— [20@) =% — ()] H, (u, ) =0

C KpacBbIM yCIIOBUEM
. —ju aH (u) T —Jju
H,(u,0)=—jce™’ ;—u + [ AU H, (u, y)dy + ke Q) Hy (). (4)
0

ITonnas XapaKTCPpUCTUICCKAs (1)YHKIII/I${ YqHCja 3aidBOK Ha Op6I/ITe HMECCT BHU]
H(u) = Hy(u) + H,(u) , tae Hy () = [ H\(u,)dy .

Cucremy (3) ¢ ycioBueM (4) MOKHO PEIINTh aHATUTHYCCKH. JJI1 3TOTO
HavineMm H)(u,)) 3 BTOPOTO ypaBHEHUS CHCTEMBI

H,(u,y) = H,(u,0)-(1- B(y))e"@®” 5)

U nepenuiiemM (4) B Bujie

h(u) = he™ " Q(u)Hy () — joe " Hy(u) + nh(u)fe”‘x“"”y B'(y)dy,  (6)
0

rae h(u)=H,(u,0).
O603HaYIM B*(u):fgoex(Q(”)*l)y dB(y) — npeobpazoBanue Jlarmaca —

Cruntbeca pacupeaenenus B(x), Toraa us (6)
—Jju —ju
e

h(u) = h———QW)H,(u) - jo

o el (7)

[Moncrasum (5) B mepBoe ypaBHeHHE (3), MOTYYHUM YpaBHEHHUE
—\MH(u)+ joH{(u)+ (”0 +re’ )h(u)B*(u) =0,

KoTopoe ¢ ydeToM (7) mepernuiineM B BUC

j0|:1 B (,,Oe—ju + }’i)B*(u)]H(; )= }\‘lil ~ (I’Oe_‘i” " Fi)B*(u)
1-1B (u) 1-1B (u)

Ou) | Hy(u).
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Pemennem 3T0oro ypaBHeHUs SBIIAETCS QYHKLIUSA

M fl FOW)

Hy(u)=R-exp 1 F )

rae F(x)= (roe_jx +7, )B* (x) / 1 -nB (x)) , @ KOHCTaHTY UHTErpUpPOBaHUsA R
HaiineM u3 ycinosus Hopmuposku H(0) = 1.
OKOHYATENBHO, MTOIYIUM
Hw - R-expl fl FEOW
1-F(x)
—ju
i e Q(u)J‘ (1 B(y))ex(Q(u) 1)y ay |.

1- rlB (u) 1-F (u)’o
i HaxoKAeHUs pacnpesielieHust BeposATHOCTe P(7) uncia 3asBOK I Ha Op-
oute npuMeHNM oOpaTHOe npeodpaszoBanne Oypbe

Pi) = i [* e wydu

3aknouyeHue

HccnenoBana cucteMa MaccOBOTO OOCIY>KMBaHUS C OOpaTHOM CBSI3BIO,
PEKYPPEHTHBIM OOCITy>)KUBAHHEM M HCOPAMHAPHBIM BXOJSIIIAM IOTOKOM.
71 MapKOBH3AINH CIyYaitHOTO IIPOIecca YHCIIa 3asBOK Ha OpOUTE BBEICHA
JONOJHUTENbHAS TIEpEMEHHAsl — UCTEKIlee BpeMs oOCIyxkuBaHus. Pemenue
ypaBHeHUM KoiMOoroposa 1o3BojuMiIO MOTY4YUTh aHATUTUYECKOE BBIPAKEHUE
JUTSL XapaKTePUCTHYECKOI (YHKITNH, a TaKXKe CTAI[HOHAPHOE pacCIpeieliCHHe
BEPOSITHOCTEN YnCIIa 3asIBOK Ha opOuTe.
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PecypcHaa RQ-cucrema ¢ konnusnamm

AHHa NMonxosckana, Onbra bo6kosa, CBeTnaHa Mouceesa

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHsbil yHusepcumem, 2. Tomck, Poccus

B nepuon BBICOKMX TEXHOJIOTUH TEIEKOMMYHHUKAILMIOHHAs OTpacib Iie-
PEKHUBAET CYLICCTBEHHBIC U3MEHEHUS: MOJICPHU3ALIUS CeTel CBA3U, CTPEMHU-
TEJIFHOE YBEJIMUEHHE YHCIIA TI0NB30BaTeNeH, a TAKKE YBEIUUECHHE acCOPTH-
MEHTa YCIIyT, IPEAOCTABIIAEMBIX MOTpeOUTesIM. BaxkHelmel 3anadeii ore-
paTopoB ceTel CBSI3M CTAHOBUTCS YIy4IIEHHUE KauecTBA CO3JaBaeMOro UMU
IPOJIYKTa, CETEBbIE ONEPATOPhl HYKAAt0TCS B 3((PEKTUBHBIX HHCTPYMEHTAX
OLIEHKH TPON3BOIUTEIHHOCTH, KOTOPHIE YUUTHIBAIOT BaKHEHIIIIE 0COOEHHO-
CTH COBPEMEHHBIX COTOBBIX CETEHl.

Ilocnennee necsiTuneTre B 00IaCTU CETEH U CHCTEM CBSI3U O3HAMEHOBA-
JIOCH AKCIIOHEHIIMATEHBIM POCTOM KaK YHciia a0OHEHTCKUX YCTPOICTB, TaK H
obmero oobema Tpaduka, mepenaBaeMoro Ha OECIPOBOJHOM ydYacTKe IOC-
TyIa B CETAX CBSA3U OOLIETO MONb30BaHUS.

3HAUUTENBHYIO YaCTh HOBBIX YCTPONCTB COCTaBJISIFOT HOCHUMBIE YCTpPOMi-
CTBa, KOTOPHIE B IIEJIOM T'CHEPUPYIOT OOJIBIIOE KOJIMYECTBO WH(OPMAIIHH,
co3JaBas HCKIIOUUTENBHO BBICOKYIO HArpy3Ky Ha aOOHEHTCKOM YYacTKe
J0CTYyIIa, BbI3bIBad NMEPErpy3Ku Ha OTACIBHBIX YyYaCTKaxX CETHU, YTO BEACT K
yXyameHnto kadectBa cBs3d. CMO c¢ 3asBKaMH CIIly4aifHOTO 00BeMa IT03BO-
JSIOT peliaTh 33fa4d MPOEKTUPOBAHUS MH(MOPMAIMOHHBIX CUCTEM, OOBEK-
TOM TIpeoOpa3oBaHUs B KOTOPBIX SBJISETCS HMH(OPMAIS, IMTOCTYMAIOIIas
MOPUUSMH B BHJE TUCKPETHBIX WM HETIPEPHIBHBIX cooOmmeHmid. CooOmenus
WK 3asBKH OOJIANAIOT Pa3MIHBIM HHPOPMAIOHHEIM 00BEMOM, KOTOPBIN
IpeACTaBIsAeT co00il cydaiiHyIo BEIUUYHHY.

3amava mccie0oBaHusl cUcTeM MaccoBoro obciyxusanus (CMO), B Ko-
TOPBIX KaXKAas IIOCTyMNarollas B CUCTEMY 3asBKa HapsAAy CO CIlydalHOW JUiH-
HOI UMEeT CITydalHbIif 00BbEM, UTPAaeT BaXKHYIO POJib NPU MOAEIUPOBAHUU
paboTHI CaMBIX Pa3HOOOPA3HBIX TEXHWYECKHUX YCTPOWCTB, B YaCTHOCTH CO-
BPEMEHHBIX MH()OPMAIIMOHHO-BEYHCIATENBHBIX U TEIEKOMMYHUKAIIMOHHBIX
CHCTEM.

[Jannas paboTa HampapiieHa Ha BBIPAaOOTKY IOJAXOJA K HCCIIEIOBAHHIO
pecypcHbix RQ-cucrem ¢ nenbio onpezeneHuss TpeOyeMoro KojauyecTBa pe-
cypca Ha opOuTe IPU U3BECTHBIX MHTEHCUBHOCTSAX 3alIPOCOB HAa yCTaHOBIIE-
HUEC COCANHCHHUA U 06CJIy)KI/IBaHI/I$I.
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B [1-3] mpencraBneHsl pe3ysbTaThl HcciaenoBaHuil pecypcabix CMO ¢
HETPAaHUYEHHBIM YHCIIOM OOCIY>KHBAIOUIMX MPUOOpPOB, a B [4, 5] U3ydeHbI
CMO c KoIu3UsMHU.

MaTtemaTnueckaa moaenb N NOCTaHOBKa 3agaun

Paccmorpum RQ-cuctemy, Ha BXOA KOTOPOW MOCTYMaeT MyaCCOHOBCKHIA
C IIapaMeTpoM A TOTOK 3asBOK. [Ipenmnonaraem, 4yTo Kaxaoe TpeboBaHUE Xa-
PaKTepu3yeTcsi HEKOTOPbIM 00beMoM Vv, > 0. OObeMbl pa3IuuHbIX TpeOoBa-

HUH SIBJISIOTCS HE3aBUCUMBIMHU CIIyYaWHBIMH BEJIMYMHAMH (JIMCKPETHBIMU
WIN HENPEPBIBHBIMI) ¢ QyHKIMEH pactipenenenust G(y) = P{v< y}.

3asBKa ciy4aHOro o0beMa, 3acTaBlias MPUOOpP CBOOOAHBIM, 3aHMMAET
€ro M HauWHaeT O0CITy)KMBaHUE, KOTOPOE 3aKaHUYMBACTCS YCIICIIHO, €CIIH BO
BpeMsi ee OOCITy)KMBaHWS Ipyrue 3asBKH He mmocTymamu. lIpomomkurens-
HOCTh OOCITy>)KMBaHHUSI HE 3aBUCHT OT 00beMa 3asBKUA U HUMEET DKCIIOHCHIIH-
ANBbHYIO (PYHKIHUIO pacipeesieH s ¢ mapaMeTpoM L.

Ecnmu mpubop 3aHAT, TO MOCTYNHUBINAsS W OOCTy)XKHBaeMasi 3asiBKH BCTY-
maroT B KOHQIUKT. OHU CUUTAIOTCS MCKAXKCHHBIMHU M 00€ BMECTE CO CBOMMU
o0beMaMu TIEPEXOSIT Ha OPOUTY, B KOTOPOW HaxXOATCs ClIydailHOE Bpems,
IIOCIJIe YeTr0 BHOBH 00paImIaroTcst K MprOOpy ¢ MOBTOPHOH IOTBITKOM €ro 3a-
xBara. CiyuaifHast 3afepikka, KOTOPYIO OCYIISCTBISICT 3asBKa Ha OpOHTE B
Cllyyae BO3HHKHOBEHUS KOH(IUKTA, IKCIIOHEHIIMAIBLHO PacIpeiesicHa ¢ Ia-
pameTpoM o.

Ecmu mpubop cBoboxeH, To 3asBka u3 MIIB 3anumaet ero ajisi 00CIyXu-
Banus. Ecmu mpuOop 3aHAT, TO BHOBb BO3HHUKACT KOH(IUKT, U 00€ 3asBKU
BHOBb nepexonat B MIIB.

[Tycts i(?) — 9rcno 3assBOK Ha OpOUTE B MOMEHT BPEMCHH .

i)
O6o3naunm V' (¢) = ka — CyMMapHbIil 00beM 3asBOK, HAXOAIIUXCS Ha
k=0
opOuTe B MOMEHT BPEMEHH .
I(f) Oynert onpenensaTh COCTOSTHHE PUOOpa CISTYIOIUM 00pa3oM:

0, eciu npubop c60600eH,

I(1)=

3aava 3aKJII0YacTCs B ONPEICICHUN OCHOBHBIX XapaKTEPUCTHK CyMMap-
HOTO 00beMa 3asBOK Ha OpOUTE.

1, ecnu npubop 3amam.
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Metoga npounsBogawmx pyHKLMn

BBeneMm xapakTepuCTHIECKYIO (DYHKITUIO JJIsI CYMMAapHOTO 00beMa HaXo-
JAIIMXCS B CUCTEME TpeOOBaHUIA

, i)
H(u) ZM{e/“V(’)} = M{exp{juz\/k }} =
iM{exp{]quk}h(I) = I}P{I(Z) =i}=
i=0

0

Z:M{exp{ju(v1 +V, + etV P> =

Il
.MS

Il
=1

M{ej”v1 e e }P{i(t) =i}= i(M{ejwl })l Pli(t)=i}.
i=0

0O0603HaYNM ou)y=M {e‘f“v} = Te‘jude(J’) )
0

rorz HGw) =3 (o)) P() = Flo(w)).

i=0
Takum o0Opa3oM, xapakTepHcTHYeCKas (QYHKIHS CyMMapHOro o0beMa
TpeOOBaHMH MMEET BHJ MPOM3BOISIIICH (PYHKIIIH YHCIIA 3aHATHIX IPHOOPOB
c apryMeHToM (i) .
B cumy Toro, yTto BXOASIIHMI MPOCTEHIINA MOTOK M 3KCIIOHEHITHAIBHOE
BpeMs1 00CITy>KUBaHHUS 00JIaTal0T CBOUCTBOM OTCYTCTBHUS HOCIEACHCTBUS, TO
ciydaiinblit npouecc {/(¢),i(f)} M3MCHEHHs BO BPEMEHH COCTOSHHIl OIH-

canHoil RQ-cuctemsl siBiseTcs AByMEpHOW Lenbio MapkoBa ¢ HENpepbIB-
HBIM BpeMmeHeM. IloaTomy paccmarpuBaemasi CHCTEMa MacCcOBOTO 0OCTyXHU-
BaHU C KOH(JINKTAMH 3asBOK OY/IET SBIATHCS MapKOBCKOM.

HerpynHo mokasark, 4TO CTallMOHAPHOE pAaCIpelesieHue BEpOSTHOCTEH
I1(/,7) nccnemyemoit RQ-cucteMsl yI0BIETBOPSET CUCTEME YPaBHEHHIT

—(A+io)P(0,i)+puP(Li)+AP(Li—-2)+(i—-1)oP(Li—1)=0,
{—(K+u+ics)P(l,i)+XP(0,i)+(i+1)cP(O,i+1) =0.

Teopema 1. Yacmuunvle npoussoosuyue Qynkyuu

F (2)= Zz"P(z,i), k=1{0,1},
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yucna 3aneox 8 UIIB onpedensiomes hopmynamu

2(A+o)+p

- - T 4o -1
Fo(u):u kz'(u 27»2) 4 exp{—k(z )}’

n n—2A 2c

2(A+0)+p
- T Alz—-1
Fl(u):&.(”—m) N exp{—@}.
po\ =24 2c

CrnenoBaTenbHO, XapaKTEPUCTHYECKas (PYHKIHS CyMMapHOro oObeMa
OyZeT uMeTh BUJ

H(u)=F (o)) =F (o)) + F, (¢p(u)) =

2(A+o)+
:u—ucpw)—l)_[zm(u)—uj4c . {_Mcp(u)—l)}
n 2L —p P 2c '
3aknioueHue

PaccMotpena pecypcHast MmapkoBckas RQ-cuctema ¢ kommususamu. OfHa-
KO, BBIIIOJTHEHNE aHAJIOTHYHOTO JAONPEIEIBLHOTO HCCIeI0BaHNs O0JIee CII0XK-
HBIX CHCTEM, BEIXOIAIINX 32 PAMKH KIIACCHUYECKUX MOJEINeH, He IpeICTaBIIs-
eTcsl BO3MOXHBIM. Kak ImpaBuno, B TaKUX CIydasx NPUMEHSIOT METOJ] aCUM-
NTOTUYCCKOT 0 aHa/IM3a IPU PA3JINIHBIX NPEACIIbHBIX YCIOBUAX.
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NMpamas koppekuua owmnbok
Ha BHYTPUCErMEHTHOM YpOBHe TPaHCNOPTHOro NPoToKoNa

MNasen lNMpuctyna, Nasen Muxees, Cepren CyLeHKo

HauuoHanweHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaeHHsbili yHugepcumem, 2. Tomck, Poccus

BaxxneilmuMm mokaszateneM KauecTBa B3aMMOJACHCTBHS CETEBBIX MPHIIO-
JKEHHMI SBJSIETCA TPOIYCKHAs CIIOCOOHOCTh TPAHCIOPTHBIX COECTUHEHUH.
[laHHas omnepalMOHHAs XapaKTepUCTUKA B 3HAYMTEIbHON Mepe ONpeneisier-
Csl TPAHCIIOPTHBIM IIPOTOKOJIOM M €ro MapaMeTpaMy — LIMPUHON OKHA U JJIU-
TeJNBbHOCTBIO TaiiM-ayTa [1]. MonenupoBanue aOOHEHTCKOI'O COEAMHEHHs U
aHalM3 ero NMOTeHIHAIbHBIX BO3MOKHOCTEH BBIONHsIICS B [2—11] u np. pa-
6oTax. MaTeMaTH4YecKOe MOJAEIMPOBAHUE KIACCHUYECKOrO TPAHCIIOPTHOTO
NPOTOKOJIA ¢ pemaronield 0OpaTHOM CBSI3bIO BBHIMOJHEHO B [2—8], uMHUTaIU-
OHHOE HCCIIeZIOBaHUE OBICTPONEHCTBYSI MPOTOKOIA TipoBeneHo B [9, 10]. Ho
pe3yJbTaThl MOJYYEHbl NPHU CYIIECTBEHHBIX OTPaHUYEHMAX Ha IapaMeTphl
MPOTOKOTa U (PaKTOPHI, ONpEnesIomue OBICTPOACHCTBHE TPAHCIOPTHOTO
COoeIMHEeHUs. B COBpEeMEHHBIX TPAaHCHOPTHBIX MPOTOKOJAX JUISl CHIKEHHS
o0beMa IMOBTOPHO MNEPEAaBaeMoOro Tpaduka MOIY4aloT LIMPOKOE PacIpo-
CTpaHEHHE TEXHOJOTMU MpsAMOH Koppekuuu ommbok [12—14]. ITpumepom
peanu3anuu Takol TexHonoruu sBiserca mnporokon QUIC kammanun
Google [12]. MaTtemaTudeckass MOZEIb TPAHCIIOPTHOTO MPOTOKOJIA C TEXHO-
JIOTHEN MpsIMOIl KOPPEKLHHU OLIMOOK B MEXCEIMEHTHOM IPOCTPAHCTBE pac-
cMmotpeHa B [14]. B ganHoii paboTe paccMOTpeHa MaTeMaTH4ecKas MOJENb
TPAaHCIIOPTHOTO COEAMHEHUs B (haze MH(POPMAIMOHHOTO TEPEHOCa C MeXa-
HU3MOM MPSIMON KOppEeKIMel ommOoK B BUE e MapkoBa ¢ JUCKPETHBIM
BpeMeHeM. Ha ocHOBe Mozeny mpeanokeH aHallu3 yCJIOBHH, obecrieunBalo-
OIMX TPEHMYIIECTBO B OBICTPONEHCTBUE TPAHCIOPTHOTO MPOTOKOJIA C TEX-
HOJIOTHEH NpAMON KOPpPEKLUUHU OLIMOOK B MPOCTPAHCTBE KAXKIOTO CErMEHTa
nepe]] KIacCU4eCKUM TPAHCIIOPTHBIM MPOTOKOJIOM.

PaccmoTpuM mporiecc mepeHoca NaHHBIX MeEXIy aO0OHEHTaMH TpaHC-
MOPTHOTO IMIPOTOKOJIA, OCHOBAHHOTO Ha aJTOPUTME C pelIaromie oopatHoi
CBA3bI0 [1] M (DYHKIIMOHUPYIOIIETO B PEXKUME CEJICKTHBHOTO MIJIM TPYIIOBO-
ro orkasza. Ilomaraem, 4yTO MOATBEPXKAEHUS IMONyYaTeNs O KOPPEKTHOCTH
IpUeMa JaHHBIX NEPEHOCATCS B CETMEHTax BCTPEYHOro noroka. Cuuraem,
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YTO YNPABISIOMIUA TPAHCIIOPTHBIA MPOTOKOJ MMEET IOMOTHHUTENBHYIO JIO-
TMKy BHYTPHCETMEHTHOH IpsAMOI KoppeKkuuu omuook. [Ipn 3ToM HcTOUHHK
nepes; OTHPaBKOH KaXKIOro CerMeHTa JienuT ero Ha 4 >1 ¢parMeHToB pas-
HOTO pa3Mepa, K HUM 100aBisieT B— A, B> A u30BITOYHBIX (PparMEeHTOB
TOM e JUIMHBI U IIepellacT B TPAHCIIOPTHOE COSANHEHNE PACIIUPEHHBINA cer-
MeHT. Kaxnpiii dparmMeHT cHaOkaeTcs Ciry>keOHOH WH(popmarmed, mo3Bo-
JSIOIEeH OOHApY)KUTh B HEM BO3MOXKHBIC OIIMOKHM W BOCCTAaHOBHUTH W3 B
(parMeHTOB MCXOJHBIH CETMEHT B TOYKe npuema. Mckaxenue no B— 4
IIPOU3BOJIBHBIX (P)ParMEHTOB PACIIMPEHHOT0 CETMEHTa IO3BOJIIET Ha CTOPO-
HC MoJry4aTejisl BOCCTAaHOBUTH HCXOI[HLIﬁ CETMCHT U HC MHUIIMHMPOBATH I1O-
BTOpHbIC nepeaun. Ilycrs f, n f, — nocroBepHoCcTh nepenayn Gpparmenta

BIIOJIb TPAHCIIOPTHOTO COCJAMHEHUS OT MCTOYHHKA JIO ajpecara U oOpaTHO
COOTBETCTBEHHO. Tor/ma BEpOsSTHOCTH JOCTAaBKH MCXOJHOTO CETMEHTa ajpe-
CaTy C y9eTOM BO3MOKHOCTH €T0 BOCCTAHOBJICHUS IOIyYaTeNIeM C TIOMOIIBIO
MeXaHWU3Ma TpSIMOW KOPPEKIMH OMMOOK 3aJaeTCsi COOTHOIICHUEM

B
¥, = ZCI.B S ; -7 )2~ . JlaHHBIC TapaMeTpUUECKHE 3aBHCHMOCTH OT A H

i=A
B ompenensioT MaTeMaTHYECKyI0 MOJIENb Pa3InYHBIX METOIOB MPSIMOM KOp-
pekimu omibok. CuutaeM, 4TO y4acTKU MepernpreMa BIOJIb TpakTa Iepeaa-
YM JaHHBIX MMEIOT OJMHAKOBOE OBICTPOICHCTBHE, & JIUTEIBHOCTD IHKIIA
nepefayd pacUIMPEHHOrO CErMEHTa B OTIEJIbHOM 3BEHE COCTABIISET f.
VYnpasiieHre TOTOKOM JaHHBIX PEANU3yeTCs] MEXaHH3MOM CKOJIB3SIIETO OK-
Ha [1] pasmepa W >1. Ilpouecc mH()OPMAITMOHHOTO MEPEHOCA PACIIUPEH-
HBIX CCTMEHTOB B TPAHCTIOPTHOM COCAMHCHUHN MOXET 6I>ITI> OITMCaH MapKOB—
CKUM IIPOLECCOM C TUCKPETHBIM BPEMCHEM, KPATHBIM JJIUTCIBHOCTU TaKTa l,
B CHJIy TOTO, YTO BpPEeMsI MEXIY MOJYYCHUSIMU HOATBEPIKACHUN HMEET reo-
Merpuueckoe pacnpenenenue [2]. Llems MapkoBa 3a1aeT akKTUBHOCTh OTIIPa-
BUTEJSI 1 U3MCHEHHE pa3Mepa Oueped PacIIUpeHHBIX CETMEHTOB B UCTOY-
HUKE, OKUAJAIONINX TOATBepxkAcHN. OOIacTh BOBMOXHBIX COCTOSIHHUIM IIeTTH
MapkoBa ompenenseTcss AIUTEIbHOCTHI0 TalM-ayTa OXKHAAHUS MOATBEp-
JKICHUS S, BRIPAXKEHHON B KOJIMYECTBE LIUKJIOB MPOIOJLKUTENBHOCTH ¢. CyM-
Ma JUIHH TPSIMOTO M OOPaTHOrO TPAKTOB MOXKET ObITh MHTEPIIPETHPOBAaHA
Kak Kpyrosas 3ajepikka D, BeIpaXeHHas B JIHTEIbHOCTSX f. COCTOSHUSIM

e MapkoBa i =0,/ cooTBeTCTByET pa3mep odepeu IepejaHHbIX, HO HEe
MOATBEP)KICHHBIX CETMEHTOB B HCTOYHHKE TIOTOKA, a COCTOSHHSAM
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i=W+1,S -1 — Bpemsl, B TeueHUE KOTOPOIO OTIPABUTENb HE AKTHBEH U
OXKHJIACT TIOyUCHUS TIOATBEPKICHNS O KOPPEKTHOCTH TIpHeMa IiepeaaHHoi
mocienoBaTeIbHOCTH U3 W cermentoB. M3 HymneBoro cocrosHus B D —1-¢
HCTOYHHUK IPOJBUTAETCS C KaKABIM TAKTOM f C BEPOATHOCTBIO JETEPMUHU-
pOBaHHOTrO coOBITHS. B cocTostHusIX i > D —1 mocie UCTEeUeHUsT OUepeHOTO
JUCKPETHOT'O LKA ¢ K OTIPABUTEII0 HAUMHAIOT MPUOBIBATH MOJITBEPIKIC-
HUS U, B 3aBICUMOCTH OT PE3YJIbTATOB JIOCTABKH, OTHPABUTENb MIEPEacT HO-
BBIE CEIMEHTHI (TIPY TOJIOKUTEIBHOM IOATBEPKIACHNUHN), OO MOBTOPHO —
HCKa)KeHHBIe. 3aBepIICHUE IIUKIIA IPeObIBaHMs B COCTOSHUN D —1 cOOTBeT-
CTBYET BPEMEHU JOBEACHUs IEPBOTO CEIMEHTA JI0 afipecaTa U MOoIy4eHHs Ha
HEero noATBepkacHus. JlanpHeHmmii pocT HoMepa COCTOSIHUSI MPOUCXOIUT
C BEPOSITHOCTBIO HCKa)keHUs monreepxiacHus 1—'F, B oOpaTHOM TpakTte.

B cocrosiauax i> D —1 B pexxume CEJIEKTHMBHOTO OTKa3a IOJY4YEeHHUE IMOJ-
TBEpXKACHUS MOpoKaaeT nepexon B D —1-e cocrossaue nipu W > D unu B
cocrossaue D+ W —2—i npu W <D . B pexume IpylnnoBOro oTkasa Ijs
HCXOJHBIX cocTOsHMIA > D —1 Bo3BpaT B cocrosiaus D —1 (nmpu W= D)
umd D+ W —2—i (mpu W < D) IpoucXoauT pu MOTYyUYEHUH TTOATBEPKIC-
HUS TOJIBKO B ClIydae YCIELIHOW TOCTaBKM ajpecary JAOUIEIIINX K JAHHOMY
MOMEHTY 10 noiy4areis i —D+1 paclIMpeHHBIX CETMEHTOB, B IPOTUBHOM
cllydae cIelyeT BO3BpaT B HYJIEBOE COCTOSHUE, IIOCKOJIBKY O4Yepenab Iepe-
JAHHBIX, HO HE MOJITBEP)KACHHBIX CETMEHTOB B 3TOT MOMEHT OOHYJISIETCS.
B cuny Toro, 4to B cocTosiHUAX =W HCTOYHMK IIPUOCTAHABIMBAET OTIIPAB-

Ky CErMEHTOB, IOIY4YE€HUE MOATBEPXKICHUN B cocTosHUAX =W ,D+W -3
MPUBOJAUT K Tiepexony B coctostHusT D+ W —2—i, a W3 COCTOSHHUA
i=D+W —-2,5§-2 — B HyneBoe. DTO CHPaBEIIUBO ISl CETIEKTUBHOTO OT-
Ka3a, a B peXHUME IPYIIOBOTO OTKa3a yKa3aHHbIE HM3MEHEHMsI COCTOSHUMN
peau3yloTCsl NpU MOCTYIUIEHUHM MOJOXKHUTEIbHBIX MOATBEpkIeHUH. B co-
cTosHuU S —1 ucTekaer TaliM-ayT OKUAAHUS MOJNTBEPKACHUS OT MOTydare-
751 0 KOPPEKTHOCTU IPUHSATBHIX CETMEHTOB M NMPOUCXOAUT OE3yCIOBHBIN Ie-
PEXO0J B HYJIEBOE COCTOSIHUE BO BCEX PEXKHUMAX OTKa3a.

Bakneiimeil onepalluOHHON XapaKTePUCTUKOM IPOTOKOJIA SIBISETCA €ro
MIPOITYCKHAsI CIIOCOOHOCTD, OIpernelnsieMas MapaMeTpaMy TpakTa Iepenadn
JTaHHBIX, HAKIAIHBIMA PacXogaMHi M 0COOCHHOCTSIMH IIPOTOKOIBHEBIX IPOIIe-
nyp ympaenenus mnepenader [1,2]. HopmupoBannoe ObicTponeiicTBrE
TPAHCIIOPTHOTO COETUHEHUSI ONPEAEIIeTCS CPETHUM YHCIOM JOCTaBIECHHBIX
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[OJIy4aTeNl0 HEUCKAKEHHBIX CErMEHTOB 3a CpeIHEe BpeMs MeXIy ABYMS
MOCJIETOBATENbHBIMU TOCTYIIJIEHUSIMU MOATBEpX)ACHUN. Ilockompky Bpems
MEXIY TNPUXOJaMH MOJITBEPKIECHUN paclpeieIeHO MO0 TeOMETPUIECKOMY
3aKOHY, TO MIPOMYCKHAsl CIIOCOOHOCTh OMPEETUTCS 3aBUCUMOCTAMU [2]

D+W -2 S-1
Z,W.S,D,A,B)=¥,4 > (i-D+2¥ PR+W¥, > P
i=D-1 i=D+W -1

D+W—21_IP;’D+2 1_\{/;’f 5-1
w Z,W.S,D,4,B)=%,¥.{ > . > P

i=D-1 1_le l 1_‘Pfi=D+W—1

JUISL CEJIEKTUBHOM U TPYIIOBON MPOLEyp OTKa3a COOTBETCTBEHHO.

O¢pexTuBHOE NPUMEHEHHE TEXHOJIOTMH IPSIMONM KOPPEKIHH OLIMOOK
MpeJnoaraeT MoUcK KodQQuimeHTa (pparMeHTallil CerMEeHTa A W Yuciia
JIOTIOJTHUTEITLHBIX M30BITOYHBIX (PParMeHTOB B—A 1 KOPPEKIUU OIUOO0K,
00ecIIeunBarOIINX MaKCUMaJIbHOE OBICTPOAEHCTBHE TPaHCIIOPTHOTO COEAU-
HEHUs C 33/laHHBIMU XapaKTePUCTUKAMHU U NPOTOKOJIBHBIMHU MapaMeTpaMu.
Hanuune n30bITOUHBIX (DparMEHTOB B IepegaBacMoi MOCIe0BaTeIbHOCTU
YBEJIMYUBAET BEPOSTHOCTh IOCTABKU IONydYaTeII0 CErMEHTa, OJHAKO 3TO
JOCTHTAETCsI 32 CUET pOCTa HAKJIATHBIX PACXOJOB B BUIE BPEMEHH IIepeHOCa
JOTIOTHUTETBHBIX TaHHBIX. B CBS3M C STHM BO3HMKAET 3a7ada IMONCKA B MHO-
TOMEpPHOM IPH3HAKOBOM IPOCTPAHCTBE OONACTH 3HAUCHHN XapaKTEPHCTUK
TPAaHCIIOPTHOTO COEAUHEHHUS, TapaMEeTPOB TPAHCIOPTHOIO MPOTOKOJIA U Me-
XaHU3Ma TNPSIMOM KOppeKUUH OoIMOOK, obecreuuBaroieil MpeBOCXOJICTBO
YIPaBIISIONIEH MPOIEeTypsl C IPSMOIT KOppeKIueil onMOoK nepes Kiaccude-
CKOM TIPOTOKOJIGHOW TPOIEIypOi C pelnaromnieid oopaTHOW CBS3bI0 0e3 Hc-
MOJIB30BaHMS KOPpEeKIiH omuOoK. OmpeneanM BBIUTPHII B OBICTPOACHCT-
BUU OoT npuMmeHeHns1 mexanu3Mma [1KO mo cpaBHEHHIO ¢ KIIaCCHYEeCKOH Tpo-
TOKOJIFHOU MPOLIEAYPOH C peratolieil 00paTHOM CBA3BIO B BUJIE

A(4,B)=Z(W,S,D,A,B)- Z(W,S,D,1,1).

B ofuiem ciyuae CpaBHUTENbHBIH aHAIN3 YAACTCS MPOBECTH TOJBKO YHC-
JeHHO. B psijie ciyyaes 3a cYeT CHIKCHUSI Pa3MEPHOCTH MPU3HAKOBOTO MPO-
CTpaHCTBa 00JIaCTh TOJIOKUTEIBHBIX 3HAYEHHI BBIUTPHIIA yIaeTCs HAalTH B
NPOCTOM aHAMTUYECKOM BHJE. B pexxmme ceneKTHBHOTO OTKasa, rojaras
W — o0 nubo aOCOMIOTHO HAJEKHBIM OOpPATHBIM TPAaKT Heperadd JTaHHBIX
(f, =1), BHIMIPBHIN NPUOOPETAET OTHOCUTENIBHO MPOCTON aHAIMTHYECKHI
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Bua. Jns mapaMeTpoB MpsMON KOppeKIuu omuook B = A+1,4>1 obnacts
MTOJIOXKUTENBHBIX 3HAYCHUH BBIUTPHINIA CYIIECTBYET Uil A > 2 Ha WHTEpBa-

ne f; 6(0,1—1/ Az). MakcumanbHOE 3HAYEHHWE BBIMUTPHINIA JOCTUTAETCS
ms fy =1-1/4. C poctoM mapameTpa NpsMOW KOPPEKIMH OMIMOOK A
TIOJIOXKEHHE MaKCHMyMa BBIMTPBIIA ApeiidyeT BIpaBo mo xoopauxare f,,

a2 MAaKCHUMAaJbHBIH BBIMTPHIII pacTeT. (s TEXHOJOTUYECKUX MapamMeTpoB
MeXaHu3Ma TPSAMO KOPPEKIUH OMMO0K B = A+2,4>1 TOI0OKUTEIHHBIN

BBIMTPHIII JIOCTHTAETCS Ha OOJACTH 3HAYEHMH JIOCTOBEPHOCTH JOCTABKH
dparmenTos £ €(0,(A-1)(A+2)/A(A+1)), A>2, a mMakcumMym —

B Touke [, =1 —+J2/A(A+1). B pexume TIpymroBoro MoBTOpa JIst
a0COJIIOTHO HAJEXHOIO OOpaTHOTO TpakTa mepenadd AaHHBIX ( f. =1)
MOJIOXKHUTENbHBIE 3HAYEHUs BbIUIpbILA Ipu A=1,B=2 pocturarorcs
JUIsL JOCTOBEPHOCTHU Iepefadyu (pparMeHTa B HNPSMOM TPaKTe TPAHCHOPTHO-
TO COEIMHEHMs Ha HHTEpBamax fi € (0,D-2/D-1),W>D,D>2 u
f;€(0,2=D/W —1),1+ D/2<W < D. JInsi Harpy’eHHOTO TPAHCTIOPTHOTO
coenuHeHust (W 2 D) ¢ pocToM JUIMTETBHOCTU KPYroBoH 3ajepixku D 00-
JaCTh MOJOXKUTEIBHBIX 3HAUEHHH BBIUTPHIIIA PACIIUPSICTCS, MAKCUMYM pac-

TET 1O KPHUBOW C HACHIICHWEM H €ro IIOJIOKCHHE CABUTAETCS B 00JACTh
Gonblueli J0CTOBEPHOCTH JOCTAaBKU (PArMEHTOB [, . 3aBUCHMOCTb BBIMI-

ppima ot mapamerpa A pu B=A+1,4>1 umeeT sKCcTpeMallbHBIN Xapak-
Tep. /sl HEJOTPYKEHHOTO TPAHCTIOPTHOTO coenunenus (1+D/2<W < D)
BBIMIHII C PaCIIMPEHHEM OKHA OT 3Hauenuss W =1+D/2 mo W =D-1

0071aCTh MOJIOKUTEIBHBIX 3HAYCHUI BBIMIPBILIA [0 KOOPJUHATE f, PaCIIH-

psiercs, a MAKCUMYM BBIMTPHIIIA pacTeT U Apeiidyer BupaBo. Takoit xe 3¢-
(bekT uMeeT MecTo ¢ yBeIMYCHUEM MapaMeTpa MpsIMOH KOPPEKIUU OIIHOOK
A mns B=A+1. Ilpu Bemonnenun yenosust W =1+ D/2 poct mmutens-

HOCTH KPYTOBOW 3a[epXKH D NPHUBOJUT K CYXCHHIO 110 KOOpAMHATe f

00JIaCTH MOJOXKUTEIBHBIX 3HAUEHHH BBIMIPHINIA U CHIDKCHUIO NIPEUMYIIECTB
TEXHOJIOTUH MPSIMOM KOPPEKIIUH OIIHOOK.
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Matematnueckoe moaenupoBaHue 1 uccneoBaHue
NPUOPUTETHON YNpaBAAIOLLEi CMCTeMbI C HeNOCTOAHHOM
WHTEHCUBHOCTbIO 06CNYKUBaHMA Tpe6oBaHMiA

EkaTepuHa Npongakosa, Bukropmna CaHHMKOBa

HHIY um. H.W. Jlobavesckoeo, 2. HuxHul Hoszopod, Poccus

PaccmarpuBaercs cucrema OOCIY)KHBAaHUS W YIPABIICHUS M HE3aBHCH-
MBIMH ¥ KOHQIUKTHBIMU 1oTokamu [1y, Iy, ..., I1, Tpeboanuii. KondmkT-
HOCTh TIOTOKOB O3HAYaeT, YTO WX OOCIYXUBaHUE JOJDKHO MPOUCXOJUTH B
HeTepeceKaronuecs: MPOMEXyTKH BPEeMEHU. BXOJHBIE TIOTOKH JEJSATCS Ha
Tpu tuna: I1; — npuOPUTETHBIN MOTOK Maioi UHTEHCUBHOCTH, 11y, ..., 1, —
MOTOKU CpellHEH MHTEHCUBHOCTH M 0€3 MPEUMYIIECTB 10 OOCITyKHBaHUIO,
I1,, — MHTEHCHUBHEBINA MMOTOK 0e3 MpeuMyIecTB o obciyxuBanuto. [Ipuopu-
TeT motoka [ 3axnrogaercs B TOM, YTO €CHH MOCTYTHIIA XOTs ObI OJTHA 3a5B-
Ka 10 MEPBOMY HAIpPAaBIEHHUIO, TO OHA JOJDKHA OBITH O0CITyKeHa KaK MOXHO
ObICTpee, HO HEe IpephiBasl y)Ke MPOBOSIICECS O00CITyXKHUBAaHUE JAPYTUX Tpe-
OoBaHuil. BXOJHBIE MOTOKM CUMTaeM NPOCTEHIIMMHU (ITyaCCOHOBCKHUMH) C
WHTEHCUBHOCTSAMH Aj, Ay, ..., A, COOTBETCTBEHHO, NpUYeM A K A, Y Kaxk-
JIOTO M3 M TIOTOKOB €CTh OCHOBHOH 3Tan 0OCIYy)KMBaHHUS W ATAIl IIepeHalaI-

xu. Bo Bpems ocHoBHOro 3Tana notok Il;, j=2,m, obcmyxuBaerca ¢ Heno-

CMOSHHOU UHMEHCUBHOCMbI0. BBEIIGHO OIIHO MOIIOTHHUTEIHFHOE COCTOSHHC
JUIsl 00CITy>)KMBaHMsI HanOoJiee HHTEHCUBHOTO ToToka I1,. Takum obGpazom,
obciykuBarolee yerpoiicto umeer (2m+1) cocrosune IV, T®, . 1™,
B cocrosiann IV obciyxuBaercst moTok I1; ¢ MOCTOAHHONW MHTEHCUBHOCTBIO
1. B coctosinmn ' pe o0city)XKuBaeTCcsl HU OJIUH U3 MOTOKOB. B cocTostHun
r" obcnyxuBaercst oTok II; ¢ HenocTosHHONH MHTEHCHUBHOCTBIO |L(?). B
cocrosann 'Y ne o0ciTy)XMBaeTCsT HHU OJWH M3 TOTOKOB. B cocrosHum
r@mh obcmykuBaeTcst TOIbKO MOTOK 11, HO yke ¢ MOCTOSIHHOW WHTCHCHB-
HOCTBIO [, 3asBKH, IPUINEJUINE B CUCTEMY, MOTYT 00pa30BEIBATh HEOTPa-
HUYEHHBIE o4yepenu. JUINTEeIbHOCTH COCTOSIHUN F“), l"(z), ey %D yspecr-
HBI 1 paBHbl Ty, Ty, ..., Ty, €IMHNUII BpEMEHU COOTBETCTBEHHO.

" Pa6oTa BbINONHEHA npu ¢punHancoBoil noguepxkke PODU (mpoext Ne 18 — 413-520005).
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nocrpoemne maTemaTuyecKkon mogenm

IIpu mocTpoeHNH MaTeMaTHYECKOH MOJENH UCCIEAyeMON CHCTEMBI 00-
CITy’)KUBaHUS MPUMEHSUICA KuOepHeTnueckui moxxox [1]. Cucrema HaOmio-
Jlajlach B AUCKPETHBIE MOMEHTBI BPEMEHHU T, | = 1, 2, ..., EpEeKIIOUeHH co-
CTOSIHUI 00CITY)KMBAIOLIETO YCTPONUCTBA WIIM HA MPOMEXKYTKaX [T;, Tiy1). 1Ipu
MOCTPOSHUH MaTeMaTHYeCKOW MOJIENH HEMOCTOSHHas WHTEeHCHBHOCTH 00-
CIIy’)KUBaHUS () alnpOKCHUMHPOBAACH C ITOMOIBIO KyCOYHO-IIOCTOSHHOMN
(YHKOUH ¢ OJHOW TOYKOH pa3pbiBa, YTO HE MOBJIHSIO HA METOJHUKY HCCIIe-
JIOBaHMA U OOILIHOCTh pe3yiabTaToB. Kakmoe cocrosHue " 00CITyXKU-
BAIOLIET0 yCTPOMCTBA pa3OMBAIOCh Ha JIBA BUPTYAJIbHBIX COCTOSHHS %2y
1"(3-’72), amarensHocTaMu Ty u Tz coorBercTBeHHO, T35 + T3 = Ty,
TakuM 00pa3oM, HCXOAHOE MHOXECTBO COCTOSIHHI OOCIY)XHMBAIOIIEr0 yCT-
poiictBa npeoGpasosanocs B I' = {I'V), 7@, . T 12 16my ¢ ys
BECTHBIMU JUIATENBHOCTAMHU T, Ty, ..., T313, T35, ..., T3, cOOTBETCTBEHHO.

Omnpenenum npu j =Lmui=0,1, ... CIIC/TYIOIINE CITyYaiHbIE OOBEKTHI:

1)n;; — uucno 3agBok moroka II, mpumenmmx 3a Bpemsa [T, Ti:1),
n,€X=1{0,1,2,..};

2) &;; — MaKCHMAaJbHOE YHUCIIO 3asBOK, KOTOPOE MOXKET OBITh 00CITYKEHO
3a [, 7;51) U3 ouepenu notoka II;, &, € {0,053} mpu j =1,_m; 37€Ch

by = max{[1y' Ty o], [0 Tya1}s & € {0, s i} 1pH j = m, I, — Makch-
MaJbHOE YUCIIO TpeOoBaHWH moToka Il;,, 0OCIy)eHHOe 3a BpeMs paboThI
curnana [®";
3) I'; — cocrosiHMe yCTPOUCTBA BO BpeMs [T;, Tiy1), L € T;
4) 4, — JNUHA OYepeau 1o NMOTOKy II; B MOMEHT BpeMeHH T;, 55; € X;
5) &, — uncno peansHO 06CTyKeHHBIX TpeGoBanmii notoka I1; 3a [T;, Ti11),
npuueM &€ Y;= {0, 1, ., ly};
_6) &1 — umMcno peanbHO OOCIYXKEHHBIX 3asBOK mnoroka II; 3a [0, To),
G €Y
Iepexon 06CTYKHMBAIOIIETO YCTPONUCTBA U3 COCTOSIHUA [; B COCTOSIHHE
I';41 OCYIIECTBIISUICS COTIIACHO CIIEIYIOMIEMY COOTHOIICHUIO:

I = U(ri, %1,1‘),

Y, r=3m-1,

o p=1,3m-3,

rem-n, re{3m-2,3m},w >0,
rém, re{3m-2,3m}, w, =0.

rue ur”,w)=
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3asBKH OOCTYXKHBAIOTCS B COOTBETCTBHH C HKCTPEMAIBLHOU CTpaTerHei
00CITyXKMBaHUSI, TO €CTh BBIIOJIHACTCS

Eji=min{s;+n;; &}
Jlnst ouepey CripaBeUIMBO COOTHOIIEHHE
i) = max{0; 2+ Mji— &j,i }.

Cocmosnue eceti cucmemvt no nomokxy II; Ha IPOMEKYTKE BPEMEHHU
[Ti, Ti+1) XapaKTepU3yeTCs CIIyJaiHBIM BEKTOPOM

(T, 5145 556> E 11 i)
ITaTumepHast ciaydaiiHas BEKTOpHasl IOCIEA0BAaTEIbHOCTh
{(Ty, »a, iy El,i—la Ej,i—l); i20}
onpedensiem nogeoeHue uyuaemoll Ynpasiaoueli cucmemsl HO HOMOKAM
I, I, j=2,m.

C‘H/ITaCM, YTO B MOMCHT BPpEMEHH Tp U3BCCTHO PACIIPCACICHUC HaAYaJIbHO-
T'O BEKTOpa, TO €CTh U3BCCTHHI CJICAYIOIIUEC BEPOATHOCTH!

(s) z 3
Py =1, sa9=x1, 750=x;, &1 =y1, &1 =)
JJIs MOJTy4YeHHOW TATHMEPHOW CIYYalHOH IMOCIeIOBaTeIbHOCTH OBLIH
JIOKa3aHbl HEKOTOPBIE YTBEPKACHMUS.
Jlemma 1. Ilpu 3agaHHOM pacnpeeneHny HaqallbHOTO BEKTOpa
(F07 %1,07 J{]‘,O) él,*l: gj,*l)
Clly4aiiHasi BEKTOpHas MOCIIEI0OBATEIbHOCTh
@, 544 244 &1, §im); 12 0}

SIBJISIETCS MapKOBCKOM.
Kpome Toro, mist MapKOBCKOM MOCIEIOBATEITEHOCTH

{(Tsy 504, #G4> &1, &jim1); 1 2 0}

ObUIM BBIIEIEHBI HECYIIIECTBEHHBIE COCTOSIHUA [2], MOJTy4YeHbl PEKYppPEHTHbIE
COOTHOIICHUS JJI1 OHOMEPHBIN pacnpesienieHnid. DTo (haKTHUECKH MO3BOJIs-
€T U3y4aTh JII0ObIe KOHEUHOMEPHBIE PAacIpeAeIeHIs yKa3aHHO! Mmocie10Ba-
TEJBbHOCTH.
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AmutaunoHHoe mMmopenvpoBaHne
N YncneHHble SKCnepnmMmeHTbl

UToOb!I uccenoBaTh BIMSHAE HENMOCTOSHHOW MHTEHCHBHOCTH OOCIYKH-
BaHMS HAa XaPaKTEPUCTHKH (PYHKIMOHHPOBAHUS PACCMATPHUBACMOM YIIpaB-
JSIFOIIEH CHCTEMBI, OBLIa CO3/JaHa COOTBETCTBYIONIAs IPOTpaMMa, SIBIISIO-
masics ee UMUTALMOHHON Mozenbto. [Ipu MoaenupoBaHUKM NPUHUMAIUCH BO
BHUMAHUEC Haﬁ,Z[CHHI:Ie AHAJIMTUYCCKU YCJIOBHUA CYHICCTBOBAaHHSA CTallMOHaApP-
HOTO pexunMa (YHKIHOHUPOBaHUS [3] JUIA CHCTEMBI C IMOCTOSHHON WHTEH-
CUBHOCTBIO OOCITY>KUBaHUS:

2m
MT =1 -15<0, j=1m, T=)'T,.
r=I1
B Hawane pa®oThl MMHTAIIMOHHOW MOJETH 3aJIaBAMCh CIICAYIOIIHE
BXOJTHBIC TIApaMETPHI:

1) & — MHTEHCHBHOCTb IIOCTYIIJIEHUS 3asBOK 10 oToKy II;, j=1,m;

2) Ty—1 — Bpems paboThl 00CITYXKUBAIOIHUX YCTPOUCTB, j =1,m

3) ui(#) — dyHKIUA HEMOCTOAHHONW MHTEHCHBHOCTH OOCIY:XKMBaHHUS Tpe-
6oBanuii noroka Il;, j=2,m;

4) To; — Bpems nepeHanagku 00CIyKUBAIOIETO yCTPOWCTBA Ul MOTOKA
H/’ ] = 1’ m;

5) t'— mmTensHocTh coctosamst @™ (nerm);

6) k — uncio UKIOB pabOThl CUCTEMEI;

7) t — Bpems 00CITy>KMUBaHUS OJTHOM 3asBKU.

MopenupoBanre BKIIOUaIO B ceOs ABa dTama. Ha mepBom sTarme onpene-
JBSUICST MOMEHT HepexoJa CHCTEMBI B KBAa3UCTAIIMOHAPHEIA (OMU3KUHA K CTa-
UOHAPHOMY) pexuM (YHKIUOHHpOoBaHMs. Ha BTOpoM 3tame MonenupoBa-
Jack paboTa CHCTEMBI B KBa3HCTAIMOHAPHOM PEXXHUME TSI HAXOXKICHHUS YNC-
JICHHBIX OIIEHOK CIIEAYIOIIUX XapaKTEPUCTUK CHCTEMBI:

1) x Iz Jj =1,m — oLIeHKH cpeHNX ouepe/iel M0 KaKIOMY U3 IMOTOKOB;

2) 7 — OIICHKa CPEIHEB3BEUICHHON OYepenr, KOTopas pacCUUTHIBACTCS
o opmyite

A P S PN
A+, Ay '

o=
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YucneHHble pe3ynbTaTtbl

B kadecTBe ImpuUMepa pacCMOTPUM Cilyuail, Korja B cucreMe o0CIyKHBa-
I0TCSl TPU NOTOKA, M BHUJA (DYHKIMHM MHTEHCHBHOCTH OOCIy>KMBaHUS (1),
J =2, 3 umeeT BUA, MpeACTaBICHHBINA Ha puc. 1.

(0 WO [

8 wi(t) = 0.6¢+ 2 81 wi(6) = 0.6 + 8

6 6
4 4
2 2

0 2 4 6 8 t 0 2 4 6 8 t

Puc. 1. Bun pyHKUMM HHTEHCUBHOCTH 00CTykuBaHus 1), j = 2, 3

A uMeHHo, |(f) IpHHUMAET BUJl MOHOTOHHO yObIBarome (puc. 1, a) uiu
MOHOTOHHO Bo3pacTarouieil (puc. 1, 6) Ha OCHOBHOM MPOMEXYTKE 00CITYKHU-
Banus (yaknuu. OTMETHM, YTO BXOJHBIC MApaMETPhl MPU IKCIIECPUMEHTE
OAOWPANTHCh TaK, YTO CPEHHSST WHTEHCHBHOCTH 33 BpeMs OOCITYKHBaHHUS
Ka)XJIOTO M3 OTOKOB ObLIa OJWHAKOBOW WM PaBHSIACH 5 3asBKaM B CEKYHIY.
Bxonneie mapameTpsl, 3a)UKCUPOBAHHBIE MO KAXKJIOMY M3 MOTOKOB, M3MeE-
PAIOTCA B YCIOBHBIX €IUHUIAX BpeMeHu: To; =10, Tp; =5, j=1m, t'=5,
t = 0.1; gucno urepanueii k = 100.

B kadecTBe mpuMepa MOHOTOHHO YOBIBaromeidl (hyHKIHH paccMaTpHBa-
nack W) =-0.61+8,j=2,3 (puc. 1, a), a B KaueCTBe MOHOTOHHO BO3pac-
Taromeit p(f) = 0.6t 42, j =2, 3 (puc. 1, 6). [lns1 nepBoro npuopuTETHOrO II0-
TOKAa MHTCHCUBHOCTP ITOCTYIUICHUS 3asSBOK M MHTCHCUBHOCTb MX OOCIYXKH-
BaHMA 3adukcupoBansl U paBHBI A = 0.01, w;(¢) = 5 coorBercTBeHHO. [loMy-
YCHHBIE PE3yJIbTATHI IPHBEICHHI B TA0IHIIE.

Pe3yJ]]>TaTbI YUCJICHHBIX IKCIEPUMEHTOB

A A (1,j=2,3 — — ~
(3aﬂB./e2;l.Bp.) (3aﬂB./83Zl.Bp.) (gtjzfﬂ)s.j/ea.sp.) 7 (338.) | 323 (3a18.) | 52 (sasm.)

0.3 1 —0.6t+ 8 89 6 23
0.3 1 0.6t +2 71 6 20
0.5 1.25 —0.67+ 8 951 8 262
0.5 1.25 0.61+2 810 13 228
0.7 1.5 —0.6t+ 8 1896 17 588
0.7 1.5 0.6+ 2 1789 13 553
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ITo nanHbIM TaOJIMLBI MOXKHO CHIENATh BHIBOJ O TOM, YTO BUJA UHTEHCHBHO-
CTH OOCIY)KUBAaHHUS JaeT Jy4YIlIUe IMOKa3aTeld (MUHUMANbHBIC) U OLIEHKU
CPEHEB3BEILIEHHON OoYepey NpU Bo3pacTarouled MHTeHcuBHOCTH (7). Jeit-
CTBUTEJILHO, IPY CMEHE BXOJHBIX IapaMETPOB, & UMEHHO WHTEHCHUBHOCTH IO~
CTYIUIEHUS 3asBOK B CHUCTEMY, OLIEHKA CPEAHEH odepenu Mo BTOPOMY MOTOKY
TIpY JIMHEHHOM Bo3pacTaromei (pyHKINKM BCETAa MEHBIIE, YeM TIPH JIMHEHHON
yOBIBAIOIICH.

AHanoruuHoOe UCClIe0BaHUE OBLIO MPOBEAEHO U Ui APYTHX BUIOB HH-
TEHCUBHOCTEH 00CTyKHBaHHUS.

3aknouyeHue

ITocTpoena matemaruyeckas MOAENb MPUOPUTETHON YNIPABIISIOUIEH CHC-
TEMBI ¢ HENOCTOSHHOW MHTEHCHBHOCTBHIO OOCITY)KHBAHHUS B BHUIE IIITHMEp-
HOU Clly4ailHOM BEKTOPHOW MAapKOBCKOW IMOCIEN0BAaTENbHOCTH. J[aHHas mo-
CJICZIOBATENBHOCTh M3ydanach aHANUTHUYECKH. Takke OblIa co3laHa MMHTA-
LIMOHHAs MOJIEJIb PACCMATPUBAEMOM YIPABIISIOIIEH CUCTEMBbI, TI03BOJISIIOILAS
HCCIIEIOBATh BIUSIHUE BHOA (DYHKIUH WHTCHCHBHOCTH OOCITY>KUBAHUS Ha
HEKOTOpPbIE XapaKTEPUCTUKH (PYHKLIMOHUPOBAHUS CUCTEMBI, HallpUMep, Ha
CPEJHEB3BEIICHHYIO 04epEb.
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CseTnaHa PoxkoBa'?, Hatanbsa BopoHuHa',
Anekcanapa Cemaluko 2

"HayuoHanweHseIl uccsiedosamesnbckuli

Tomckul nonumexHu4eckul yHusepcumem, 2. Tomck, Poccus
2HayuoHarnbHbll uccnedosamensckuli

Tomckuli 20cy0apcmaerHsbili yHugepcumem, 2. Tomck, Poccus

MaremaTtnuaeckue mMojienu RQ-cucteM MHUPOKO MCHOIB3YIOTCA TPU aHa-
JH3€ MPOIIECCOB B CHCTEMAaxX IPOU3BOJICTBA U OOCIYKHBaHUS, TEIC(POHHBIX
CHUCTEeMaX, BBIYMCIUTENBHBIX KoMIUIekcaX. OCOOEHHOCTBIO ITHUX Mojeneit
SIBIISIETCS. BO3MOYKHOCTB ITOBTOPHOH Tepeaaull UCKaXKEHHBIX cooOmennit. Ec-
JIM TIPU TIOCTYIUICHUH 3asBKU MPHOOP 3aHAT 00CIy>KHBaHUEM, TO 3Ta 3asBKa
MEePeXOoAUT B UCTOYHUK MOBTOPHBIX BBI30BOB (HA OPOUTY) M Yepe3 HEKOTOpOoe
CJIydaifHOe BpeMs MTOBTOPSET MOMBITKY IMOJIYYUTh 00CITy)KruBaHue [1].

Harpy3ska oT moTOKa HOBTOPHBIX BEI30BOB, KaK IIPABHJIO, SBISIETCS HE yU-
TEHHOH, YTO MPHUBOAMT K MEPEerpy3Ke CeTH, U 0OCITY>KUBAIOIIMNA TIPUOOpP MO-
JKET BBINTH M3 CTPOs. MHOTOYHCICHHBIC IOJIOMKH M OTPaHWYEHHEBIC BO3-
MOKHOCTH PEMOHTa OKa3bIBalOT 3HAUUTENLHOE BIMSHUE HA MIPOU3BOAUTEINb-
HOCTb cUcTeMBbI [2]. CUCTeMBbI MacCOBOTO OOCTYKHBAHUS HAa3bIBAIOTCS HEHa-
JCKHBIMH, €CITA UX MPUOOPBI MOTYT BpEMs OT BPEMEHHU BBIXOIHUTH M3 CTPOS
1 TpeOOBaTh BOCCTAHOBJICHUS (PEMOHTA), TOIBKO ITOCIE KOTOPOTO OHU MOTYT
B0O300HOBHUTH OOCITY>KHBaHHUE 3aIIPOCOB KaK HOBBIC. VccleoBaHUIO CHCTEM C
HEHAJIC)KHBIMH TTPUOOPAMH TIOCBSIICH psijl padoT, 0030p KOTOPHIX MPUBEICH
B [3].

B nacrosimeit pabote uccnenyercs oaHokaHaimbHas RQ-cuctema macco-
BOTO OOCITY>XMBaHUS C HEHAIC)KHBIM NPHOOPOM aCHMIITOTHYECKHM H Mart-
PUYHBIM METOIAMHU.

MocTtaHoBKa 3agavn n onncaHve mogenu

PaccmorpuMm opHonmHelHyt0o RQ-cucTeMy ¢ HEHaJIeKHBIM TPHOOPOM
(puc. 1). Ha Bxog nmocTymnaeT NpocTelInii MOTOK 3aIBOK ¢ MHTEHCUBHOCTbIO
A. Kaxxnas 3asBka obcimyxuBaeTcsl ciiydaiiHoe BpeMsi, KOTOpoe pacmperene-
HO I10 SKCIIOHCHIMAIFHOMY 3aKOHY C TTapaMeTpoM 1. HeHanexxusiit mpudop
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MOXET OBbITh B OJJHOM M3 COCTOSIHHUIT: CBOOOIEH, 3aHAT 00CITYKUBAHHEM HITH
Ha peMoHnTe. Ecnu npubop cBoOONIeH U Ha BXOJ] MOCTYIAET 3asiBKa, TO MPH-
0op cpa3y ke HaYMHaeT O0OCIy)XKHUBaHHE MOCTyIHBIIEH 3asBku. Eciu 3asBKa
MOCTYIAaeT B MOMEHT, KOTIa MPUOOp 3aHAT 00CITYKHBaHUEM PYToW 3asBKH,
TOT/Ia TIOCTYMHMBIIAs 3asBKa MEPEXOMUT HAa OPOUTY U OXKHIACT OOCITYIKHBA-
Hus pubopoM. Bpemst oxkujaHus Ha OopOUTE paclpeeieHO M0 YKCIIOHEH-
OUATFHOMY 3aKOHY ¢ HapameTpoM o. [locne 3aiepikku Ha opOHTe, 3asBKa
BHOBB mpoOyeT 3aHATh npubop. Eciau mpubop okazancs cBOOOAHBIM, TO 3a-
sIBKa 00CITy)KHBAeTCs, HHaYEe OCTACTCS Ha OpOHTE.

lolo
L L

M/

Puc. 1. Moaens RQ-cuctemsr M/M/1

C HEHaJIeKHBIM IPHOOPOM

IIpennonaraercsa, 4ro cepBep HEHaAexkHbIA. Eciau cepBep IpocTauBa-
eT/3aHsAT, BpeMs OecriepeOoitHON paboThI ABJISECTCA CIy4YailHON BEITMYUHOM,
pacrpeeeHHOH M0 AKCIOHEHIMAIFHOMY 3aKOHY C IIapaMeTpOM Y; W Yz,
COOTBETCTBEHHO. Bpemsi BoccTaHOBJICHHS NpHOOpa IocjIe peMOHTa pacipe-
JIeJICHO AKCIIOHCHIMAIBHO C MapaMeTpoM L,. Korzia cepsep Ha peMOHTe, Bce
MOCTYTAIOIIHE 3asBKU YXOJAT Ha OpPOUTY.

Cucrema anddpepeHumnanbHbIX ypaBHeHuii KonmoropoBa

ITycth i(¢f) — 9ucio 3asBOK Ha OpOWUTE B MOMEHT BpeMeHH ¢, a k(¢) or-
pelnesnsieT cocTosiHue mpuoopa:

0, ecu npubop c60600¢H,
k(t) =<1, ecnu npubop 3ansm,
2, eciu npubop Ha pemonme.

TpeOyeTcsi HalTH CTAIMOHAPHOE pPACIIpPEICIEHUEe BEPOSATHOCTEH YHUCIIa
3asiBOK Ha OpOUTE C yUETOM COCTOSHUS NMpUudopa

P.(i,t)=P{k(t)=k,i(t) =1}, k={0,1,2}, i=0,2... .
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Jlist pactipenieneHust BepositHocteil P, (i,¢) COCTOSIHMII paccMaTpuBae-

Mol RQ-cHcTeMBI COCTaBUM CHCTEMY JU(PQPEpEHIMATBHBIX YpaBHCHUN
Kommoroposa

OF, (i,t)/ 0t ==(h+ic+y,) Ry (i,t) + w R (i) + ny P (i),
OP, (i,t)/ 0t =—(M+p, +7,) B (i,t)+ AR (i,t) +
+(i+1)oR (i+Lt)+AB(i-L1),
O, (1,1)/ 0t =0+ 113) Py (1) + 1Py (1) + 12 (1= L6) + 2P, (1= L,t).

(M

O6o3naunm B, (i) = lim P, (i,¢), Torna cucrema (1) B cTallMOHApHOM pe-
t—w

XKHUME UMEET BH]
—(h+ic+y)E (i) +w A (1) + 1P (1) =0,
(ki +2) B () +AB (1) + (i +1)0R i+ 1)+ AR (i-1)=0, ()
~(A 1) B (1) + 1, B (D) + 1, R (i =)+ 1P, (i-1) = 0.
Tax kak (2) sBisieTcsl CUCTEMOH OECKOHEYHON Pa3MEpHOCTH, TO PCIIUThH

€€ aHAJIMTUYECKHU JOCTaTO4YHO CcJOXHO. IloaToMy paccMOTpUM YMCIEHHBIN
(MaTpuyHBI) U ACUMITOTHUYECKUI METO/IbI PELICHUS CUCTEMBI.

MaTtpuuHbin meTog

3anuiieM cucreMy (2) B BUze
P-S=B. 3)

3necs P — BexTop-cTpoka pazmepHoctu 3(N+1), KoTopas sBiseTcs cTaluo-
HapHBIM paclpesie]IeHHeM BepOsSTHOCTEH yHciia 3aSBOK Ha OpOUTE KaXKIAOTro
COCTOSIHMS TIpuOOopa

P =(£)(0),..., {,(N), R(0),..., R(N), P,(0), ..., B, (N)),
a S — Omounas marpuna pasMepHocTH 3(N+1)x(3(N+1)+1)
S S Sz Sy
S=|8 Sp Si» Su|
Sy Sn Sy Sy

N N
_len _lol2 _le13

e Su=Isiily - S =I5l s =[Sl

N N

o2t 22 _|le23

Su=lsily - Sa =Is3il; - =I5, -
o3t _le32 _|le33

Sy=Is3il, - S =[SE1L - S =l
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DIeMEeHTBI MaTPUIBI S ONPEICIAIOTCS CISAYIONIIM 00pa3oM:

Slh=—(+ic+y), S5=x S, =0c(+1), S =1,

1,1

i-1,i 111 YZ’

Siz,il:ul’ S22 _7\‘ Sl%iz=_(}\’+ul+y2)

31 _ 32 33
Si,i_u2’ Stz 0, S _()L+M2) Sz Li = =\

bnoku S),, Sy, Sy — €IMHUYHBIE BEKTOPHI-CTOIOLEI Pa3sMEPHOCTH
(N +1), a B=|b]|| — Bexrop-ctpoka pasmeproctu 3(N +1)+1, kotopas co-
aepxut ceoboxanble ko3dunuentsl b, =0, n=0,N —1u b, =1.

Pemenne cucremsl (3) HaxOAUM YHCICHHO MaTPHYHBIM METOJIOM, HC-
MOJIB3YsT MaTeMaTHaeckuii maketr Mathcad.

IIpwu pasmeprocTr Matpurl cBeiite N = 500 BOSHUKAIOT BEIYUCIIUTEIBHbIE
TPYZHOCTH, CBSI3aHHBIC C O0pAIlEHHEM MaTPUI] OOJIBIINX pa3sMEPHOCTEH.

[TosToMy HEOOXOANMO HCIIONB30BAHUE aHATMTUIESCKUX METONOB, Ha pa-
00Ty KOTOpBIX He OyZeT BIMATH Pa3MEPHOCTh CHUCTEMBI, HAIpHMEp METO.
aCUMOTOTHYECKOTO aHAJIH3a.

AcMMNTOTUYECKNIA aHann3

BBeneM yacTUYHBIE XapaKTepUCTHUECKUE (DYHKIIUU
Hy (u)=>"e"P, (i), H(0)= D> P() 2 Ry, (4)
i=0 i=0

rae j =1, k={0,1,2}, R, — BEpOATHOCTH CTALHOHAPHOTO COCTOSHHUSI
npouecca k(¢). 3armmurem cucremy st H, (u)

. OH,y(u
) Ho () o™ P ()t () =0,

Oy 1) H ) 2y ()= jo e e h =0, 9
u

—(M+ 1y ) Hy () +y,Hy () +y2¢” H, (u) + ke’ H, (u) = 0.

VYpaBHeHUS IS XapaKTepUCTUIeCKOW (PYHKIUU (5) pemIuM MpH acHMII-
TOTUYECKOM YCJIOBUH OOJBIION 3aJepKKU Ha opbure, T.e. ¢ — 0. Pesymprar
chopMyIHpyeM B BUJC TEOPEM.

247



Teopema 1 (acummroTka niepBoro nopsiaka). [lycts i(¢) — gucio 3asiBok
Ha opbute B RQ-cucreme ¢ HeHaIeKHBIM TPUOOPOM, TOTAA JUIS MTOCTIEI0Ba-
TENFHOCTH XapaKTEPUCTUICCKUX (DYHKITUH BHIITOIHSIETCS PABEHCTBO

lim M {exp { jwoi(1)}} = exp{jwG, ],

rae Gy =My hy + Y F 1Y, + A+ 1R/ (s, = oA = 15R).

ACHMITTOTHKA MIEPBOTO MOPSIIKA XapaKTePU3yeT CpeHee 3HAYCHUE YUCTIa
3asiBOK Ha opOute. PaccMOTpHM acHMIITOTHKY BTOPOTO MOPSKA, YTOOBI 00-
Jiee eTallbHO MPOaHaIn3UpOBaTh mporecc (7).

Teopema 2 (acumMnTOTHKA BTOpOro nopsiaka). Ilycts i(f) — 4ncio 3as1BoOK

Ha Op6I/ITe RQ-CI/ICTCMBI C HCHaACKHbIM HpI/I60pOM, TOorga AJd IIOCICa0Ba-
TCJIIBHOCTU XapPaKTCPUCTUICCKHUX d)yHKIII/II‘/'I BBITIOJIHACTCA paBE€HCTBO

ii{)r(l)M{exp{jW\/g(i(t)—Gl/G)}}=exp %G2 ,

rae G, =[GRy + (G, +v, + M) fy —w fy —1, /5 ]/ Ry -

W3 TeopeMsl 2 ciemyeT, YTO aCHMNITOTHYECKOE PACIpe/eNieHne BeposT-
HOCTeH 4nciia 3asBoK Ha opoute B RQ-cucreMe sABiIAeTCS rayCCOBCKHM C Ia-
pamerpamu G,/c u G, /G, 4TO NO3BOISET JNs pacnpeneneHus P(i) mo-

CTPOUTH alllIpOKCUMAIIUIO BHUAAd
P ()= (L(i +0,5)— L(i — 0,5))
v (I-L(-0,5))

b

rae L(x) — ¢byHKIMS HOPMAJIBbHOTO pacHpeieseHus ¢ napamerpamu G, /G u
G,/c.

YucneHHble pe3ynbTaTtbl

Paccmotpum RQ-cuctemy ¢ mapamerpamu W, =7, W, =1, 7y, =0.03,
v, =0.03, A =3. CpaBHuUM pacmpezelicHIe BePOATHOCTEH YHCIa 3as1BOK Ha

opOHTe, MOTYYeHHOE MATPUYHBIM METOJOM C Pe3yiIbTaTaMH aCHMIITOTHYE-
CKOTO aHaJIn3a.

Ha puc. 2 noka3aHo cpaBHEHHE aCUMITOTUYECKOrO U YHCIEHHOTO pac-
npejeneHuil BepostHocTel uncina 3asBok npu 6 =0.1 u 6 =0.01.
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P(i) T T I I
—— Asimptotic method
- - - - Numerical method
I I
a=101
0.04 -
0.02 |
0 16 32 48 64 i
P(i) — — —
—— Asimptotic method
}\ - - - Numerical method
T
0.015i j o=001
0.010.
0.005° / \
>, \

0 100 200 300 400 i
Puc. 2. AcumrnitoTryeckoe U YUCIIEHHOE paclipe/ieieHue

BepOHTHOCTeﬁ quciia 3asiBOK

UToObl ONpeAenuTh TOYHOCTh IBYX paclpeleleHui, UCHOIb3yeM pac-
crostarie Konmmoroposa.

k
A=max Y[ P, ()= Py (@ ]
0<k<N ; matrix asimp 2
rae P,,..(I) — pacnpezeineHue, MOJIyYEHHOE MATPUYHBIM METOJIOM, a
P, imp (i) — pacupe/iesneHye, mojy4eHHOe aCUMITOTHIECKUM METOIOM.
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Paccrosinue Koaimoroposa

(¢

1

0.5

0.1

0.05

0.01

A

0.106

0.049

0.028

0.021

0.011

[onmywaem, uro paccrosaue Kommoroposa ymMeHbIIaeTcsl IpH YMEHBIIIE-
HUH G .

3aknouyeHve

Paccmorpena M/M/1 RQ-cucrema ¢ HeHaJie)KHbIM Tipubopom. JlokazaHo,
YTO MPHU YCJIOBHU OOJIBLIOH 3a/IepXKKKM Ha OpOMTE CTalMOHAPHOE pacipejie-
JIeHHE BEPOSTHOCTEH YHCiIa 3aBOK Ha OPOUTE MOXKET OBbITh AIMPOKCUMHPO-
BaHO I'ayCCOBCKHMM pacmpezeneHnueM. VccnemoBaHa TOYHOCTh ammpoKCHMa-
[[MH C TOMOII[HIO YHCICHHOTO MATPUYHOTO METO/Ia.
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MeToz aHann3a 3aMKHYTbIX ceTeil MaccoBoro 06CTyuBaHUA
¢ cuctemamu Tuna M./M*¥/1

Enena CraHkeBuy, Viropb TaHaHKO

Capamosckuli HayuoHanbHeIl ucciedosamesnbckuli 20Cy0apcmeeHHsil
yHusepcumem umenu H. I. YepHeiwesckoeo, 2. Capamos, Poccus

B nacTosiee BpeMs JOCTaTOYHO XOPOIIO PAa3BHUTHI TEOPHS M METOIBI
aHaJM3a CHUCTEM M CETeH MacCOBOTO OOCIYXHMBAaHHS, B KOTOPBIX Ka)KIbIM
prOOpOM B JIIOOOH MOMEHT BPEMEHH MOXKET OOCITY)KHBATHCS TOIBKO OHO
TpeboBanue. OHAKO MPU PEIICHUH 33/1a4 PACIpeAeNieHHs] PeCypcoB, 3aaau
aHanM3a MPOU3BOACTBEHHBIX CHCTEM M MPOIECCOB, a TAKXKE TECHO CBS3aH-
HBIX C HUMH TPaHCIOPTHBIX CHCTEM, YacTO TPeOyeTCs YUWTHIBATH TPYIIIIO-
BbIe 00pabOTKY, MPOU3BOACTBO U MEPEMEIICHUE ChHIPhs, MATEPUAIIOB M FOTO-
BOW TpOXyKIuH. DPPEKTUBHBIM HHCTPYMEHTOM JUIS PEIICHHS ATHX 3a7ad
SIBIISIFOTCSL CHCTEMBI M CETH MAcCOBOTO OOCITYKHBaHHUS C TPYIIIOBBIM O0OCITY-
JKUBaHHeM TpeboBanuii [1—4].

PaccmarpuBaercs 3aMKHyTasi SKCIIOHEHIMalbHas CEThb MacCOBOIO 00-
CITy’)KUBaHUS, COCTOSIIAs U3 OJHONIPHOOPHBIX CHCTEM MacCOBOTO OOCTYXH-
BaHUsL. [IpuOOPHI 00CTYKUBAIOT TPeOOBaHUS TPYIIIaMH, HIDKHEE U BepXHEe
OTpaHUYCHUS, HA pa3Mep KOTOPBIX 3aJIaHbI U KaXIOW CUCTEMBI B ceTH. Pe-
3yJIBTAThI JAHHOW paboTHI SBISIOTCS 0000IMICHHEM pe3ylbTaToB paboThl [4].
[IpuBeneHBI BEIpaXKEHUS IJIs1 OCHOBHBIX CTAIIMOHAPHBIX XapaKTEPUCTUK CETU
MacCOBOT0 OOCITY>KUBAHUS C TPYIIIOBBIM 00CTYKUBaHHEM.

OnvncaHve ceTn MaccoBOro Oﬁcny)KI/IBaHI/Iﬂ

PaccmaTpuBaeTcs 3aMKHyTasi CeTb MacCOBOTO OOCIY>KHBaHHUS C HeTpe-
PBIBHBIM BpeMEHEM, COCTOSINas U3 L CHCTEeM MacCOBOTO OOCITY)KHBaHUS S;,
i=1, .., L, u conepxanias H TpeOOBaHHN OAHOTO Kilacca. MapIiipyTH3aIus
TpeOOBaHUH B CETH IPOU3BOAUTCS COIIACHO MapIIpyTHOM Marpure © = (0;),
i, j=1,..,L, tne 0; — BepoATHOCTb Iepexojia TpeOOBaHUsA U3 CUCTEMBI S; B
CHCTeMy S; TIOC/Ie 3aBepIIeHHs 00CIyKUBaHUs JAHHOIO TpeOOBaHUA B CHUC-
teme S;. Cucrema S;, i = 1,...,.L, BKIIOYaeT OJIMH OOCITYXHBAIOIIUI TTPrOOD,
OJTHOBPEMEHHO OOCITY>KHUBAIOLINIA TPYIIY, COCTOSIIIYIO U3 g, X; < g; < ¥;, Tpe-
O0oBaHWil, 1 ouepenb OCCKOHEYHOW UIMHBI. JJTMTENBHOCTH OOCITY>KHBaHUS

* PaGora BBIIONHEHA npu noanepxke MunHoOpHayku Poccunm B paMkax BBIOJHEHUS
rocynapctBeHHOro 3aganus (mpoext Ne FSRR-2020-0006).
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rpynmnsl TpeOoBaHU g;, B cucteMe S; ABJSETCSA SKCIIOHEHIIUAILHO pacrpee-
JICHHOH ciTydaifHOM BeMUUMHOI ¢ mapameTpoM L. Bei6op Ha obciyxuBaHue
W3 OYepedM TPYIIBL, COCTOSIIECH W3 g; TpeOOBaHWl, OCYIIECTBISETCS CO-
rmacHo auctuminie RANDOM. Ecnu B odepenyt HaXOAUTCS MEHBIIE, YeM X;
TpeOoBaHUH, TO OOCIyXHUBaOLINK MpUOOp OyJeT mpocTauBath 0 TeX IMOp,
MoKa B o4epe/lb He MOCTYIINT, IO KpaiHeH Mepe, x; TpeboBanuidl. CocTosHUE
CETH OMpeJeNseTCs BEKTOpoM s = (s;), i=1, ..., L, rae s; — uucio TpedoBa-
HUH, HAXOJSAMIUXCSI B cUCTeME ;. MHOXECTBO COCTOSHHI ceTh 0003HA4YUM
yepes X, MHOKECTBO HOMEPOB CHCTEM — [, MHOKECTBO HOMEPOB BBIXO/IHBIX
CMEXHBIX C S; cucteMm — V.

[epexon cetu 0OCITy)KUBaHUS U3 COCTOSIHUS S, SEX, B COCTOSIHUE §', 5'€ X,
S # ', IPOUCXOAUT B PE3yJIbTaTe BBIIOJHEHMS CIEAYIOIIEH IOCIe10BaATEb-
HOCTH JIeWCTBHA. B HEKOTOPBII MOMEHT BpEeMEHHU B OAHOW u3 L cuctem S,
iel, 3aBepaercs 00CIyKHBaHUE TPYMIII, cocTosimel u3 g; > 0 TpeboBaHUI.
dopmupyeTcsi BEKTOp BBIXOIANMX TpeboBanuit d = (dy), k=1, ..., L, B K0oTO-
poM d; = g;, a ocTadbHbIe AIeMeHTH dy = 0, k # i. MHOXeCTBO BceX BEKTOPOB
BBIXOAAIIMX TpeboBaHuil d oOo3Hauum uepe3 D. U3 rpymnmel d;, i€ l,
TpeOOBaHUH, BBIXOJSIINX W3 CHUCTEMBI S;, B COOTBETCBUH C aJrOPUTMOM
MapIIPYTH3aLUH, ONpenesieMbIM MaTpuieid O, GopMHPYIOTCS Harpassie-
Mble U3 S; B S; OArpyIsl TpeboBaHuil a;, j € Vi Pasmepsl rpynn tpeGoBa-
HUH, BXOAAIINX B CUCTEMbI OOCITY>KUBAHUsI, SBISIOTCS KOMIIOHEHTaMHU BEK-
TOpa BXOJAMMUX TpeboBanuit a = (a;), j = 1,..., L. MHOXeCTBO BCEX BO3MOXK-
HBIX BEKTOPOB @ 0003HauuM uepes A. PopMHUpYyeTCcs HOBOE COCTOSIHHUE CETU
s'=s—d+a.

OBOJIOLMA CETH OMUCHIBAETCS LIeNbl0 MapKoBa ¢ HENPEPHIBHBIM BpeMe-
HEM, OPOCTPAHCTBOM COCTOSHMI X U MaTpHIIEl NTHTEHCUBHOCTEHN MEPEX0I0B

0 =(q(s,8"), s, s' X, rne

L d. L "
= X Suaszn, 40
s'eX, i=1 al aL j=1
s'=s—d+a

seX,deD,acA.

CTauMoHapHble XapaKTepucTKu

CranuonapHoe pacnpenenenue 7w =(n(s)), s € X, uenu MapkoBa coBra-
JaeT CO CTALMOHAPHBIM PACHpEACICHUEM CEeTH OOCITY>KHMBAHUS W SIBISCTCS
pemenneM ypaBHeHust tQ =0 ¢ ycnoBueM z oy ) =1.
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Matemarnueckoe oxugaHue (M.o.) yucia TpeOoBaHUN B cuUcTeMeE S; BbI-
yucinseTcs no Gpopmye

H
5= k> ns),i=1...,L,
k=0 seX,
s;=k
HMHTCHCUBHOCTD ITIOTOKA Tpe60BaHPII>i B CUCTEMY S,-
Vi k=1
A= D k[ 1= w(s) |, i=1,...,L,
k=x;

seX 5;=0

M. 0. AJIUTEJIBHOCTH NpeObIBaHuUs TPeOOBaHUI B cUCTEME S;

u,=—,i=1...,L,

M. 0. JUTUTEIBHOCTH IIPOCTOS MpUdopa B cUCTEME S,

x;—1
2. (x5 =k) Y n(s)
k=0

seX,
s;=k

,i=L...,L,

=I
Il

x;—1

AL D w(s)

k=0seX,
s;=k

M. 0. JUTUTEIBHOCTH NPeObIBaHUS TPeOOBAaHUN B OUEPEH CUCTEMBI S;

—w i,

Y,
M. 0. YHCJIa TpeOOBAaHUI B OUEPETH CUCTEMBI S;

b=Aw, ,i=1,...,L.

3aKknuyeHune

[Ipemioxken MeToJ| aHAIU3a CETH MAacCOBOTO OOCIY)KHBAaHHUs C HEIpe-
PBHIBHBIM BPEMEHEM W TIPYIIIOBBIM 00CITyKHBaHHEM TpeboBaHuil. Pa3pabo-
TaHHBIA METOJl MOXKET OBITh HCIIOJB30BaH MPH PELICHUH 33]1ad IPOCKTHPO-
BaHUA U aHaJIM3a NMPOU3BOACTBECHHBIX CUCTEM, B KOTOPbBIX HCO6XOJII/IMO y4u-
TBHIBAThH MPOLIECCHI PA3/IC/ICHUS M CIIUSHUS PA3JIMYHBIX JIEMEHTOB MTPOU3BOI-
CTBEHHBIX IEMOYEK, CUCTEM PACIPEICIICHHs PECYypPCOB, CUCTEM ITaCCaXKHp-
CKUX U TPY30BBIX IIEPEBO30K, a TAK)Ke MH(POPMAIIMOHHBIX W BBIYHCIUTEIIb-
HBIX CHCTEM C MapajuIeIbHOM 00paboTKON U mepenavyeld HHPOpMaIuy.
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MpubnmKeHHbIit MeTOA aHaNK3a
3aMKHYTbIX ceTeil MaccoBOro 06cnyxuBaHma
C HeHaieXXHbIMMN cUCTEeMamMu U FPYNNOBbIM 06CyKUBaHUEM

Enena CraHkeBuY, Miropb TaHaHKO

Capamoeckuli HaUUOHATbHbIL ucciedosamesnbckuli 20Cy0apcmeeHH bl
yHusepcumem umenu H. I. YepHeiwesckozo, 2. Capamos, Poccusa

HccnenoBanue ceTeif MaccoBOro 0OCIYKUBaHHUS C TPYHIIOBEIMH HEPEXO-
JlaMH, TPYIIIOBBIM OOCITyKUBaHHEM TpeOOBaHUIl U HEHAJEKHBIMU NPHOOPaA-
MH B CHCTEMax SIBIACTCS OJHUM W3 HOBBIX HANPaBICHUI pa3BUTHS TCOPUH
MaccOBOTO OOCIyXHMBaHHA. OJTOT KJacC ceTell 0OCIyXMBaHHS ITO3BOJISAET
0TOOpakaThb TaKHEe OCOOEHHOCTH PEAbHBIX CTOXAaCTUYECKUX CHCTEM, Kak
rpymnmnoBasi 06padoTka 0OBEKTOB M BO3MOXKHOCTH BBIXOZA U3 CTPOSI SJIEMEH-
TOB cucteM. B paborax [1, 2] pacCMOTPEHBI CETH MacCOBOTO OOCTYKHBAHHS
C TPYMNIOBBIM 00CITyKMBaHHEM TPeOOBaHUI M METO/BI NX aHaNn3a, B paboTe
[3] — HEeHazmeXKHBIE CETH MACCOBOTO OOCIYXHMBAaHHUS C TPYHIIOBBIMH IIEPEX0-
naMmu TpeboBaHui. B manHO#t paboTe mpemokeH MEeTO ] aHaIN3a 3aMKHYTHIX
ceTe MaccoBOTO OOCIY)KMBAaHHUS C TPYNIOBBIM OOCIyKMBaHHEM TpeOoBa-
HUH, B CHCTEMax KOTOPBIX OOCIYXHBAarOIIMe NPUOOPBI MOTYT BBIXOJUThH U3
CTpOSI 1 BOCCTAaHABJINBATHCS.

MaTtemaTnueckasa mogenb

PaccmaTpuBaeTcss 3aMKHyTasi CEeTh MAacCOBOTO OOCITY)KHBaHHS C HeIpe-
PBIBHBIM BpEMEHEM, COCToAIIasi M3 L OJHONPHOOPHBIX CHCTEM MaccOBOTO
obciyxuBanus S;, i = 1, ..., L, u conepxamas H TpeOOBaHHUI OHOTO Kiacca.
BeposiTHOCTH Iepexona TpeOOBaHUI MEXITy CHCTEMaMHU CETH OTIPEICIIIOTCS
MapupyTHo#i MaTpuneit © = (0;), i, j =1, ..., L, rae 0; — BeposaTHOCTE TOrO,
9TO TpeOOBaHME IOCIIE 3aBEPIICHNS O0CITYKHBAHHUS B CUCTEME S; TIEPEHIET B
cucreMy S;. CocTosgHHE CeTH ompenenseTcs BEKTOpoM s =(s;), i=1, ..., L,
rze §; — 4ucino TpeOOBaHMI, HAaXOIAIMXCA B cucTeMe S;. MHOXECTBO co-
CTOSIHMH ceTH 0003HaumM depes3 X, MHOXKECTBO HoMepoB cucteM — /. O0-
CITY>KHBAIOIIUE MPUOOPBI CUCTEM CETH OOCITY)KHBAIOT TPYIIIBI TPeOOBaHUI
pa3mepa g;, mpu4eM sl KaKAOW CHUCTEeMBI S; 3aJaHbl MUHHMAIBHBIC X; U

* PaGora BBIIONHEHA npu noanepxke MunHoOpHayku Poccunm B paMkax BBINOJHEHUS
rocyaapcTBeHHOro 3aganus (mpoext Ne FSRR-2020-0006).
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MaKCHMAJbHBIC y; 3HAUCHHS JUIS Pa3MEpOB OOCTYKHBaeMBIX TPy TpeOoBa-
HUi, x; < g; < y;. Be10op Ha 00CITy>)KUBaHUE U3 OYEPEAM TPYIIIbI, COCTOSAMICH
U3 g; TpebOBaHMA, OCyIIecTRIsIeTCs coryiacHo aucnuiummae RANDOM. Ecin
B OYEpEAM HAXOTUTCS MEHBIIE, YeM X; TpeOOBaHMIA, TO OOCITYKHBAIOIIHN
npubop OyJeT mpocTamBaTth A0 TE€X IOp, MOKa B OYEpe]b HE MOCTYIHT, IO
KpaitHel Mepe, x; TpeOboBanuii. [IpenmonaraeTcsi, 4To 00CITyKUBAOIIUI TIPH-
00p MOXET BBIXOAWUTH M3 CTPOSI U BOCCTaHABIMBAThCA. Ecnu mpubop Haxo-
JUTCST B pab0OTOCTIOCOOHOM COCTOSIHUH, TO 0OCIY>XHBaHHE TPYIIbI TpeOoBa-
HUH NIPOM3BOAUTCS C MHTEHCUBHOCTBIO L;. Ecim e npuGop HaxoauTcs B

HEpabOTOCIIOCOOHOM COCTOSIHUM, TO OOCIY>KMBaHUE TPYIIIBI MPEKpallaeTcs
JI0 BOcCTaHOBJeHUS mpubopa. C MOMEHTa BOCCTaHOBJICHUS Hpubopa mpe-
pBaHHOE OOCTYy)XWBaHWE TPYNIB TpeOOBaHWK HadWHAeTCs 3aHOBO. Jlmu-
TEJNBHOCTU NpebbIBaHUs pubopa B cucteme S; B paboTocrnocoOHOM U Hepa-
00TOCIIOCOOHOM COCTOSTHMSX SIBIISIFOTCS DKCIIOHEHIMAIBHO paclpeaeIcHHbI-
MH CIy4alHbIMH BEJIMYMHAMH C IapaMeTpaMud o, U [3; COOTBETCTBEHHO.

JiTenbHOCTh OOCITY)KMBaHUSI TPYIIBI TpeOOBaHU C y4eTOM OTKa30B WU
BOCCTaHOBIICHHH TpuOopa mMmeeT pacmpenerneHne Kokca BTOporo mopsiaka
[4]. Bynem paccmarpuBath ciyd4aii, korjaa 1/ o, >> 1/ B,,i=1, .., L. Torga
a/IeKBaTHBIM TPUOIIDKEHNEM UIS CIyYaliHON BEJIMYMHEI C paclpeIesiCHHEM
Koxkca BTOporo mopsika sBISETCS CIydaiHas BEIMYMHA, UMEFOMIasi SKCIIO0-
HEHIMAJIbHOE paclpesesieHne, C MATeMaTUYECKUM OKUIaHUEM

_ a0 +B;
Tl
B,

KOTOPYI0 OyZeM HCIIOJIb30BaTh B KayeCTBE JTHUTEIHHOCTH OOCITY>KHBaHUS
TpeOOBaHUI B CUCTEMAaX MacCOBOTO OOCITY )KHBaHHUSI.

ITepexon ceTn 00CITy>)KUBaHUS U3 COCTOSIHUS S, S€X, B COCTOSTHUE §', §'€ X,
S # §', IPOMCXOJUT B PE3yJIbTaTe BBITIOJHEHHUS CIEAYIONIeH MOCIeI0BaTENb-
HOCTH JEWCTBHA. B HEKOTOPHII MOMEHT BpEMEHU B OAHOW u3 L cuctem S,
i € I, 3aBepmaerca oOCIIy>)KHUBaHUE TPYIMIBI, COCTOSIEH U3 g; TpeOOBaHUI.
®dopmupyeTcsi BEKTOp BBIXOIANMX TpeboBanuit d = (dy), k=1, ..., L, B KOoTO-
poMm d; = g;, a ocTanbHble 3NeMeHTHI dj = 0, k # i. MHOXXECTBO BCEX BEKTOPOB
BBIXOJAINX TpeOoBaHuii d 0603HaunM depe3 D. U3 rpymmel d;, iel, Tpebo-
BaHWi, BBIXOISMIINX U3 CUCTEMBI S;, B COOTBETCBUHU C AJITOPUTMOM MapIipy-
TH3aIUH, OTIPeIeISIeMBIM MaTpHIleh O, GopMUpPYIOTCS HanpaBisieMble U3 S; B
S; noarpynnsl TpeboBanui a;, j = 1, ..., L, i# j. Pa3mepsl rpynn TpeboBaHuii,
BXOJISIIIUX B CHUCTEMBI OOCITY>KWBaHUS, SIBISFOTCSA KOMIIOHEHTaMH BEKTOpa
BXOJAMUX TpeboBaHuit a = (a;), j=1,..., L. MHOXeCTBO BCeX BO3MOMKHBIX

,i=1...,L,
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BEKTOPOB a 0003HaunM depe3 A. DopMupyeTcss HOBOE COCTOSHHE CETH
s'=s—d+a.

VHTEHCHBHOCTH MEPEX0a0B Ienr MapkoBa ¢ HEMPEPHIBHBIM BPEMEHEM,
OIMCHIBAIOLIEH YBOJIOIMIO CETH MAacCCOBOIO OOCITY)KMBAHHUS C HEHAIEKHBIMHU
CHCTEMaMU U TPYIIIOBBIM OOCITY)KHUBAaHHEM, UMCIOT CIICTYFOLIMIA BUI:

TR | U

s'eX, i=1
s'=s—d+a

seX,deD,acA.
CrammoHapHoe pacnpezeneHne 7= (7(s)) CeTH MaccoBOTO OOCITy)XHBa-

HUSI SIBIISIETCSl pelieHneM ypaBHeHust mQ =0 c¢ ycioBuem Zse L) =1
rae O = (q(s, s"), s,5'e X.

3aknuyeHue

14 3aMKHYTOI CeTH MacCOBOr0 OOCITY>KUBaHUS C TPYMIIOBBIM OOCTYXKH-
BaHUEM, B CHCTEMaX KOTOPBIX MPHOOPHI MOTYT BBIXOJIUTHh U3 CTPOS U BOC-
CTaHABIIUBATLCS, IIOCTPOCH MHPHHUTES3UMAIBHBIHN oriepaTop. B nanpaefimem
IUTAHUPYIOTCS KCCIICAOBAHNE 3aMKHYTHIX HEHAJICKHBIX CETEH MacCOBOro 00-
CIIy>)KMBaHUSI C TPYNIOBBIM OOCIY)XHBaHHEM W TOYHOCTH MPEIJIOKEHHOTO
MeTo/1a uX aHaiamu3a. Pa3zpaboTaHHEBI MeTO ] aHAIM3a MOKET OBITH UCIIONB30-
BaH [yl peLIEeHUs 3ajjau MPOSKTUPOBAHMS U ONTUMHU3ALMH TUCKPETHBIX CTO-
XaCTUYECKHX CHCTEM C CETEBOW CTPYKTYPOI M HEHAIe)KHBIMH dJIEMEHTAMHU.
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AcumnToTUYECKaA OLleHKA UHTEHCUBHOCTU
C60PKVI NyacCOHOBCKUX NOTOKOB

Fypamu Linymawsmnn', AHaTonuii Hazapos?,
Anekcanap Moucees?

" MIucmumym npuknadHot mamemamuku [JBO PAH, 2. Bnadusocmok, Poccus,
HayuoHanbHbIl uccneoosamesnsbckud
2Tomckul 2ocydapcmeeHHbil yHusepcumem, Tomck, Poccus

PaccmatpuBaeTcst cOOpKa CTaMOHAPHBIX ITyaCCOHOBCKUX MOTOKOB COOBI-
tuit. [Tox TepMUHOM «cOOpKa» MOHUMAETCS TaKOH MOTOK, COOBITHS KOTOPO-
TO MPEACTaBISIOT cO00i COOBITHS MCXOTHBIX MOTOKOB, «CKJICEHHBIX» IO MX
HOPSAKOBBEIM HOMepaM. Jpyrumu cioBamu, cOOBITHS B COOpKE HACTYMAIOT B
MOMEHT, KOTJa HACTYIAaeT MOCIeJHee U3 COOBITHI C COOTBETCBYIOUINM IIO-
PAIKOBBIM HOMEPOM cpelr BceX MOTOKOB. [logo0HBIE MOAEIH MOTYT MpH-
MCHATBHCA [JId aHaIn3a KOMIIbIOTEPHBIX ceTeﬁ, IMPON3BOJACTBEHHBIX JIMHUHA U
npyrux cuctem [1, 2].

B [3] moka3aHo, YTO cpelnHssi HHTEHCUBHOCTb TaKOI'0 MOTOKA MPHU PacTy-
[IeM BpEeMEHHU HaOmoJeHus (f — o0) CTPEeMUTCS K HAaUMEHbLIeH W3 WHTEH-
CHBHOCTEH MCXOTHBIX IMOTOKOB. OIHAKO BBHIYMCIUTEIBHBIC DKCIICPUMEHTEHI,
MPOBEICHHBIE C MOMOIIBIO AMMPOKCHMAINU ITYaCCOHOBCKOTO pacIpesere-
HUS ¢ OOJIBIIMM MapaMeTPOM HOPMAJIbHBIM pacrpeaesieHneM, oKa3ali, 4To
UMeeTCs. BO3MOXKHOCTh YIIYYIICHHS TOCTPOSHHBIX OIICHOK CKOPOCTH CXOJIHU-
MOCTH.

Hacrosmas paboTta mocBfleHa MOJyYEHHUI0 B HEKOTOPOM CMBICTIE He-
yIy4IIaeMbIX OIICHOK CKOPOCTH CXOAWMOCTH WHTEHCHBHOCTH ITOTOKa cOOp-
KH. AHamU3 MpoOIeMbl ITOKa3bIBACT, YTO MPH PEIICHUH TAaHHOW 3a/a4d cie-
JIyeT COYeTaTh aHANUTUYECKHUE U YUCIECHHBIE OLIEHKH, TOCTOSIHHO CPAaBHUBAs
uX JpyT ¢ ApyroM. [IpuyeM BaxxHYIO poJb 3/1€Ch UTpaeT IEHTpallbHas Tpe-
JIebHASI TeOpeMa, TpUHIMaeMast B cMbiciie C-cXoauMocTH [4].

Hna cokpamieHuss o0beMa TEKCTa BCE JOKa3aTelbcTBa U HEKOTOPHIE
BCIIOMOI'aTCIIbHBIC YTBCPIKACHUS B I[aHHOﬁ CTaTbhC OIIYILICHBI.

MaTtemaTnuyeckasa mogenb 1 NOCTaHOBKa 3ajaun

IlycTe uMeeTcs r HE3aBUCUMBIX APYr OT Jpyra CTalMOHAPHBIX ITyacco-
HOBCKHX ITOTOKOB COOBITHH, KOTOPBIE Oy/IeM Ha3bIBaTh UCXOJHBIMHU MTOTOKA-
MH. VIHTEHCHBHOCTH 3THUX MOTOKOB PaBHHI Aq, ..., A,.. OG03HAUUM #;; — MO-
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MEHT HACTYIUIEHHS i-T0 COOBITUS B k-M UCXOAHOM mHoToke Ty = {0< #; <

o< ...} (@i=1,2,...; k=1, ..., r). Coopkoit norokoB T, ..., T, (Wau moTo-
KOM COOpKH) Ha3bIBACTCS MOTOK COOBITHIA
A, = {0 < max(tl,l, ceey tr,l) < max(tl,z, ey Z‘r’z), }

O603Ha4nNM 714(f), t = 0 — 9KUCIO COOBITHI, HACTYIUBIINX B k-M HCXOJHOM
MOTOKE 10 MOMEHTa ¢. Toraa 4ucio coObITHid N,(f), HACTYNUBIINX B ITOTOKE
cOOpKH 10 MOMEHTA BPEMEHH £, MOYKHO 3aIIHCaTh KaK

N.(H)= krzrllinr n(t).

CnenyeT 3aMCTUTh, YTO IO OYCBUIAHBIM IPUYNHAM paCCManI/IBaeMLII\/'I
IIOTOK C60pKI/I HC SABJIACTCA IIYAaCCOHOBCKHM, YTO 3aTPyAHACT €r0o HUCCICO0-
BaHUC.

LleHTpanbHasa npegenbHasa Teopema AfAa NoToka c6opKu

IlycTs cymiecTByeT HEKOTOPOE YHCJIO § IIOTOKOB C OJMHAKOBOW Hau-
MEHbIIEH HHTEHCUBHOCTBIO:

A=A =.=A, <A S..<A

-
Torna mMmeet MecTo cleaylomiee yTBEPKIACHHE.

Teopema 1. [Ins1 100010 v: —00 < v < 00, CIIPAaBEAINBO MPEACITHHOE COOT-
HOIIICHHE

N . (t)— A\t } .
P{———r> ex —u?/2 , I —>.
e p(/2) du

<:'—.

n, (tu) — Atu
VAt
LATEIbHOW TIEPEMEHHOM 1 TIPU { —00 CXOIMUTCS K BUHEPOBCKOMY CITy4YaiHO-

My npoueccy wi(u), k=1, ..., s B cmbicie C-cxogumocTH [4].

N (tu) — Atu

Nt h
VAt

{ —00 CXOAUTCS K BUHEPOBCKOMY CIIlydallHOMY Ipoleccy mm w,(u) B
k=

L.,

3ameuanmne 1. Cayuaiinslii poiecc KaK (QyHKIHSI HEOTPHU-

3ameuanmue 2. [Tycts r = s, TOr/Ia CAy4YaiiHBIN TIpoLIece

cmbiciie C-cxoauMocTH, Tae wi(u), ..., w(u), u = 0 — He3aBHUCHMBbIE BUHEPOB-
CKHE IPOLIECCHI.
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MpepenbHble COOTHOWEHUA ANA NHTEHCUBHOCTN COOPKN NOTOKOB
C OANHAKOBOI1 NHTEHCNBHOCTbBIO

HyCTL BC€ UCXOJHBIC IMOTOKU UMEIOT OJJUHAKOBYIO MHTCHCUBHOCTDH (CJ'Iy—

yaif s = r). PaccmorpuM MapkoBckuit niporecc {#n4(%), ..., n,(¢)}. Cxkadok 31o-

ro Tporecca B MOMEHT BpEeMEHH ¢ U3 cocTosHus (ny, ..., 1, ..., 1,), B KOTO-

poM n; <minn, , B COCTOSHUE (Ny, ..., n; + 1, ..., n,) IPUBOIUT K HOSIBICHUIO
ke#i

B 9TOT MOMEHT BPEMEHH COOBITHA y HOTOKa cOopku. ClreoBaTenbHO, MTHO-
BEHHAsl HHTEHCUBHOCTH ITOTOKA COOPKU A(f) YAOBJIETBOPSET PABEHCTBY

) = k;P {ni (1) <minn, (t)} .

Brenewm crnenyromue 0603HaYSHUS:

e ‘dt

k'

a=At, p(k,a)= k=0,1,...,

fl@=P{m@)=..=n.0)} =) p'(k,a).
k=0
JlemMma 1. Brinonssietcs cineayroniee paBeHCTBO:
MO =1 (1=P{m(6)=..=n,()}) =1 (1= f(a)). (1)

Amnnpokcumanuio g(a) pyHkuun fa) OyaeM UCKaTh B BUE

< 1 (x— 0t)2 ’ 1 .,
o i 252 e

00

3anuiieM OCHOBHBIE pe3yJIbTaThl HCCIeIOBAHMUS.
1 2
Teopema 2. Jlnst A >0, r>2 n 5 <y <$ CHPaBEeIMBO CIEIYIOUIEE Mpe-

JCIIBHOE BBIPAKCHUE!
f(a)=g(a)(1+ 0@ ?))~ g(a), a— o, )

(1-r)/2
U, clieoBaTeNbHO, M7) — A A(¢f) — A ~ k% ,t— o,
r

3ameuanme 3. [IpuBenem pe3ysabTaThl YMUCICHHOTO SKCIIEPUMEHTA, HII-
JTIOCTPUPYIONIETO0 TOYHOCTh MOJYYCHHOU ammpokcumarmu (2). O6o3HaunM

f(a)—g(a)
f(a)

MOTpelHocTh A(a) = . Ee 3HaueHus i pa3nuyHbIX BO3pac-
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TAIOIMX a TPHU Pa3HbIX 3HAUEHUAX YHCIIa IOTOKOB B COOpKE MPECTAaBIECHBI B
tabn. 1. Kak BumHO M3 TaOmuikl, morpemHocTs A(a) anmpokcumanuu (2)
YMEHBIIAETCA C POCTOM YHCIa COOBITUH B MCXOJHBIX MOTOKAaX a =A? IS
pPa3HOTO WX YHCIIA ¥, YTO KOCBEHHO MOATBEPKAACT MOTYICHHBIC BEIPAsKCHHS.

Tab6numa 1

YMeHbLICHHE NOTPEIIHOCTH ANNPOKCHMALUH A(2) IPH BO3PACTAHMH a
AJIs1 pa3HBIX 7

4 10 10 10° 104 10° 10
2 6.4-10"° 6310% | 63107 6.310° | 621077 6.2.107°
5 20102 | 2.010°° 2010% | 2.010° | 2.010° 2.0-107
20 | 831072 8.3-10° 8.3-10 * 8.3-10°° 8.3-10°° 8.2:10 7

C60pKa NOTOKOB C pa3HOl UHTEHCUBHOCTbIO

PaccMmoTpum ciyuall IByX HE3aBUCHUMBIX CTAIIMOHAPHBIX ITyaCCOHOBCKHUX
MOTOKOB C Pa3HBIMH MHTCHCHUBHOCTSAMH A; U Ay, TIpH 3TOM OyJIeM CUHTATh,
410 A1 < Ap. O003HAUNM

d =Mt, c:ﬁ<1 (cd =\ 2).
Ay
[To ananoruu ¢ popmynoii (1) umeem
MO) =y P{ny(6) > m ()} + 2y P{my (£) > my ()} =
=k =M P{m (D) 2 ny ()} + 1y P{m (1) > ny (D)},
CIIeJIOBATENBHO,

(0 =1 <2, P{m ()2 my (1)}

rae Nwmw>am2d12mgl

V& i!

Bynem HasbpiBaTh mosoxutensHble GyHKIMU p(d) U g(d) yROBIETBOPSIO-

[IMMH COOTHOIIICHUIO p(d) _q(d) npud— oo, ecim lim sup——-= p(d )
5" @) S

Teopema 3. [lyis1 mro6oro ¢: 0 < ¢ < 1, cipaBeIlIMBO COOTHOIIICHUE
d"exp(—da(c))G(d) < d"? exp(~da(c)), (3)

H, cieaoBatenibHo, Mf) — A: Mt) — A = G(—hyf), t — 0. 37ech MHOXKHUTEIb
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0(c) BEIIUIIAETCA IO PopMyIie

a(c)=1-5(c)(1-Ins'(c)), rme s (c) = —I_—C.
Inc

3ameuanne 4. B 3amewannn 3 MBI OIEHUBAIM  BEPOSITHOCTH
P{ni(t)=... = n(t)}, ucnons3ysa s pacnpenenenus [lyaccona ¢ Gomabmmm
IapaMeTpoM TayCCOBCKYyIO ammpokcumarmio. [lokasaHo, 9To naHHas am-
MPOKCUMAIIMS JaeT Pe3yNIbTaThl OJHM3KHEe K aHAIUTHYecKuM. PaccMorpum
Temepb, KaK Takas AamnmpoKCHUMAIMs paboTaeT MpH OICHKE BEPOSTHOCTU
P{ni(¢) = ny(¢)}. Ans sTOro0 3amuimneM cieIyrollie almpoKCUMAaIUU JIIs CITy-
YalHBIX Ben4auH 1(f) u ny(t):

n(t)~ed & +cd , n,(t)~d &, +d

rae & u & — He3aBUCHMBbIE CTaHAApPTHBIE HOpMAaJIbHBIC CIlydaiiHblE BETUYU-
Hbl. Torma HEOOXOUMYIO TayCCOBCKYIO alMPOKCUMAIUIO (TIPH OONbIIUX d)
MBI MOKEM IIOCTPOUTH CIICAYIOIINM 00pa3oM:

P{n(6)2 ny ()}~ P{Ned & +cd 2Nd &, +d | =
=Pfe, <Jeg +Vd (c-1)}=S5(d).

| d
O6o03HaunM h =(c—1) P U 1| — CTaHJapTHAsl HOpMaJlbHas cilydaiiHas
c+

BenuunHa. Tak kak (&, &) — IByMEpHbIH rayCCOBCKHUN CIyYalHBIH BEKTOP C
HYJIEBBIMU CPEJHUMHM U E€AVNHMYHOM MaTpHIEll KOBapualuu, TO, NPUMEHSISA
H3BECTHYIO (popmyIry

Pin> R}~

L exp —R—2 R—w
R\2m 2 ) ’

MbI MOXXEM IMOJYYUTH CICAYIOUICC COOTHOIICHUE!

1 ) Ne+l (=D _
P{n (1) 2 n, (1)} = mexp(—?j = Tomde-D CXp[_d 2(c+ l)j B

- %exp(—dﬁl(c)) =S8(d) mpu d — oo, )

(-1
2+

rue A(c)
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CpaBHUM Temepb MHOXUTENHU a(c) U A(c) B 3kcmoHeHTaX Gopmyin (3) u
(4). OAna c¢=5/6 umeem a(c)~=0.0038, A(c)=0.0076; mnsa c=2/3 -
a(c) = 0.0168, A(c) = 0.0333. Takum oOpa3oM, MHOKUTENb A(C), BEIYUCIICH-
HBIH C MIOMOIIBIO TAYCCOBCKOM anmpoOKCHMaIliH, Ooblie o(c), BBIYUCICHHO-
T'O aHAIUTHYECKH.

G(d)-S(d)
G(d)
YCCOBCKOM ammpokcumaruu mpu ¢ =5/6 u ¢ =2 /3. CooTBeTCBYIOIIHE pe-
3yJbTaThl IpUBeJeHbI B Ta0. 2 1 3. Y3 HUX BUAHO, YTO NpH ¢ = 5/6 ¢ poc-
TOM d TIOTPENIHOCTh YMEHBIIAETCS, OJHAKO C yBEUYEHUEM d CKOPOCThH €€
yObIBaHMs cuibHO Tanaet. Ilpu ¢ = 2/3 ¢ poctom d dynkius 6(d) HaunHaeT
pactu. Takum 0Opa3oM, pe3yabTaThl, MPeICTaBICHHbIC B Ta0m. 2 U 3, cBHIe-
TENBCTBYIOT O 3HAYUTENBHO XYIIIEM KadeCTBE TayCCOBCKOW amlIpOKCHMa-

UM, 9eM IS Pe3yIbTaTOB, IPEICTABICHHBIX B Ta0I. 1.

1 OOCHUM TOYHOCTH I'a-

O603HaunM MOrpenIHocTs O(d) :‘

Tab6numa 2

HN3MeHeHHe MOrpelIHOCTH anmpokcumanuu o(d) ¢ pocrtom d st ciaydasi c=5/6

d 100 200 500 1000 2000
4(d) 0.267 0.143 0.051 0.021 0.018

Ta6numa 3

H3MeHeHHe NOrpemiHOCTH annpoxkcumManuu o(d) ¢ pocrom d aisi cxyyasic=2/3

d 10 50 100 200 500
3(d) 0.321 0.059 0.029 0.047 0.192

3ameuanne 5. Mcnonb3ys NONy4eHHBIC pPE3yJIbTaThbl, HECIOXHO pac-
CMOTpETh CiTydail COOPKH TTOTOKOB ¢ HHTEHCHUBHOCTSIMH

A==h, <A, S..<A,

U MMOJIYYUTh HCPABECHCTBO

@) -] < Z A P ()= n,(2)) .

i=s+1
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3aKknuyeHune

PasnuuHbie BapHaHTBHI [EHTPAILHOW TMPEISIIbHOW TEOpPEeMBI JIJIs COOpPKH
MTOTYYEHBI KaK B TEPMUHAX CIyYalHBIX BEJMYMH, TAK M B TEPMUHAX CITydaii-
HBIX TIporeccoB. [lomydeHbl TOUHBIE aCUMOTOTHYECKHE (OPMYIIBI AJISl MH-
TCHCUBHOCTH COOPKH HACHTHYHBIX ITyaCCOHOBCKHX ITOTOKOB M IUISI CIIydast
HCXOTHBIX MOTOKOB C Pa3HBIMH HHTECHCUBHOCTAMH. BEITIONHEHA OIIEHKA CKO-
POCTH HX CXOJUMOCTH Uil 000UX ciay4aeB. HecMOTps Ha KaxylIyrocs Ipo-
CTOTY paccMaTpuBaeMoOl 3allaud HccieoBaHus COOpKH HE3aBHUCHMBIX CTa-
IIIOHAPHBIX ITyaCCOHOBCKUX ITIOTOKOB, PE3YIBTATHl UCCIECIOBAHIS TTOKA3AIH,
YTO MOCTPOEHHAA MOJIENb IOCTaTOYHO CJIOXKHA U TPeOyeT TIIATEILHOTO MOJ-
xoJia K ee aHanuzy. [Ipu 3ToM B 0053aTEIIEHOM MOPSIKE AOJDKEH POBOJUTh-
Csl YUCIICHHBIH aHAIN3 MTOJYyYaeMBIX PE3yNIbTaTOB, TaK Kak HE BO BCEX CIyda-
SIX OCTPOEHHBIE ANMPOKCUMALUH TO3BOJISIIOT 00ECTIEYUTh IPHEMIIEMYIO I10-
TPEIIHOCTbD.
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MHOOPMALIMOHHBIE TEXHOJIOTUA
N NPOrPAMMHAA UHXXEHEPUA
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AND SOFTWARE ENGINEERING

Development of back-end of the service
for internationalization of web-applications

Marat Gainutdinov, Aleksey Shkurkin, Anastasia Pichugina

Tomsk State University, Tomsk, Russia

The active process of globalization is ongoing. It is influential in a great
variety of human activities such as development of web-applications for
businesses, learning and so on. For an application to be used by a large
number of users it must be translated into languages that are accessible to
them. The growing level of globalization and use of the Internet ensure the
relevance of services for localization and internationalization of web
applications.

The objective of this article is creation of the server part of a service
providing internationalization of web-applications.

Created server part of the service (back-end) is presented as an
application programming interface (API) which allows implementation of
any user interface and is available to be used by developers in any
application by calling necessary API method.

Analysis of the subject field

The key concept of the given work is the difference between
internationalization and localization [1]:

Localization is an adaptation of a product and its documentation to the
linguistic, cultural and other requirements of the target market;
internationalization, on the other hand, is design, creating and development
of a product in order for it to be localized easily and barrier-free.

A service for internationalization of web-applications is software, in this
case a web-application, presenting a convenient tool for specialists doing
localization and internationalization.
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Internationalization is achieved by a number of technical processes, such
as usage of UTF encodings, data formatting and design.

Review of alternatives

There are quite a few similar services, so for a critical review and
comparison with the back-end of the service under development (U29N),
only those that provide their API were taken. All services have a number of
advantages and features apart from the minimal functionality, however, the
functionality of U29N is fairly simple and well-documented, which makes
the use of it convenient and allows quicker understanding of the mechanism
of this service.

Table 1
Comparison of alternatives
webtranslateit | lingohub transifex oneskyapp u29n
Price €49 €29 €139 $0.05 per word 0
Ease of use - - - +/- +

1) webtranslateit.com — free rate only for small enclosed projects,
minimal rate €49, provides a large but at the same time rather complex
functionality [2].

2) lingohub.com — free rate for Open Source projects, minimal rate starts at
€29 a month, the convenience of use is similar to the previous alternative [3].

3) transifex.com — free rate for Open Source projects, minimal rate €139,
the convenience of use is similar to the previous alternative [4].

4) oneskyapp.com — rate $0.05 per word, relatively convenient API, has
ready solutions for PHP, Python and Ruby [5].

5) U29N — free, fairly simple and well-documented.

Selecting requirements

The following functionality requirements were stated with the help of
system analytics. A service must:

» Provide an opportunity to create a language in which a web-application
can be translated and also enable editing and deleting of languages.

e Provide an opportunity to select a language by default.

e Provide an opportunity to create, edit and delete the messages that
represent phrases in a translated web-application.

o Mark the messages as problematic under certain circumstances.
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» Provide an opportunity to add, edit and delete translations of messages.

e Provide an opportunity to find and filter messages and translations in
any fields.

e Provide an opportunity for several translators to work simultaneously;
therefore, the data showed must always be actual.

The process of internationalization requires two specialists: an editor and
a translator.

The following use case diagram was created after all requirements were
considered (Fig. 1):

A service for internalization of web-applications

Languages CRUD

Creating and
editing of
messages

/
T
Selecting of
Editor default language
iew of actual languges, View of transiated
messages and e
translati web-application
PR ranslations
— User
—— ] Tracking of problematic
messages

Translator ]
Translations CRUD

Fig. 1. Use case diagram

The selected functionality requirements are distributed among users in the
following way:

Editor: determines what languages the web-application is translated in,
prepares the messages that must be translated for the translator. Editor can
also modify the translation and evaluate it. Actual messages, translations and
languages are defined as correct data.

Translator: while working with the service translates the messages
created by the editor.

User: receives the necessary translations, which are placed in the
provided spaces of the interface of a web-application.

267



Domain modelling

A domain model was designed and is presented below (Fig. 2):

Message

alias: string MessageCategory

Y

—>comment: string name: string

. isTranslationEmpty: boolean
Translation

translation: string isTranslationActual: boolean

isActual: hoolean —

Language

name: string

code: string

locale: string
isDefault: boolean
isPublished: boolean

Fig. 2. Domain model

Language — languages that are in the service and in which a web-
application is translated.

e name — the name of the language which is reflected in the language
selection menu.

e code — two or three letters that represent the language during the
intermediate processing of a user in the web-application.

e locale — denotes the regional customizations that can be applied to the
language, for example date format and so on.

e isDefault — boolean field which can only be used in one language,
which is the main language of the web application.

o isPublished — boolean field which shows, from the editor’s perspective,
that a translation is ready to be reflected in the user’s web-application.

MessageCategory — categories of messages.

e name — name of the category.

Message — messages.

o alias — the content of the translation.

o comment — the description of the context, in which the message is used.

e isTranslationEmpty — boolean field, which shows the absence of a
translation in at least one of the languages.

e isTranslationActual — boolean field indicating that there is at least one
translation of a message that does not satisfy the editor.
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Translation — translation of the message into one of the languages.

o translation — the content of the translation.

e isActual — boolean field, which indicates the correct translation (from
the editor’s perspective).

Implementation tools

Framework Yii2 was chosen for implementation of server part. Yii2 is an
object-oriented framework in PHP, which implements the MVC paradigm

PostgreSQL was used as the DBMS.

Centrifugo was used for the implement of web-sockets. Centrifugo is a
separate server that maintains constant connection with users of the service.

Design

The scheme of the architecture of the project, which was implemented
with Yii2 framework, was designed and is presented on component diagram
[6] below (Fig. 3):

<<component>> g <<component>> gl
U29N-logic U20N-rest
ILocaleComponert - >
ILocaleComponent component>> g
LocaleRest O
LocaleLogic g O )74‘ ILocaleRest
I
O | <<component>> g]l
,,,,,, L
N ILocaleEvent . I O
| | 7 | |
i 1 L.
i IMessageCategoryCi
<<component>>
) I [ ) ] e v E| O
i
o oo 8 Oc----* | I [ [ essages
> I
______ H
O< N | <ccomponent>> @l
ILanguageEvent . D, | |

<<component>>
- }Ai TranslationRest g l——o

i
[
[
MessageCategoryLogic g O<----- .
[
O b
[
~ IMessageCa(egoryEvem: 1
i
i Lo
i o
i Vo <<component>> gl
1 o U29N-centrifugo
: D << >: g]
L component>>
MessageLogic g O<---- L e LanguageCentrifugo O
! _/

,,,,,, 1L I
|
Y IMessagEvent ' |
I

I ! I
1 b <<component>> g
i i
1 ) @)
L mponent i IMessageWebSockets

TranslationLogic g O

O----- . <<component>> g
******* D o

Fig. 3. Component diagram
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As shown in Fig. 3, the functionality of the application is divided into
three packages:

U29N-logic: contains business-logic and provides it to other packages.

U29N-rest: with the provided business-logic implements RESTful API —
a programming interface of an application, implemented with help from the
architecture style REST — Representational State Transfer. If a service fulfills
the requirements of REST, it is considered RESTful.

U29N-centrifugo: implements the functionality for an asynchronous
exchange of data.

Implemented API

The developed application programming interface implements the
necessary functionality for entities:

1. Languages: CRUD was realized and the change of the main language
of the application (default language).

2. Categories of messages — CRUD.

3. Translations — CRUD.

4. Messages — CRUD was realized, the automatic change of marks of
problem was realized using the processing of events. It is responsible for
presence of problems in a message — isTranslationEmpty and
isTranslationNotActual in case of special events.

Implemented API is available to be used for example in front-end, CMSs,
applications developed with other frameworks, etc. by calling necessary API
method.

Conclusions

The result of the work is the server part of a service, presented as API and
containing all functionality necessary for internationalization of web-
applications.
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«|S-A»-oTHOLUEHMe, KaK Cnoco6 npeAcTaBNeHNsA B3auMOCBA3N
00061LeHHbIX 1 CeLnan3npoBaHHbIX MOHATHIA

Anekcen babaHos, EneHa KBau

HauyuoHaneHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaerHsbili yHugepcumem, 2. Tomck, Poccus

«IS-A»-OTHOIICHUS SBJISIOTCS BaXHBIM 3JIEMEHTOM YEIOBEUCCKOM yMCT-
BEHHOU JiesiTeNNbHOCTH. M Ha OBITOBOM YpOBHE MBI YaCTO HCIOIB3yeM 0000-
[ICHHBIC ¥ CIICIHATH3UPOBAHHBIC TOHATHS: «DuHwimerin A. eCTh HEKOTOPBIN
yuenvlil», «Yuenvitl €CTh HEKOTOPBIH uenogex». Omnepauuu 0000LICHUS U
CTICHUATI3ANH SBIISIOTCS BAXHBIMHA MBICITUTEILHBIMA HHCTPYMCHTAMH, TI0-
3TOMYy 0€3 HUX He 00OMTHCHh BO MHOTHX 00OJyacTsix Hayku. [[ist 6onee monHOU
XapaKTEPUCTUKHU pacCMAaTPUBAEMOT0O BOIIPOCca ObLIO H3YUEHO MpeACTaBICHNE
«IS-A»-OTHOIIEHNY B JIOTHKE, MUCKYCCTBEHHOM HWHTEIJIEKTE, PacUIMPEHHON
mozenu «CymHocTs — CBs3b» (Enhanced/Extended Entity-Relationship Model
— EER-mozens), Mmoaenu «O0bektT — Ponb» (Object-Role Model — OR-mo-
nens), mogenn «CyniHocTh — CBsi3b — OtoOpakenue» (Entity-Relationship-
Mapping Model, ERM-monens), ER-momenun notammu bapkepa (ERB-
MoJenu), KoHuenuuu knacrepos Jxona M. u Jluanst K. CMut u B yHUpUIM-
poBaHHOM si3bike MonenupoBanus (Unified Modeling Language — UML). On-
HAKO, B K&)XIOW M3 MPEACTABICHHBIX 00JacTell 3HAHWH MaHbI pa3HbIE OIpe-
JeneHus: 0000IIEHHBIM U CHICIIUATN3UPOBAHHBIM HOHITUSAM, PA3JIMIHbBI H OT-
pPaHWYIEHUSI LIEIIOCTHOCTH, U CIIOCOOBI IPOCKTHPOBAHUS.

«IS-A»-OTHOLLEHNA B pa3INYHbIX 06NacTAX HayKu

OcHoBomnoararomnme 3HaHus 00 00OOIIEHUN W OTPAaHWYCHUW TOHITHN
BBOIATCS B JToruke. I1o MHEHHIO JTOrHKOB [1, 2], Kaxaplii akT 0000IIeHHs
JIOJDKEH OBITh MEpexoZ0M OT BHJA K HEKOTOpOMY ONMKalIleMy pojy, a or-
paHWUYEHHs] — OT poJa K HEKOTOpoMy OJvkailieMy Buay. MHOTHE MOJEITH
(Co3HATENBPHO MITH HE CO3HATENLHO) UCTIOIB3YIOT BAKHBIM (DEeHOMEH, CBA3aH-
HBI ¢ paccMoTpeHueM «IS-A»-oTHOIIEHUH: IeNeHne MOHATHH U OCHOBaHUE
neneuns. «llenb AeneHHsT MOHSTHS COCTOMT B TOM, YTOOBI BEIJCIIHTH BCE
BO3MOJKHBIC BUJIBI TIPEIMETOB KaXK/IBIH pa3 M0 HEKOTOPOMY OINpPEICICHHOMY
ocHOBaHMIO» [1]. 3aciyroif JOTHKOB Takke SBISETCS PACCMOTPEHUE YCIIO-
BHI MpaBWIBHOTO AeneHus (1 — JeieHue 1Mo oJTHOMY OTIPEICICHHOMY OCHO-
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BaHUIO; 2 — TOJyYEHHBIC IOHSATHS JOJDKHBI OBITh ITOMIAPHO HECOBMECTUMEI; 3
— YJIEHBI JIeJIEHUs JTOJDKHBI MCYEPIBIBaTh 00bEM HCXOJHOTO TMOHATHS; 4 —
HUKAaKOH W3 WICHOB JEJICHHUS HE JOJDKEH OBITH IYCTHIM KJIaccoM; 5 — aere-
HUE JTOJDKHO OBITH HETIPEPHIBHBIM) M BUIOB JICJICHUS MOHATHI (INXOTOMUYE-
CKO€ JIeJICHUE U JIeTIeHHE TI0 BUJOM3MEHEHHIO OCHOBAHUS).

B uckyccrBenHoM mHTEIIIEKTE «IS-A»-OTHOIIEHUS MCTIONB3YIOTCS B CE-
MaHTHYECKUX CETAX M SABJSAIOTCS OCHOBHBIM 3BEHOM B ceTH. CBsa3b «IS-A»
YCTaHABIMBAET HEPAPXHUIO THUIOB B CETH M HCIIONB3YETCS VIS OTPEICIICHIUS
Haubosee cnenuduyeckoro cemanTudeckoro tuna [3]. CeMaHTHYECKHE CETH
— OJIHA U3 HEMHOTHX o0nacTell 3HaHMH, re pa3aensdoT «IS-Ay-oTHomeHus
Mexay kiaaccamu (IS-A type of, cMbIcIOBOE 3HaUeHHE «KiIacc / Kiacc») U
MeXIy dk3eMInisipamu U knaccamu (IS-AN instance of, cMbICIIOBOE 3HAYCHUE
«00BekT / Kimaccy) [4]. KoneuHo, mojo0HOE eNIeHUE €CTh U B JIOTHKE: OTHO-
[IeHUE BKIIOYCHHUS OJHOTO MHOXKECTBA B PYTO€ U OTHOIICHUE MPUHAUICK-
HOCTHU DJIEMEHTa MHOXECTBY. B CEMaHTHUeCKHUX MOJENAX NaHHBIX OTHOIIE-
HHUE MEXIy KIACCOM U ero 00BbeKTaMM BCETJa Mpearoaraioch, OJHAKO 3TO
sIBIIGHUE Majlo 00CyxkaaeTcs crenuanucramMu bJ1.

['maBHOEe Ha3zHAuCHWE CIEIUANM3AINN B CEMAaHTHYECKUX MOJICISIX HaH-
HBIX — BO3MOXXHOCTH TPYIIIHPOBAHHS IPU3HAKOB: OOOOIICHHBIC IOJHUMA-
IOTCSI HA YPOBEHb CyTIepKIIacca, CleIHAIN3HPOBAHHBIE OITyCKAIOTCS IO COOT-
BETCTBYIOLETO MojKiIacca. Ecnu noruku oOpaiaioT BHUMaHHUE, Hpexie
BCEro, Ha cojiepkaHue (MIPU3HAK) MOHATUN NIENeHUs, TO B MOJIEIUPOBAHUI
JAHHBIX YYUTBHIBAIOTCS MPEUMYIIECTBEHHO CTPYKTYPHBIE M OTPaHUYUTEIb-
HbIe 0COOCHHOCTH KJIacCOB JaHHBIX. B OR-Moenu, kpome 3Toro, oTMevaet-
Cs, UTO CHCUHANU3aNN ITO3BOJIIOT AENATh ONIMOHANBHBIE POJH CyIep-
KJlacca 00s3aTeNFHBIME TS TIOJKIIAcCa M 33 CUET STOTO BBOAMTH JTOTIOIHH-
TeJbHbIE OrpaHUYEHHS LIETIOCTHOCTH [5]. B3aumounckiroyaroniee 1 HCYepIibl-
BarolIye mnpaBwia g noAtunoB BBoAUT ERB-monens [6]. OgHako 3TuM
MpaBUJIaM YAOBJIETBOPSIOT JIMIIE TOJHBIE HEMepeceKarolecs crerrann3a-
iH. B oCcTambHBIX CeMaHTHYECKUX MOJEIISIX IIOMUMO 3TOTO THIIA CIICIIHANH-
3aIUi MCIIONB3YIOTCS TAKXKE TIONHBIC MIEPECEKAIOINECs, YaCTUIHBIE HeTepe-
CEeKAaroIIecs] M YacTHYHBIE Iepecekaronecs. UTo kacaeTcsi OCHOBaHUS Jie-
neHusd, To, Hampumep, B EER-Monenu nume HeMHOTHE aBTOPBI, ONpenesss
MOHSTHE CIIEIUATU3AIIH, YTOUHSIIOT, YTO TIOJKIACCHI BBIENAIOTCA Ha OCHO-
B€ OTJIMYUTEIbHBIX XapaKTEPUCTUK [7] WU B COOTBETCTBUM C Pa3IMYHBIMU
3HaYeHHAMHU obmiero atpudyra [8]. OJHAKO ¢ MPaKTUYECKOH TOYKH 3PEHUS
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TaKO€ OCHOBaHME XapaKTEpPHO JIMIIb Ui HENEepeceKatolnXcs Clenuainsa-
LUH, 4TO SABJISIETCS HEAOCTATOUHBIM IJIsl MPOEKTHUPOBAHUS BCEX BO3MOXKHO-
cteil nmpenMeTHoi oOnactu. Jlume ERM-moznens [9], Ha ocHOBe orbITa J0-
THUKOB, BBOJMT aHAJIOTUYHBIC MOHSTHUS: JieIeHHE, OCHOBaHHE JICICHHS] U BU-
Jbl JCTICHUS.

Jxon M. u Ilmana K. Cmut [10] B cBOEH KOHIIETIINY MPEAIAraroT CBO-
IUTh HepapXur oOOOMICHHUS K OTIACIBHBIM IPABHIBHBIM IEICHHUSIM POIH-
TENbCKUX IOHATHI, NpaBJa, OHM UX Ha3bIBalOT kiactepamu. CTOUT OTMe-
TUTh, YTO aHAJOTMYHO C JIOTUKAMH, HCIIONB3YETCA OHO OCHOBAHHE JICICHUS
(npaBuIIBHOE JI€TICHHE) U HEMEepeceKaeMOCTh MOJKIACCOB OJHOTO KiacTepa
(B3aMMHOMCKITIOYAIOIINE POJIOBEIEC KIACCHI).

B UML wucnons3yercs TepMUH 0000IIEHHE — OTHOIICHUE MEXIy Kilac-
COM W OJIHOW I HECKOJBKUMU ero Bapuanusmu. O0o01eHne o0beIuHsIeT
KJaccl Mo ux oOmuM cBoiictBaMm [11]. B [12] mononHHUTENbHO BBOAATCS
2 mpasuna: 1 — 100% ompenenenus cynepkiacca A0JKHO ObITh TPUMEHEHO
K TIOJIKJIaccy U noakiiacce noykeH Ha 100% cooTBETCTBOBATH CBOEMY CyMep-
KJIaccy; 2 — Bce 3JIEMEHTHI MHOXKECTBA ITOJIKIIacca JOJDKHBI OBITH AJIEMEHTa-
MU MHOJKECTBa €ro cymepkiacca. O0paTuM BHHUMaHHE, YTO B COOTBETCTBHU
co cnenudukoit OOII, moMuMo aTprOyTOB M OTHOUICHWI TOATHUIIEI HACIIe-
IYIOT ell€ U METOJIbl CynepTuna. AHaJOTMYHO OCHOBAHUIO JIEIIEHUS B JIOTH-
Ke crenuanucTel, nzydatonpe UML, 10NOJHUTEIBHO BBOJAT IMOHATHE JMC-
kpuMuHatop [13] nnu Habop obobmennit [12, 13]. Taxke oTMeyaercs, 4TO
Kaxoe 00001IeHne JOHKHO IPOU3BOAUTHCS 110 OTHOMY acleKTy (OJHO Oc-
HOBaHUE JICTICHU).

Tabmuua oToOpa’kaeT BO3MOXHBIC BapuaHTHI orpeaeneHus «IS-Ax»-
OTHOLLIEHHH B 001aCTAX HAYKH, B TOM YHCJIE U Pa3TUYHSL.

Uro kacaeTca rpaduueckoid HOTauuUM OTOOpakeHUs: «IS-A»-OTHOIIECHUHA
(puc. 1), To U 31eCh CYIIECTBYIOT PAa3IMYMs B 3aBUCUMOCTH OT OOJIAaCTH 3Ha-
Huil. K coxanennio, nake B HEMPOTHBOPEYMBON MOJENH TPEACTABICHUS
0000IICHHBIX TIOHATHH JIOTHKOB HE XBaTaeT rpauuecKoro mpencTaBIeHUs C
0TOOpakeHHEM OCHOBAHUS NENICHHS IOHATHH, Y9TO YK TOBOPHUTH O APYTHX
MozeisiX. EnHCTBEHHONH ceMaHTHYecKOd Monenbio, B rpaduueckoil HoTa-
LM KOTOPOH OTOOpa)kaeTcsi OCHOBaHHWE JejeHue, siBisiercss ERM-monens,
NPUYMHA 3TOMY — CTAaHOBJICHHE MOJICIHM Ha OCHOBE O€3yNpEYHBIX KaHOHOB
norukn. OtMernM, uto B UML MOXXHO yKa3bIBaTh AUCKPUMHHATOP, HO ATO
HE SBILIETCS 00s3aTENBHBIM (2 10 MHEHHUIO aBTOPOB, TOJDKHO OBITE).
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«IS-A»-oTHoIIEHHE KAK ¢110CO0 NpeacTaBJeHUs 0000CHHBIX NOHATHIA

Amnanor «IS-A»- OrpaHuueHus
Mognens . OmnpeneneHne
OTHOULICHUI 1 0COOEHHOCTH
Jloruka Onepauuu O6o00mienne HekoToporo moHs- | [IpaBuisHOE ne-
0000mIeHns TUS — omepanus 00pa3oBaHUs W3 | ICHUE MOHATHIA U
¥ OTPAaHWYCHHUS  |3TOr0 MOHATHS HEKOTOPOTO HO- | OCHOBAHHUE JeIie-
TIOHSTHH BOro c Oojee IIMPOKUM OOBE- | HUSI HOHITHH
MOM.
OrpaHuyeHre NOHATHS — ollepa-
IMsl Iepexofa OT HEKOTOPOro
MOHATHS K MOHATHIO C MEHBIIUM
obbemom [1].
HUckycctBeH- | «IS-A»- DTO OTHOIICHHE, KOTOpoe ycTa- | «IS-Ax-
HBII UHTEN- | OTHOILICHUE HaBJIMBACT HEPApXUI0 THUIIOB B | OTHONIEHMS TPaH-
JIEKT CeTH U HCIIOJIB3YeTCs JUIS OIpe- | SUTUBHBI, Ha-
neneHuss HamOojee cneuuduye- | IpaBICHHbI U HE
CKOro CeMaHTH4ecKoro tuma [3]. | o0pa3yioT neres.
Paznenstor ot-
HOILICHUS MEXIY
KJIacCaMH U MEX-
Iy 9K3eMIUIIpaMu
1 KJIaCCaMH.
Pacmmpennas | Cnenuanusanmsi, |- Ipouecc BbIIeIeHHs mnoakiac- | OrpaHnueHne
MOJeNb OTHOILICHUS COB B CyIepKJacce, KOTOPBIH OcC- | HemepecedeHus 1
«CynHocTb — | «cymnepkiacc- HOBaH Ha TPYIIIHMPOBKE HCKIIO- | y4acTHsI.
Cas3b» MOJIKIIACCH YUTEJIBHBIX ~ XApaKTEPUCTHK U
(EER) CBSA3CH MOJKIACCOB B COOTBETCT-
BUU C Pa3IMYHBIMU 3HAYCHUSMH
obmero arpudyTa [8];
- IpOLECC BBHISIBICHHS pa3IHIuit
MEXIy OK3eMIULIpaMH  THIIA
cyuHocreii [14];
- Tpolecc ompezeieHus Habopa
MOJKJIACCOB MAJsl TUNA CYILIHO-
CTell Ha OCHOBE OTIMYHTENBHBIX
XapaKTEePHCTHK [7];
- TOpomecc  KOHLENTYaJbHOTO
YTOYHEHHsI CylepKiacca ITyTeM
BbLIeJICHHS MToJIKJIaccoB [15];
Mopnenb - mpouenypa, B xone Kotopol | Cnenuanu3anuu
«O0OBEKT — BBOJAITCS TOJKIACCHl Oojice 00- | TPAaH3UTHUBHBI U
Pone» (OR) LIMX THIIOB CYIIHOCTEH, YTOOBI | GOPMUPYIOT Ha-
O00BSIBUTh, YTO ONPEAEICHHBIC | IPABICHHBII
POIH 3aPErHCTPUPOBAHBI TOJBKO | ALTMKINICCKHMA
JUISI 9TUX NOJKIAaccoB [5]; rpad.
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OkoHuaHue TaOaHI[bl

Amnarnor «IS-A»- OrpaHuueHus
Monens . OmnpeneneHne
OTHOULICHUI 1 0COOEHHOCTH
- Tpad MOATHUIOB, KOTOPBIH MO- | OrpaHUucHHE
JKET BO3HUKHYTh HHUCXOISIIUM | HETIEPECECUCHHS U
Croco0oM, CIIEHUATH3UPYS THII | HCUSPITBIBAHUS
00BeKTa B MOATHIIHI [5].
ER-mopnens CymmHocTh MOXKET OBbITh pazzene- | Bzaumonckino-
B HOTaLIUH Ha Ha JBa Wi Oojiee B3aMMOWC- | Haroliee U ucuep-
bapkepa KJIIOYAIOUIMX TIOATHUIA, KaX/IblH | IIbIBAIOLLEE IIPa-
(ERB) 13 KOTOPBIX UMEET OOIIe aTpu- | BUIO (TIOTHbIE
OyTBbI W/WIIK OTHOIICHHS. [6]. HeTepeceKaro-
IHeCs CIenna-
JIU3AIUH).
Kiacrepst O0o00mIeHne AbcTpaknusi, kotopas mo3Bossiet | Kimactepsl, onHO
Jlxona M. 0000IICHHO TPEACTABISATh CceOe | OCHOBAHHE JIelie-
u J{uans K. HEKOTOpBIN KJIACC MHAMBUIYaJb- | HUS U HEepece-
Cwmur HBIX OOBEKTOB KaK €JUHBIH HUMe- | KaeMOCTb IO/~
HOBaHHBIN 00BeKT [10]. KJIACCOB OJIHOTO
KJIacTepa.
Mogens Cneuunanuzanusi, | Cucrema KiaccoB, noctpoeHHas | OCHOBaHUE BbI-
«CyIHOCTb — | OTHOIICHUS JUIL OTPAHWYEHHMH HOHSTHUS Cy- | ACJICHHUS MOJ-
CBsi3b — «cymnepkiacc- HepKJlacca, Takas, 4To Bce IOHsI- | Kjlacca ¥ OCHOBa-
Orobpaxe- HOJKIIACC» TUSI TOJKJIACCOB HCIIONB3YIOT B | HHE JETICHHS
nue» (ERM) Ka4yecTBE OCHOBAHUS BbIIEJIEHUS | CIICLUATN3AINH.
9THX TMOJKJIACCOB OJHO U TO ke | OrpaHnveHue
oTtobpaxxeHne (IpeIMETHYIO | HeTlepeceueHHs U
(YHKIUIO). Y9aCTHS.
Yuandumupo- | Odobmenue, - OTHOIICHHE MEXIy KJaccoM H | JluckpumuHaTOp
BaHHBIN S3bIK | OTHOILICHUE OJTHOM MJIM HECKOJBKHUMH €ro Ba- | Wil Habop 0000-
MOJENHNPOBa- | HACIEAOBAHUS puanusimu [117]; IICHUS.
Hus (UML) - CBSI3b MEXIY CYIIHOCThIO 00-|O0o001ienue

IIero xapakrepa u Gosee crienu-
¢uunOM cymHocThIO [16];

- OTHOILCHHE, TIPU KOTOPOM I10[I-
KJIacC HACJEAyeT BCE METOIbI U
HOJS CyNepKiIacca M MOXET Iie-
peornpenensiTh HaclelyeMble Me-
Toxsl [13];

- MpPOLECC, CBSI3aHHBIA C WACH-
TUUKAMEeH OOIIHOCTH MEXIY
HOHATHSIMH U OIIPEJieTICHHEM CY-
Hepkjacca M CBS3aHHBIX C HHM
nojkiaccos [12].

TPaH3UTHBHO, HE
MOJXeET OBITh
LUKJIOB H CBSI3b
00001menus
aCHMMeTpHYHA.
IIpaBuno 100% u
npaBuio «IS-Ax.
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JIoriKa CeMaHTIHYeCKIe CeTIl EER-Moz1e15 OR-Monens
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T Konnemusa ERM-Mmozens UML
ERB-M01eTH JxoHa M.
Hmagst K. CMut
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e
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e

Puc. 1. I'padudeckas Horarms (A — cynepkiace, B,C — moakmaccer)

3aknuyeHue

ITepeuncnennple 00JaCTH HAYKH BHECIIM CEPHE3HBIA BKJAJ B H3y4YCHHE
«IS-A»-OTHOIIEHNH, OIHAKO MOXHO KOHCTaTHPOBATh Pa3jIM4U€ B3IJIAI0B
BCEX HCCIEAOBATENell Ha IpeICTaBICHHEe OOOOMICHHBIX M CHEIHATH3HPO-
BaHHBIX NOHATHH. [laxke B MOJETUPOBAaHUM JTAHHBIX HET €AMHOTO MHEHHUS Ha
«IS-A»-CTpYKTYpBI, YTO YK TOBOPUTH 00 OTIIMYMH 3TUX MPEICTABICHUHA OT
JIOTUYECKHUX OCHOB. [IpoaHamm3npoBaB 0coOeHHOCTH «IS-A»-OTHOIIEHHH B
pa3iauyHbIX 00JacTAX 3HaHUI MOXKHO C/eaTh BBIBOA O HE0OX0AUMOCTU 00-
Jee cTporoit hopmanuzanuu 0000IEH I U BBEIEHHS I ATOTO HOBOTO 0a-
30BOro MOHATHS. ABTopamu mpemioxeHo HoBoe moHsTue «IS-THE»-
otHomenus (orHomenus «ECTb-OTOT») B cemantuueckoit ERM-monenu,
OpPUEHTHPOBAHHOTO Ha OE3yIpeyHble JOTUYECKHE KAaHOHBI MPU COXPAHEHUHU
TOW (YHKIIMOHATBLHOCTH 3TUX CTPYKTYp, KOTOpas CIOXKHIIACh B MOJCIHPO-
BaHWH JaHHBIX [17].

JIUTEPATYPA

1. Botwsunno E.K., /leemapes M.I". Jlornka Kak 4acTb TCOPUH IO3HAHMUSA M HAYyYHOH
MeToposiornd (pyHIaMeHTaIbHbIA Kypc): B 2 kH. M.: Hayka, 1994.

2. bauapos B.A., Mapxun B.1. OcnoBrl noruku. M.: Uadpa-M, 1998. 297 c.

3. U.S. National Library of Medicine, The Unified Medical Language System, UMLS
Reference Manual. URL: https://www.ncbi.nlm.nih.gov/books/NBK9676/

4. Bundy A. Catalogue of Artificial Intelligence Tools. Berlin; Heidelberg; New York;
Tokyo: Springer-Veriag, 1984. 150 p.

276



10.

11.

12.

13.

14.

15.

16.

17.

. Halpin T., Morgan T. Information Modeling and Relational Databases, 2 edition.

Morgan Kaufman, 2008. 943 p.

. Barker R. CASE Method: Entity Relationship Modelling. Addison-Wesley, 1990.

240 p.

. Elmasi R., Navahe S.B. Fundamentals of Database Systems, 6" edition. Addison-

Wesley, 2011. 1201 p.

. Teorey T., Yang D., Fry J.A. Logical Design Methodology for Relational Databases

Using the Extended Entity-Relationship Model // Computing Surveys. 1986. V. 18.
No. 2. P. 197-222.

. Babanose A.M. Cemantnueckass Meroauka npoekruposanusi b/l u e€ nmepcneKkTHuBel,

OTKphbIBatomuecs ¢ nmpumenenrneM ERM-moznenu nanseix // BectHuk Tom. roc. yH-
Ta. YnpapieHHe, BBIYMCIHTENbHAs TeXHHUKa M wuHpopmaruka. 2011. Ne 3(16).
C. 58-66

Smith J., Smith D. Database Abstractions: Aggregation and Generalization / ACM
Transactions on Database Systems. 1977. V. 2. No. 2. P. 105 — 133.

Blaha M., Rumbaugh J. Object-Oriented Modeling and Design with UML. 2nd
edition. Pearson, 2004. 496 p.

Larman C. Applying UML and Patterns: An Introduction to Object-Oriented Analysis
and Design and Iterative Development. 3rd edition. Prentice Hall, 2004. 736 p.
Fowler M., Scott K. UML Distilled: A Brief Guide to the Standard Object Modeling
Language. Addison-Wesley, 1999. 224 p.

Connolly T., Begg C. Database Systems: A Practical Approach to Design,
Implementation, and Management. 4th edition. Addison-Wesley, 2010. 1400 p.
Ferraggine V.E., Doorn J.H., Rivero L.C. Handbook of Research on Innovations in
Database Technologies and Applications: Current and Future Trends. 2009. 1124 p.
Byu I., Pambo [., Arxobcon A. SA3pik UML. PykoBoncteo moms3oBarenst. IMK
IIpecc, 2007. 496 c.

Babanos A.M., Keau E.C. «IS-THE»-oTHOIIEHHS B CEMAaHTHYECKUX MOJEIAX JaH-
HBIX: OCHOBHBIE TIOHATHS U pasHOBUAHOCTH // BectHuk Tomckoro rocyaapcTBeHHOro
yHHMBEpcUTeTa. YIpaBJeHUE, BBIYMCIUTENbHAS TexHHKa M HH(popmaruka. 2016.
Ne 1(34). C. 69-78.

277



lpoekTupoBaHue 6a30Boii apXMTEKTYpbI
mopynsa «Pacnucanne» cucrembl Alterum Med

Jlogmuna [lemngeHko

HauuoHanweHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaeHHsbili yHugepcumem, 2. Tomck, Poccus

B HacTosmiee BpemMs aKTyaJIbHOCTh aBTOMATH3AIMU JESITeIbHOCTH Yello-
BEKa CJIOKHO MEPEOoleHUTh. TeM Oosee, ecm 3TO CBA3aHO C JICSTENbHOCTHIO
MEAULUHCKOTO YUPEXKIEHHUS, I'/le Ha CUeTy Kaxaas MuHyTa. Ji1st ynpoleHus
paboThI ¢ OoNTBIION 0a301 JaHHBIX O MAIMEHTAaX, a TAKXKEe I YCKOPSHHS pa-
0OTH MEIMIIMHCKOTO TMepcoHana OpbIa cozmana mporpamma Alterum Med,
KOTOpast 00bequHsIeT B cebe MOAyIH 0 paboTe C pa3HBIMH HalpaBICHUSIMHU
JESTETBHOCTH MEAULIUHCKOTO YUPEXKACHUS: PETUcTpaTypa, NpUeM MalieH-
Ta, CKJIAJACKOH yd4eT, OyXrantepusi, NMOCT OXpaHbl. JlaHHOE MporpamMMHOE
obecriedueHre MO3BOMISICT aBTOMATH3UPOBATh MPAKTHIECKU BCE Cephl aes-
TENFHOCTH OOJIBHHUIIBI B OTHOM IPOIYKTE.

OaHMM M3 caMBIX YacTO MCIIOJIb3YIOLIUXCS MOMAYJIEH B JaHHOW Iporpam-
Me SIBJIIETCS MOAYJIb PaclHCaHusi, TaK KaK OH IMPEAOCTABISET Cpa3y He-
CKOJIbKO B@XHBIX (DYHKIMI: MPOCMOTP BpauaMu NPHEMOB, YCTaHOBJICHHUE
pabodero BpeMeHHU Bpadyam, 3alluCh MallieHTa Ha nprueM. Ha naHHbIi MOMEHT
CYIIECTBYIOIINI MOAYNb PAaCHHMCAaHMS ycTaped W OBUIO MPHHATO PEHICHUE
MIOJIHOCTBIO TlepenucaTh JaHHBIH MOIYJIb C MCIIOJIB30BAaHHMEM HOBEHIIMX
TEXHOJIOTHH.

Hcxons u3 3T0r0, LEIb0 AaHHOW pabOThI CTaJo MPOEKTUpOBaHHE 0a30-
BOI apXuTeKTypbl MOAyIsl «Pacrucanue» cucremsl Alterum Med.

s TOCTIDKEHHMS e HEOOXOAMMO PEIINUTh CICAYIOMNE 3a/1auu:

1. [TpoBecTn aHaM3 OH3HEC-TIPOIIECCOB MPEIIPHUATHS, KACAFOIUXCSA MO-
IyJIsl pacliCcaHusl.

2. OmpenenuTh TpeOOBaHUS K CHCTEME.

3. Beibpatb miatopMbl peaau3alii MOLyJIsl IPUIIOKEHUS.

4. OnpenenuTh U CIPOEKTUPOBATh OOIILYIO CTPYKTYPY MOZIYJIS.
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AHanu3 6m3Hec-npouecca

OcHOBHOI1 OU3HeC-PoLIecC, KOTOPbI aBTOMaTU3UPYET MOAYJb paciuca-
HHUS — 3TO 3allMCh Ha MpHUEM K Bpauy. [laliueHT NpuxoauT uin 3BOHUT B pe-
ructparypy. Peructpatop Oeper TpyOKy, y3HaeT y manueHTa HH(OpMaIuo
IO JKEJIaeMOMY BPEMEHH M CIECIHATBLHOCTH Bpada. B xone oOcyxaeHus oHn
MoAOUPAlOT MAaKCHMalbHO YIOOHOE Ul MalWeHTa BPEeMsS M CICIHAINCTA.
JlaHHbIe 1o 3amUcH Ha IPUEM BHOCSATCA B IIPOrpaMMy, BpeMsl IpUeMa CUUTa-
eTcsl 3a0pOHUPOBAHHBIM, HUKTO OOJIbIlIE HE MOXET 3alicaTh JPYroro mnamu-
€HTa Ha 3TO BpeMs K JaHHOMY CHEIUAIIUCTY.

B ToMm ciyuae, eciu NOAXOZSAINEr0 BPEMEHU M CIELUANIMCTa HE Ha-
[JIOCh, TTAIIMEHT MOKET JHOO0 OTKa3aThes OT 3aIlUCH, JTHOO OCTaThCsS B pe-
3epBe. Ecnu mo kakuM-TO INpUYMHAM y HHTEPECYIOLIEro €ro Bpada OCBO-
0oxxaaerca BpeMmsl, PETUCTPaTOp Mepe3BaHMBAET NAIlMEHTYy U IpeuiaraeT
ero 3amucartb. Jmarpamma takoro mnporecca B Hotauuu BPMN mnpexncras-
JieHa Ha puc. | u 2.

Kpome 3T0r0, MOyIb paciucaHusi aBTOMAaTU3UpPyeT OM3HEC-TIpoIiece Ha-
3Ha4YeHUs BpadaM pabodero BPEMEHH, a TakKe IO3BOJIIET BpadyaM IpocMart-
puBaTh cBoe€ pacnucaHue. Mx nuarpamMmsbl 37ech HE IpEICTaBlIEHBI, MO-
CKOJIBKY 3THU HPOLIECCHI HE SIBJIIOTCS CIIOKHBIMU.

Ponn

Kak BuaHO M3 ommcaHUs OCHOBHOTO OHM3HEC-Ipollecca, JaHHBIA MOMIYIb
B3aUMOJEUCTBYET C TpeMs TUIIAMM I0Jb30BaTee: perucrparop, Bpad U
MeHepKep. OnuieM KKy U3 poliei moapoOHee.

[onp30BaTens — MO, IPOMICAIIEe aBTOPU3AIHNIO B CHCTEME. AOCTpaKT-
HBIH TUI, OCTAJILHBIC PO HACIEAYIOTCS OT HETO.

Perucrparop — pabOTHUK MEAULIMHCKOTO yupexaeHus. OTHON U3 ero oc-
HOBHBIX 3aJiau SIBJISAETCS BelIEHUE PETUCTpAIMK OONBHBIX, OOpAaTHBIIUXCA 32
MEIULUHCKON IIOMOIIbI0. B pamMkax pacnucaHus OH MOXKET IIpOCMaTpUBaTh
pacriucaHusl Bpadei, co3maBaTh, yOANATh M PEIAKTHPOBATH IIPHUEMEI, BHO-
CHTB TIAIHCHTOB B PE3€pB.

MeHnemKep — B paMKax MOIYJISl pacIIUCaHUs OCHOBHAS 3a/1a4a MCHEIKepa
— cozfaBaTh pabouune yachl Bpayam.

Bpau — MoxxeT mpocMaTpUBaTh CBOE paclUCaHue.
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BapuaHTbl ncnonb3oBaHuA

st kaXxmoi posi OIB30BATENs CHCTEMBI OBUTH OTPE/ICIICHBI BAPHAHTEHI
HCIIOJIB30BaHUA, AUarpaMMa KOTOPBIX Mpe/ICcTaBleHa Ha puc. 3.

MNpocMoTpeTE pacnucanue
HECKOIbKNX Bpadel B 1 OkHE

Nwﬂd’ """""""

&
— b fenneneneee <<include»=-----------3 BeifpaTts pexum npocmoTtpa
b
pOCMOTPETE MHpOpMaLK
lons3osamens no npuemy
MpocKoTpeTe KapTy
nayneHTa, 3anMCaHHOIo Ha
m npHen
OTnpaeuTe NauneHTa B
pe3eps K ybpatb
nalneHTa U3 pesepea
YnanuTs
npuem
C031aTh HOBYIO
fobaeute N KapTy DalmeHTa
pefaKkTUpPOBaTE NpUeM
. =<extend==
==include== ; -
: H HaliTi nanmeHTa
TIPIEpPeIIIATE B daze
K IIpIIeMY CVIISCTEYEOLIVID
KapTV IallleHTa
Peructpatop
POCMOTPETH NALMEHTOB
OCTaBLUMXCA B pezepee
MpocmMoTpeTs KkapTy
navlieHTa, 3anicaHHoro Ha
npuem
YcTaHoeuTs pabiovee
BpemA Bpady
MeHenxep JoGasuTs
cneumnansHele CobBITUA
/ 3KCNOPTUPOBATE pacnucaHue’y
\ 8 Google-kanennaps /
Bpay v

Puc. 3. BapuanTtsl ucrionszoBanus Moy «Pacmicanue»
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Bbi6op nnaTtpopmbl peanusauumn

Br160op OonbIIMHCTBA TUIATHOPM OBLT TPOAUKTOBAH CYIIECTBYIOIIEH CUC-
temor Alterum Med, Tak kak HaM HEOOXOOMMO, YTOOBI pa3pabaTeiBaeMast
cucrteMa Obllla pearn3oBaHa Kak MOMIYJb 3TOH mporpammbl. TakuM oOpazom
OBUTH BBIOPAHKI CIIEIYIOIINE TUIATPOPMBI:

o C# [1] B kauecTBe A3bIKa IPOrPAMMHUPOBAHUS.

e Windows Presentation Foundation (WPF) [2] B kauecTBe mmaTdopmbl
IUTSL pean3anyy nHTepdeiica moIs30BaTeNs.

e Windows Communication Foundation (WCF) [3] kak ¢peiimMmBOpK s
MIOCTPOEHUS paclpeie]ICHHbIX (CepBUC-OPUEHTUPOBAHHBIX) CUCTEM.

o EntityFramework (EF) [4] nns oGecrieuenus JocTyna K JaHHBIM.

e Microsoft SQL Server [S5] B kadecTBe CHCTEMBbI YIIpaBlcHHS Oa3aMu
nanabix (CYBM).

OcHOBHbI€e Knaccbl

JuarpaMMa KiaccoB MOJENIM MOAYJS paclucaHue NpeAcTaBiIeHa Ha
puc. 4.

TimeRegionMaodal

Fatient Rezerve WorkTimelnte rval

+ FullNamea. Siring

+ Date DateTima + Mame Siring + Start DateTime

ay DateTime + Description String + BrushMame String + End DateTime

5 Sinng + Interval TimeSpan

+ Prgne String

HospitalTaskMadel

= StartDate DateTime

ncDate DateTime

WorkTime

= Start DateTime

= End DateTime

— Scheduler

cnptien Stnng

(o]

1wisit Boolean

~ Createdal DaeTime

+ Modfedat DataTime

+ Status Intager

+ Colar. Imteger

+ Roomid Integer + Specialization Sinng

Puc. 4. OcHOBHBIC KJTacChl MOJIeNH MpHiIoxeHus Alterum Med

OCHOBHBIM KJIACCOM, COZIEpIKallleM B ceOe BCHO MH(POPMALIHMIO 110 pacIuca-
Huro, sisiercs kiace Scheduler. OH comepykuT Koywiekiu Bpadeit (Doctor), nx
pabouero Bpemenu (WorkTime), npuemoB (HospitalTaskModel), cnenuanbHbix
coobrtuii (TimeRegionModel) u pesepBos (Reserve). Kitacc WorkTime omuchi-
BaeT pabouee Bpems Bpaya. B mem ommcansr momst Start u End, 06BpexThI Ki1acca
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DateTime. JlaHHBII KIacc MPEACTABIIET TEKYIee BPeMs, OOBIMHO BEIPAKCHHOE
Kak 1aTta u Bpems cyTok. [loms Start u End o3HauaroT Hauano M KOHEIl KajleH-
JIAPHOTO JTHSI, & TaKKe KOJUIEKIHS dK3eMIuisapoB kiacca WorkTimelnterval, ko-
TOpBIA OMUCHIBACT KOHKPETHBIC BPEMEHHBIC MHTEPBAIBI B PAMKaX OJHOTO JTHS
(monst Start u End) u 3agaeT [MTenbHOCT IPHEMOB B 3TOM BPEMEHHOM HHTEp-
Baste (modsie Interval). [Tone Interval npencraBneno o6bekToM Kitacca TimeSpan.
OOBeKT 3TOro Kiracca MpeACTaBIsIeT HHTEPBAI BPEMEHH, H3MEPSIEMBIN KaK I10-
JIOKUTENBHOE WM OTPHLIATEFHOE YUCIIO AHEH, YacoB, MUHYT, CEKYHII U AOJei
cekyHpl. [IpoekTHpoBaHKe BBITIOIIHEHO UMEHHO TaKUM 00pa3oM, Tak KaK y Ofi-
HOT'O Bpaya B paMKax OIHOTO JHS MOXKET OBITh HECKOJIBKO Pad0OYriX BPEMEHHBIX
uHTepBanoB. Hanpumep, nepByro MOJOBUHY JHSA Bpad MPOBOAUT IIPUEMBL, Y KO-
TOPBIX OJTHA JJTUTEITLHOCTbD, & BTOPYIO TIOJIOBUHY — MPOBOAUT MPOLIEYPHI C IPY-
T'OH JUIATEIHLHOCTBIO.

Knacc HospitaTaskModel onwmceiBaeT mpuem Bpada. B Hem 3ammcana
ciyxeOHast nHpopMaIus, Takast Kak BpeMsl CO3JIaHMsI U BpeMsl pelakTHPOBa-
Hus 3amuck (CreatedAt u ModifiedAt), mons3oBarenb, CO3MaBIIMK U OTpe-
naktupoBapinni 3anuchk (CreatedBy u ModifiedBy), nnentudukarop 3anucu
Bpems Hauyana W koHIa mnpuema (StartDate u EndDate), cam mnamueHt
(Patient), 3anncannbIil Ha ipueM, Bpad (Doctor) u apyrue.

3aKknwueHne

[IpoBeneHo wccnenOBaHKWE aBTOMATHU3UPYEMBIX OM3HEC-TIPOLECCOB, BEI-
SIBIICHBI aKTEPHI, ONpeieNIeHs! (QYHKIMOHAIBHbBIE U He()yHKIIMOHAIBHbIE Tpe-
0oBaHM, PacIMCaHbl BAPHAHTHI UCIIOIB30BAHUS M UX CLIEHAPHU JJISI MOIYIIS
pacniucanus cucteMsl Alterum Med. Takke BBITOTHEH aHATN3 apXUTEKTYPHI
cymecTByromiero npuioxenus Alterum Med, onpeneneHo mecto paspaba-
TBHIBAEMOT'O MOJIYJISI B CHCTEME, CIIPOEKTHPOBAHBI OCHOBHBIE KJIACCHI MOJTYJISL.
B HacTosimee Bpemst BexyTCsl pabOTHI IO peanu3aliid MOIYJsl U €r0 MHTe-
Tpalliy B CHCTEMY.
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ﬂporpaMMHaa peanusauuna 3alaHui no nporpaMmmunpoBaHunio
CMHOroBapuaHTHbIMU pelleHuAMHN

Nropb MKykos, lOpun KocTiok

HauyuoHaneHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaerHsbili yHugepcumem, 2. Tomck, Poccus

HecMmotpst Ha mmpokoe pacHpoOCTpaHEHHE 3JIEMEHTOB 3JIEKTPOHHOTO
0o0ydJeHHsI B POCCUICKON crcTeMe 00pa30oBaHMUs, OCTAIOTCS BOCTPEOOBAaHHBI-
MU HOBBIE PELICHUs B 0OJIACTU aBTOMATU3UPOBAHHOIO KOHTPOJIS 3HAHHM.
B uactHOCTH, B 00JaCTH IIPOrpaMMUPOBAHUS aKTyalnbHOU 3aaueil sIBIsSeTCs
IPEIOCTABICHHE IIPENONABaTeIsIM WHCTPYMEHTOB aBTOMATH3MPOBAHHOM
NPOBEPKH 3HAHMH M MPAKTHUECKNX HABBIKOB OOYYAIOIIMXCS, HCKITIOYAIOIINX
PYUHYIO IPOBEPKY NPOrpaMM M aBTOMATHUYECKOE TECTUPOBAHUE METOJOM
4yEépHOTO sAmuKa. [ pereHust 3Toi 3a1aun aBTOPaMu MIPEITIOKEHA MOJICNb
IpeCTaBIeHNs 3aJlaHui M anropuTMbel KoHTpons [1]. B crartee omnucana
IIporpaMMHas peanu3aius nepepaboTaHHON U pacuMpeHHod Mozgenu [1], a
TaKKe allTOPUTMOB KOHTPOJIS.

Kpatkoe onucaHune mogenu

Monens ocHOBaHa Ha KOHCTPYKTHBHO-BBIOOPOYHOM METOAE, MpPU KOTO-
POM OOYYarOIIUICS COCTABJISIECT CBOM OTBET M3 3JICMEHTOB, SIBJISFOIIUXCS JI0-
MyCTAUMBIMH CMBICIIOBBIMU €IUHHIIAMHU. B 1anmpHEHIeM Takue eIUHHIbI 0Y-
JIeM Ha3blBaTh KOMIOHEHTaMmHu. [IpocTeiimne mporpaMmbel MOTyT OBITH paz-
OWTHI Ha JECATKA KOMITOHEHT, KOTOPBIE B Pa3IMYHBIX KOMOMHAIUAX 0Opa-
3YIOT BepHbIE pelieHus. Moienb 0MyCKaeT, YTO U3 MPEIJI0KEHHBIX KOMIIO-
HEHTOB MOXXHO COCTaBUTbh HECKOJIbKO BEPHBIX pELICHUH, MPHUEM B KaXKIOM
cily4ae HEKOTOPbIe KOMIIOHEHTHI HE BXOMAT B BEpPHOE pellieHHe, KpOME TOTO,
MOTYT OBITh T0OABJICHBI KOMIIOHEHTBI, HE BXOJIAIINE HHA B OJTHO PEIICHHE.

BapuaHT penieHuss MOKeT ObITh BEPHBIM (ITPABUIIBHBIM) WM HEBEPHBIM
(mempaBuibHBIM). Bee BepHBIE BapHaHThI PELICHHUS JOKHBI OBITh OMUCAHBI
KOHEYHBIM MHOKECTBOM IIa0a0HOB. KakabIii mI1a0JOH COCTOUT U3 3JIEMEH-
ToB. C TOYKM 3peHHs MPOTPAMMHUPOBAHUS, FIEMEHT — 3TO KaKOe-TH00 Jeii-
CTBHE, COCTOAIIEEe W3 OJHOW WIIM HECKOIBKHX CTPOK MPOrPaMMHOI0O KOJa.
Takum 00pa3oMm, JIEMEHT — 3TO MOCIEA0BATEILHOCTL KOMIIOHEHTOB. B Mo-
JICJTH BBIJICICHO TPH THIIA 3JIEMEHTOB: OJTUH KOMITOHEHT, OJTHH M3 KOMITOHEH-
TOB, MIEPECTAHOBKA KOMIIOHEHTOB. DJIEMEHT «OJWH M3 KOMIIOHEHTOBY» MpeJ-
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CTaBJIsIET COOON CNUCOK KOMIIOHEHTOB, KaX/Iblil U3 KOTOPBIX yIOBJIETBOPSAET
BEPHOMY PEIICHMIO, HO JII000E€ BEpHOE pEIICHHE COMEPXKHUT TOJIBKO OAUH
KOMIIOHEHT M3 3TOr0 CIIUCKA. DJIEMEHT «IIEPEeCTaHOBKAa KOMIIOHEHTOBY» MpeJ-
CTaBJIIeT CO0OIl CIMCOK KOMIIOHEHTOB, JIt00asi IMepecTaHOBKa KOTOPBIX
YAOBJIETBOPSET BEPHOMY pelieHnto. Kaxplii 371eMeHT MOXKeT OBbITh OTMEUEH
KaK pyOC)KHBIH WM KaK JOIYyCKAIOIIWK OTCYTCTBHE (OMIIMOHAIBHBIN). OT-
CYTCTBHE HE IOMEYEHHOI'O 3JIEMEHTa J00aBIisieT B UTOrOBYIO OLIEHKY 25%
ero Beca. Eciy B 0TBETE OTCYTCTBYET 3JIE€MEHT, OTMEUEHHBIH Kak «JI0IyCcKa-
eTcs OTCYTCTBHE», MPH pacuére uroroBoro Oamra podasmsercs 50% Beca
MIPOIYILIEHHOI'O 3JIEMEHTA.

[lpuBenéMm ommcanue s3pIka B pacumpeHHoN (opme bakyca — Haypa
(PBH®), >xupHBIM mIpU(GTOM BBIACICHBI METACHMBOJIBI, OTHOCSIIHECS K
PBH®:

3apanue = [a6non {"|" LLla6non}

[a6mon ="{" Dnement {";" Dnement} "}"

Onement = "["? ((OmuaKommonent | OgualzKommonenTos) "*" | [lepe-
cranoskaKommonentos)) "]"?

OmuaKomnonent = UnentudukaropKommnonenrta

LudpeibesHymst = "1" | "2" | "3" | "4" | "5" | "6" | "7" | "8" | "9"

Hudpser = "0" | LudppeibesHyns

WnentudukatopKomnonenta = LHudppsoibesHyns {L{udpsi}

OmunalsKomnonentos = OquaKomnonent "|" OpuaKomnoneHT
OmnaKomnonenT}

ITepecranoBkaKommonenTtos = "(" OnunKommnoHeHT
HeHt {";" OguaKommnonent} ")".

DIeMEeHTBI, cojepKalue CUMBOJI "*", SBISAIOTCS PyOCKHBIMH. DIEMEH-
ThI, 3aKJIIOYEHHBIC B KBaJpaTHbIE CKOOKH, SIBIISIFOTCS ONMIIMOHAIbHBIMU.

OOyuaromuiicss COCTaBISCT PEIICHHUE, UCTOIb3Yys NPEIOKCHHBIE KOM-
MOHEHTHL. DTOT BapHaHT PEUICHUS OIEeHMBaeTcs B Oamurax. MakcuMmaiabHas
OLIEHKa NpUHsATa paBHON enuHuIle. TOroBelii 6ami ckiaablBaeTCss U3 OLEHOK
3a KaxabIi aneMeHT. Eciin utoroBsiii Oamn nonaaaer B unrepsan (0, 1), To
pelIeHNe CYUTACTCS YaCTHYHO MPaBMIIBHBIM. [0 yMOIuaHuio, BCe 3JIEMEHTHI
HMMEIOT OJJMHAKOBBIN Bec.

1 aBTOMaTU3UPOBAHHOM OIICHKHM BapHaHTa pEIleHHs] aBTOpaMH CTaTbH
TIPEJIOKEH CIEIYIOINMI aJTOPUTM.

CooTBeTCTBHE BapwaHTa pelieHus (BXOMHON TOCIEAOBATEIHLHOCTU) OJI-
HOMY 1a0JIOHY OLIEHMBAET aBTOMAT, KOTOPBIA MbI OyJIeM HazbIBaTh JKCIEp-
TOM. DKCHEPT CUUTHIBACT IO J[BA 3HAYCHUS M3 BXOAHOW MOCIEHOBATEIbHO-
CTH, €CIIM TEKYIUH JIEMEHT HE SBISETCA «I1€PECTaHOBKOH KOMIIOHEHTOBY»

n.n
B

OnguaKowmro-
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WJIM HE TTIOMeUeH Kak pyOexxHblid. [y pyOeXHOro 3J1eMEeHTa HKCIEPT CUUTHI-
BaeT TOJIBKO OJTHO 3HadeHue. J{JIs 3JieMeHTa «IepecTaHOBKa KOMIIOHEHTOB)
9KCIEPT MPOCMATPUBAET BCE 3HAUEHHS JI0 CICAYIOMIET0 PyOeKHOTO dIeMEH-
Ta. DKCIEPT OLEHUBAET COOTBETCTBHE CUMTAHHOW IOCIIEAOBATEIbHOCTH U
TEKYILEro 3JIeMEHTa, a 3aTeM BBICTABJISIET OLEHKY. BepHBIX BapHaHTOB pe-
IICHHUs, KaK NpaBuiio, Ooibine oxHoro. [loaToMy ommcanue 3ajaHusi coaep-
XUT Ooliee OMHOTO MA0IOHA U MPOBEPSETCS HECKOIBKUMHU dKcrepramu. Ha
JAHHBIII MOMEHT pa3padoTaHO JBa AJITOPUTMa MPOBEPKU: HAWBBICIIAs OICH-
Ka U BBIOOp dKcIiepTa. B anropuTMe «HawWBBICIIAs OIIEHKa» OTBET 00yuaro-
IIErocsi OIIEHUBAETCSI BCEMH JKCHEepTaMH, (PUHATBHOI OIICHKOW CUHMTaeTCs
HauOoIbIIasg U3 BCEX OLEHOK. B anropurMe «BBIOOP IKCHEpPTa» OLICHUBAET
KOMIIETEHTHOCTh KQKJOTO M3 SKCIIEPTOB OTHOCUTEIHFHO KOHKPETHO Mpeoc-
TaBJICHHOTO OTBeTa oOydwaromerocs. OmeHKa caMoro KOMIIETEHTHOTO JKC-
nepra Oyaet GuHAIBHOM.

MporpammHas peanusauus

B tepmunonoruun Python makeroM Ha3bIBaeTCs COBOKYITHOCTH MOJYJIEH,
TO ecTb (hailyioB, coaepKalux IporpaMMHBIN KoJ Ha si3bike Python. B Gonee
IIMPOKOM CMBbICie nakeT B Python skBuBasienTeH OubIMOTEKE KitaccoB. IIpo-
rpaMMHAas peaH3alisi MOJCIH U alrOPUTMOB KOHTPOJIS BHIITOIHEHA B BUJIE
MaKeTa Ha s3bIke mporpammupoBanus Python. B maker BxomsaT ciemyroriue
knaccel:  AssessmentResult, Assessor, PatternElement, SingleElement,
OneOfElement, PermutationElement, ElementFlag, ElementType,
ElementFactory, Expert, Expertinfo, ExpertOpinion, Task, TaskCreator,
TaskCompiler, TaskDecompiler.

Jns mporpamMMHON peanm3anuyl TpeOyeTcs MOCTPOUTH KOMITWIIATOP C
sI3BIKA OITUCAHU 3a/IaHUH B MACCHUBBI MAaCCHBOB clioBapeit B (hopmare JSON.
PaboTy xoMmuisiTopa MPUHATO pa3leiaTh Ha JBe 4acTu: aHanu3 (front end)
u cunte3 (back end) [2]. B ¢a3y aHamu3a BXOIUT JIGKCHYSCKUA M CHHTAKCH-
YJecknil aHanu3 madnoHa. B koHme ¢aspl ananm3a malioH NepeBOAUTCS B
IPOMEXYTOUHOE NPEJACTABICHUE. 3aTeM Ha (paze CHHTE3a MPOMEKYTOUHOE
[peCTaBlIeHHE EPEBOIUTCS B MACCHB MaCCHBOB CJIOBapei.

OnmHUM W3 MHCTPYMEHTOB CO3JaHUSI KOMITHWIIITOPOB SIBIIICTCS KOMIIFIIS-
TOp KOMITWJIATOPOB — IPOrpaMMa, BOCIIPUHUMAIOIIAsS CHHTAKCUUECKOE WU
CEeMaHTHYECKOC OMHMCAHHME S3bIKa IPOTPAMMUPOBAHUS U TCHEPUPYIOIIAS
KOMITIUIATOP IUIS OTOTO si3bIKa [3]. Jlms Harelt 3aqaqu UCTIONB30BaHUE KOM-
MIISTOPa KOMITHIIATOPOB CBOAMTCS K TEHEPAIUH JIEKCUUECKOTO U CHHTAKCHU-
YECKOTO aHaju3aTopa. JTa 3ajadya ObLIa pelieHa ¢ MOMOIIbI0 OMOIUOTEKN
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lark (maxera lark-parser). KimoueBoii st Hac ocobenHOCTRIO lark sBisiercst
reHepalnus CHHTAaKCHYECKOTO aHaJu3aTopa, HCIOIB3YIOMIET0 alTOPUTM
LALR (Look-Ahead Left-to-Right) [4], onucannbiii B [2]. CHHTaKCHUYESCKHIA
aHanm3aTop, reHepupyeMblil lark, co3maéT aHHOTHpOBaHHOE JIEPEBO pa3dopa
[4], xoTOpOE ABISAETCS MPOMEKYTOUHBIM MPEACTABICHUEM 1IA0IOHA.

[Tpumep MIPOMEXYTOYHOTO MIPEJICTaBICHHUSI JUTs nrabioHa
{(1;4);10;3*;7|8;11} npuenéH Ha puc. 1.

— ~ —
_ - ~ ~ —
Element COMPONENT Element | |COMPONENT | | Element | COMPONENT | | Etement COMPONENT Element TASK END
SEPARATOR SEPARATOR SEPARATOR SEPARATOR )
Siate

IMPORTANT ‘

TASK BEGIN
{

10 SI(.;N

Permutation One of

PERMUTATION COMPONENT [PERMUTATION| SUBSTITUTE
BEGIN SEPARATOR END SIGN
( H }

INT INT
3

INT
1

INT
4

INT
8

Puc. 1. [Ipumep aHHOTHPOBAHHOTO JiepeBa pa3dopa

Ons peanmzanuu ¢a3sl cHHTE3a HEOOXOAUMO pa3padoTaTh alIrOPUTM
npeoOpa3oBaHUsl aHHOTHPOBAHHOTO JAepeBa pa3dopa B MAacCHB MAacCHBOB
cioBapeid. B kauectBe 6azoBoro anropurMa ooxona nepesa lark mpemocras-
nset kinace Transformer, mocTpoeHHBIH Mo MA6I0HY HpoekTHpoBaHus «Ilo-
CETHUTEJIb», KOTOPBIH OMHCHIBAET OIEPALUIO, BBIMOIHIEMYIO C KOKABIM 00b-
exToM cTpykTyphl. 1llabmon «IloceTnTensy MO3BOJSIET OMPEACTUTH HOBYIO
OTIepaliio HaJ CTPYKTYpOH, HE M3MEHSSI KIacChl OOBEKTOB, BXOISIINX B
cTpykTypy [5]. Kimacc Transformer onuceiBaeT ToabKko crocod 06xoja camo-
ro JepeBa, IOATOMY aBTOpaMM  peaju30BaH  JOYepHHH  Kiacc
TreeTransformer, B KOTOPOM OIMCaH AITOPUTM IPEOOPaA30BAHUS I KaXK-
Joro tTuna BepinH. CaM KOMIMIISATOpP peanu3oBad B kiacce TaskCompiler.

[Momumo koMmmIIATOpa /I OMOMMOTEKH pa3paboTaH IEKOMIHIISTOP, KO-
TOpbIi peanu3oBaH B kiacce TaskDecompiler. 3agaueit nekomMmuisTopa siB-
JseTcsl IpeoOpa3oBaHUe MAacCHBa MAacCHBOB CIIOBapeil B 3alMCh Ha S3BIKE
m1abJI0HOB. JIeKOMIMIIATOP UMEET J1Ba pesKMMa paboThl: OOBIYHBIN U MEaH-
THUYHBIN. B meganTHYHOM peXuMe IepeBOl OCYIIECTBISIETCS ¢ COXPAaHEHHEM
BCeX (hIIarOB 2JIEMEHTOB. B OOBIYHOM pexuMe 4YacTh ()JIaroB OITyCKaeTcs,
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TaK KaK OTpaHMYEeHMs JUIA DJIEMEHTA, CTOSAIIErO IMOCJe 3JIEMEHTa C THUIIOM
«TepecTaHOBKa», OJJHO3HAYHEI.

s obecrievenus: ynoOHOM paboThI ¢ pe3ysIbTaTaMi KOMITWJISIIMA B OUO-
JIUOTEKE MPEyCMOTPEeH aOCTpaKTHBIN 0a30BbId Kiacc PatternElement, koTto-
pBI OMHCHIBAET CTPYKTYPY d3JE€MEHTa INablioHa M METOJIbl, YNPOIIAIOIINe
paboTy anropuT™Ma MpoBEpPKH, TAKUE, KaK MPOBEPKA COOTBETCTBHUS TEKYIIIETO
3JIEMEHTA 331aHHON IOCJIEJOBATEIbHOCTH U MHIEKC 3JIEMEHTa B MOCIIe0Ba-
tenbHOCTU. OT PatternElemen Hacnemyetcs Tpu kiacca Ui KaXIOTo THIIA
anemeHnToB SingleElement, PermutationElement u OneOfElement. s
MpeICTaBIICHHs 3aaHUil B OMOMMOTEeKe peanm3oBaH kiacc Task, KoTopsrit
COJIEPXKUT 3aIlUCh Ha SI3bIKe I1a0JIOHOB, MACCUB MAacCHBOB CIIOBApeil U MHO-
JKECTBO BCEX KOMIIOHEHTOB, BXOJSAIIMX B 3aaaHue. [lepeBoa 1mabmoHa wim
MaccHuBa MacCHBOB cjoBapeil B 00bekT kiacca Task peanm3oBan B MeTone
create task knacca TaskCreator.

DKcrnepT, MPOBEPSIIOIINMN COOTBETCTBUE OTBeTa MIa0JIOHY, MpeICTaBlieH
knmaccom Expert. Co3manue o0BbekTOB Kitacca Expert MHKarcyJimpoBaHO B
KJ1acce ExpertCreator. DTOT KJIacC HMMEET ABa METOHa: create_expert s
CO3aHUsl OJHOIO JKCIepTa N0 OJHOMY U3 IIa0JOHOB 3aJaHusl |
create_experts Ui CO3aHUSI MHOXECTBa HKCIEPTOB JUIsI OAHOIO 3aJaHUS.
OcHoBHEIM MeTOHOM Kitacca Expert siBisiercst do_assessment, KOTOpBIN TpH-
HUMaeT OTBET 00YYarolIerocsi B BUAE CTPOKH, CoAepxkalleil Homepa KOMIIO-
HEHTOB, PAa3NeNEHHBIX 3allsiTOW, W BO3BpamlaeT OOBEKT Kiacca
ExpertOpinion. B kmacce ExpertOpinion comepxatcsl HOJs ISl HCUYESPITBI-
BAIOILETO ONMCAHUS OLEHKU MPEACTABICHHOTO OTBETa IKCIIEPTOM: OOIIYIO
OIICHKY B BUJIc OOBIKHOBEHHOU APOOH, KOJMYECTBO KOMIIOHEHTOB OTBETa, HE
BXOISAIINX B IIa0JIOH, KOJMYECTBO MPOITYIICHHBIX JJIEMEHTOB KaXXIIOTO M3
THUIIOB.

[IpoBepka 3aganuii MHKarCyIupoBaHa B kiacce Assessor. OCHOBHBIM Me-
TOJOM KJlacca siBisieTcs do_assessment, KOTOPBIH IPHHAMAET Ha BXOJI 00b-
ekT knacca Task, oTBeT oOydaromerocst B BUIE CTPOKH, COAEpIKAIIeH HOMepa
KOMIIOHEHTOB, pa3AeNEHHbIX 3amsIToi, u ¢uar, yKa3blBalOUIMA alrOpPUTM
MpoBepKH. Meron Bo3BpamaeT oObeKT kiacca AssessmentResult. Kiracc
AssessmentResult onmceiBaeT pe3ynbTaThl MPOBEPKU: (PUHATBHYIO OIIEHKY B
BUJIE JECATUYHON JpoOu, 3HaYeHHEe KOTOpOil HaxoxaaTcs B uHTepBaie [0, 1],
U crHcok o0bekToB Kiacca ExpertOpinion. Ha puc. 2 mpusenén npumep
OILICHKH TpeMs dKcrepTaMu oTBeTa «4;5;3;7;9» g 3amaHus ¢ 1mabiIOHOM
{[11;2:3*}1{(1:4);5;6;3*;7|8;9}|{(1;4);10;3*;7|8;11}. HambGompiryro OIECHKY
OTBET IOJIyYHJI OT BTOPOTO DKCIEPTA, YTO COOTBETCTBYET MPEICTABICHHOMY
PpeLIeHuIo.
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Score: 0.25

Expert 1
Score: 0
Extra elements: 2
Missing elements: 1
Missing optional elements: 1
Missing important elements: 0

Expert 2
Score: 1/4
Extra elements: 0
Missing elements: 4
Missing optional elements: 0
Missing important elements: 1

Expert 3
Score: 0
Extra elements: 1
Missing elements: 3
Missing optional elements: 0
Missing important elements: 2

Puc. 2. Ilpumep pe3ynbTaToB MPOBEPKU

3aknouyeHve

IIporpaMmuas peanusanus MOAEIM IPEACTABICHUS MHOTOBAPUAHTHBIX
3alaHUi U aJITOPUTMOB KOHTPOJIA MO3BOJISIET CO34aBaTh UHCTPYMEHTHI KOH-
TPOJIS 3HAHWH OOYYaIOIHXCS B 00JACTH MPOTPaMMHUPOBaHUS. JTH HHCTPY-
MEHTBI MOTYT IPUMEHSTHCS, HAPUMEpP, MPH KOHTPOJIE YCBOEHHS Ba>KHBIX
0a30BBIX AITOPUTMOB T10 COJIEPKAHUIO CO3AAHHBIX 00YJAIOIINUMCS TPOTpaMM
0e3 HCIONBh30BaHMUS aBTOMATHYECKOTO TECTHPOBAHHMS METOIOM YEPHOTO

SIIHAKA.
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0 npeacTaBneHnM nporpecca npoekTa
no pa3pa6oTke nporpammHoro o6ecneyeHus
B popme AuHamUyecKoi 6aitecoBCKol ceTu

Henunc 3mees, Jlngua MisaHoBa, PyduHa Padumkosa

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHsbil yHusepcumem, 2. Tomck, Poccus

[pencrarireH coco omucaHus Iporpecca MpPoeKTa Mo pa3padoTke mpo-
IpaMMHOTO OO€cIieueHHs ¢ HUCIOIb30BaHHEM AuHamMHu4eckoil baitecoBckoit
cetu Ha ocHoBe Essence Kernel [1]. HecMoTps Ha cymecTBoBaHue pador,
KOTOpBIE PACCMATPUBAIOT MPUMEHEHHE PAa3TUYHBIX CTATUCTUICCKUX MOIXO-
JIOB K YIPaBJIEHUIO MpoeKkTamMH [2, 3], OONBIIMHCTBO M3 HHUX HCIIOJIB3YIOT
TOJIBKO BBICOKOYPOBHEBOE OIMCAHME MIPOEKTHOTO YIPABICHUS, HE OTPyXKa-
SCh B JCTAIM U OCOOCHHOCTH, KPUTHUYECKHE I OTpAacieil, B KOTOPBIX IPO-
TEKaeT MPOeKT. [Ipu ATOM MPOEKTH Mo pa3paboTKe MPOrpaMMHOTO obdecre-
YEHHUS! B YACTHOCTH U IPOTPaMMHAsI MHXEHEPHUS B LIEIOM 00JaJaroT psiioM
cnenuuIecKkrx 0COOCHHOCTEH, KOTOPHIE JIENAal0T OOIIE MPUEMBI U METOJIbI
MaJIOPUMEHUMBIMI U Hed()(EKTHBHBIMHU, YTO HATITAHO IOKa3aHO B [4].
@dakTHYeCKH I TOr0, YTOOBI MPUMEHSATH K IPOEKTaM Mo pa3paboTke Mmpo-
IrpaMMHOTO oOecIieueHHs MPHKIIaIHbIle MaTeMaTHIeCKUe TOAXOIbI, He00X0-
IIFIMO TTOJYYIHUTh HHOU, HE OOLIHH, CII0co0 UX MpeICTaBIeHHS U (prKcamy.

Alpha Essence

ALPHa (Abstract Level Project Health — abcTpakTHBIN YPOBEHB 310POBbS
IIPOEKTA) MO3BOJISIET OLEHUBATH NIPOrpecc, KOTOPhIA MPOEKTHAsI KOMAaHAA JOC-
THUTJIa B TIPOLIECCE BBITIOIHEHUS MPOEKTA 10 pa3paboTke MpOrpaMMHOro obec-
MICYCHHUS, YTO JOCTUTACTCS 338 CUET HECKONBKHX OCOOEHHOCTEH, KOTOpPBIE OT-
nrunrtenbHbl 115 ALPHa-kaprodek. PaccmoTpum ux Ha npumepe (puc. 1).

Cornacuo aBropam Essence Kernel, B mo6om mpoekte mo paspaboTke
nporpamMmHOro obecnedennsi posHo 7 ALPHa: creiikxonaepbl, BO3MOKHO-
CTH, TpeOOBaHMUS, IPOrpaMMHAs CHCTEMa, CIIOCO0 paboTHI, KOMaHIa U pabo-
Ta. Jna xaxxpoit u3 »Tux ocHoBHBIX ALPHa ompeneneHa coOGcTBeHHas Io-
CJIEJOBATEJILHOCTL cOCcTOsIHUN. Ka)koe cocTosHue onpenensercs uyepes Ha-
00p YTBEp)KACHHH, KOTOpPBIE JNOO MCTUHHBL, JTHOO JIOKHBI IUIST TEKYIIEro
npoekta. Ha puc. 1 npencraBnen npumep coctosiHus «Y3HaHbl» a1 ALPHa
«CTedkx0naeps» ¢ 3 yTBEPKIACHUSIMU.
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C)( Stakeholders

[ Recognized }

O Stakeholder groups identified

O Key stakeholder groups
represented

O Responsibilities defined

( 1/6 )
© (f vae sacosson

Genesedy i Prcics Wotlenca™ 2018.09

Puc. 1. ALPHa-xapra Stakeholders «Recognized»
Ha s3bIke Essence

IIpumensit ALPHa-xapTouky, mpoekTHasi KOMaHIa MOXET OIEHWBATh
CBO€ TEKYILlee COCTOSHUE, HCIIOB3YS MPOCThIE IOTHUECKUE BBICKA3bIBAHUS U
OIICHUBAs 3HAYCHHUS WX MCTUHHOCTH JJIS KKJOTO0 MOMEHTa BpeMeHH. J{ist
ocHoBHEIX 7 ALPHa cymectByeT Bcero 204 pa3nuuHbIX yTBEPKIACHUS, YTO
(haKTHYECKU MO3BOJISET MPEICTABIATE COCTOSHHIE MPOEKTa OUTOBOW CTPOKOI
u3 204 351eMeHTOB, TJIe KaXKJjasi CTpOKa OINpeEeNseTCs B 3aBUCUMOCTH OT MO-
MEHTOB BpeMEHH. B pesyipraTe, Takoe MpeACTaBICHNE IPOEKTa IO3BOJIIET
OIMUCHIBATh €ro IIPOrpecc, ¢ Y4eTOM CICIH(UKH, HAKIAJBIBAEMON IIpO-
rpaMMHOU MH)KEHEpUEH, U B pe3yJbTaTe MPUMEHATh Pa3UuHble MpPUKIAI-
HBIE METOIBI Il 00paboTku. CymiecTBYeT MOAXOA, KOTOPHIA Ha3BIBACTCS
ALPHa-mmokepom [5], mo3BONSOMNN KOMaHIE MPOEKTa PETYISPHO OICHH-
BaTh MPOTPECC W IUIAHUPOBATh CIEAYIOLIYI0 UTEPAllMI0 Ha OCHOBE BBINOJI-
HEHHBIX WM HEBBIIOJIHEHHBIX YTBEpXkKAEHUH, npeacrasieHHblx Ha ALPHa-
KapTOYKax.
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MNpeacraBneHune Alpha-nokepa
B popMe AnHamnYecKo 6ailecoBCKON ceTu

DaKTHYECKH, TIOTYYHB COCTOSHUE MpoeKkTa B Gopme OMTOBOI CTpOKH B
3aBUCHMOCTH OT WU3MEPSIEMbIX MOMEHTOB BPEMCHH, aBTOpaMH ObUT BBIOpaH
MPUKIAAHON METOJI aHAIM3a MPH IMOMOIIY JUHAMHYECKOW 0aleCOBCKOM ce-
TH. C OTHOW CTOPOHBI, TAKOW MOJAXOJ TO3BOJSIET YYUTHIBATh 3aBUCUMOCTH
COCTOSIHUS IIPOEKTa OT BpeMeHU. C Ipyroil CTOpOHBI, IPUMEHATh JIONOJIHU-
TEJbHBbIC BHIUMCIUTENHBIC aJTOPUTMBI JIJISl aHATN3a COCTOSHHS TPOEKTa U
ero mporpecca. B pamkax gaHHOW pabOTBI paCCMOTPUM TOJBKO KPUTHYHBIE
0COOCHHOCTH TOJ00HOTO TPE/ICTABICHUSI.

ITepBoHauansHO mJIst TIpencTaBIEHUs Mporpecca mpoekTa yepe3 ALPHa-
MOKep W JAWHAMHYECKYI0 0alleCOBCKYIO CETh HEOO0XOAMMO 3a(pMKCHUpOBAThH
CIoco0 TPENCTABICHUS OTACIBHBIX YTBEPXKACHHUM, MHCIONb3yeMbIX Ha
ALPHa-kaproukax. B xkadectBe pesynpTaTa NOMydYWIach KOHCTPYKIIHS,
Tpe/ICTaBlIeHHAs Ha puC. 2.

511

s$11C

Puc. 2. [Ipeacrasnenne yrBepsxaeaus Ne 1 «Stakeholders groups identified»
ALPHa -kapts1 Stakeholders «Recognized»

ITockonbKy AuHaMuueckas O6aliecoBCKast CETh OTHOCHUTCS K CKPBITHIM Iie-
nsM MapkoBa, TO ObUl0 HE0OXOAMMO 3adUKCHUPOBATH HAOMIOJAEMbIE U
CKpBITHIE y3J1bl. B KadecTBe HabmromaeMoro y3na Beictynaet y3en S11C, ko-
TOPBIN sBIAETCS TpencTaBlIcHUeM yTBepxkneHus «Stakeholders groups
identified» cocrostHus «Recognized» s ALPHa «Stakeholders». 3nauenue
uctuHHOCTH S11C MBI y3HaéM HaNpsMyI0 Y KOMaHAbI, pUKCUPYS €€ MHEHUE
00 ATOM YTBEp)KACHHWH JJIs CBOero npoekra. Paccmorpum y3en S11, oH sB-
JSIETCSl CKPBITBIM Y3JIOM U OIMCBHIBACT COCTOSIHUS NMPOEKTa Ha CAMOM Jele
(TO ecTh MOANMHHOE 3HAYCHWE MCTUHHOCTH 3TOTO YTBEPKACHHS). 3HAHUE
3HadeHus y3na S11 mo3BonseT OIEHHWTH, C KAaKOW BEPOSITHOCTHIO KOMAaH[IA
coBepuIaeT omuOkH 1-ro poga (koMaHIa CUUTAET, YTO 3TO YTBEPKICHUE HC-
THUHHO, HO Ha CaMOM JieJie 3TO He TaK, TAKHUM 00pa3oM, KOMaH/a U3-3a upes3-

293



MEpHOIl YBEPEHHOCTH co3JaeT cebe pUCK) WK 2-ro poja (KOMaHIa CUUTAET,
YTO YTBEPXKACHHUE JIOKHO, XOTS Ha CaMOM JIeJie 9TO HE TaK, TAaKUM 00pa3oM,
KOMaHZa TONagacT B Mapanny aHAJUTHKH, IBITasACh 3aQHUKCHPOBATH HECY-
HIECTBYIONIYI0 WH(pOpPMAIMIo s mpoekTa). Tak kak y3en S11 sBusercs
CKPBITBIM, TO €r0 3Ha4Y€HHE Mbl MOXKEM TOJIBKO OLIEHUTh Ha OCHOBAaHUH CO-
crostauiit S11C u S11S. V3en xe S11S BwIAeneH i TOTO, YTOOBI (PUKCHPO-
BaTh TWHAMHYECKUI acnekT OaiiecoBcKol ceTH. Bo BpeMs aHaim3a MepBOro
Ha0II0JaeMOro MOMEHTA BpeMeHH B mpoekTe y3en S11S O6yzner comepxkarts u
onpenensiTh B ce0e M3HAYAIBHYIO (DYHKIUIO paclpelesieHus] BEpPOSTHOCTH
st yreepxkaenust S11. Ecnu jke cocTosiHME TIPOeKTa OIEHWBAETCS YXKE He
nepBbIi pa3, To y3ea S11S Oyzaer mo3BOJIATh YUUTHIBATH BIUSHUE MPEIBIAY-
miero 3HadeHus y3na S11 Ha mocneayromiee B MOMEHTaxX BpEMEHH.

Hcnonp3ys onucaHHbIM BBIIE NPUEM, MOKHO MPEACTaBIATh JUHAMUYE-
CKyI0 0alieCOBCKYIO CeTh ISl OTAeNbHBIX cocTossunii ALPHa (mpumep nipen-
CTaBIIeH Ha puc. 3).

S$11

s11C

812

s$12C

$12

s$12C

Puc. 3. ALPHa -kapra Stakeholders «Recognized
B BUJE rpada
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CornacHo noruke Essence, pasnuunble coctosiHua pasnuuHbix ALPHa-
KapT CBS3aHbI MIOCIIEAOBATEIBHO YEPE3 IJIEMEHT SI3bIKA, KOTOPBIA HA3BIBAETCS
MpoCTpaHCTBOM JeicTBU. C TOYKHM 3pEHHS CEMAHTHKH 3TO O3HAYAET, YTO
yTBepKAeHUs n3 Oonee panHuX coctossHud ALPHa sBnstoTcs ycnoBusiMu
JUISL OCEAYIOIUX. DTO MO3BOJISIET HOCTPOUTH IIETIOUKY MOCIIE[0BATEIbHbBIX
BIUSTHUI Pa3JIMYHBIX YTBEPXKICHHUN APYT Ha JApyra (MpuMep Ha puc. 4).
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Puc. 4. ALPHa -xaprtst Stakeholders u Opportunity
B BUJIC Ipada co CBA3SIMHU 3aBUCHMOCTEH

ITocne paspabotku rpada ams Bcex ALPHa-kapr, cnenyrommii mar — on-
pezeneHre 3HaueHNH BEpOsITHOCTEH BCEX MEPEX0/I0B B AMHAMHUYECKOHN Oaiie-
COBCKOH ceTu. J[ns1 ka0l CKpHITOH BEPIIMHBI BEPOSITHOCTH BCEX MEPEXO0-
JIOB B He€ TpaHCHOPMHUPYIOTCS B BEPOSTHOCTHBIN BEKTOP, KXKIBIH DJIEMEHT
KOTOPOTO (PUKCHPYET BEPOATHOCTH IIEIEBOTO y3JIa MPUHITh UCTHHHOE 3HA-
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YEeHHE MPH YCIOBUHU PAa3IMYHBIX 3HAUYEHUH NCTUHHOCTH BEPILUUH, BIUSIOLINX
Ha neneByo. ChopMupoBaB ITWHAMHUYECKYIO 0OalE€COBCKYIO CETh JUII BCEX
ALPHa co BcemHu COCTOSIHUSIMU, YTBEPKIECHUSIMU U CBSI3SIMH, KOTOPBIE HE-
mocpencTBeHHo cuenytorT u3 Essence Kernel, Opiia modydeHa cienyrormas
ceTb (puc. 5):

Puc. 5. IlpencraBnenue Bcex yTBepkaAeHUN npeacTasiaeHHblx Ha ALPHa-kaprax
€O BceMH CBs3siMH yKasaHHbIX B Essence Kernel

IlomoOHas ceTh, C OAHOM CTOPOHBI, MAKCHMAJIBHO MTOJTHA C TOUKH 3PEHHS
cBs3el 3a)MKCHPOBAaHHBIX B cTaHaapTe s3bika Essence. C npyroil cTopoHsL,
00BEM NpEaIoNaraeMeIX CBsI3eH AenaeT MPUMEHEHHE IPUKIATHBIX METONOB
KpaliHe 3aTpyIHHMTEIBHBIM, TaK KakK JUIi HEKOTOPBIX YTBEPXKICHHH Ui
ALPHa «Work» 4uciio BIUSIOIIAX HAa HUX BEPIIMH COCTABJISET 32, U4TO BbI-
Hy>KaeT NPoaHaIU3upOBaTh U COCTAaBUTh BeKTOp U3 4 294 967 296 (2*%) Be-
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POSATHOCTEH, YTO IPUBOJUT K OYEHb TPYIOEMKHUM BBIYUCIHTEIBHBIM OIlEepa-
[IUSIM, KOTOPBIE MMPAKTUYECKH MaJl0 OCYIIECTBUMBI.

3aknouyeHve

Hcnons3zoBanue ALPHa-kapT U CBSI3aHHBIX C HUMU YTBEPXKICHUN I103BO-
JSIeT MIOTYYUTh O0Jiee CTPYKTypPHPOBAHHYIO KAPTUHY IIPOMCXOJISIIETO B IIPO-
exte. C 0OJHOI CTOPOHBL, OHA SIBISETCS JOCTATOYHO aOCTPAaKTHOH, 4TOOBI Ha
Hell MOXXHO OBLIIO MPOU3BOJAUTE MPUKIIAIHBIE PAcUeThl U pa3paldaThIBaTh HO-
BBIM KJIaCC METOJOB ISl YIIPABJIEHUS IPOEKTaMHU 110 IPOrpaMMHOMN WH)KEHeE-
pun. C apyroi CTOpOHBI, JaHHBIE METOABI JOJDKHBI ITO3BOJIATH pabOTaTh C
OOJIBIIMM KOIUUYECTBOM CBSI3aHHBIX 3JEMEHTOB U YUYMTBHIBATh BHYTPEHHUE
CBSI3U MEXAY yTBEpXKICHUAM. B nanbHeHIINX IUlaHaX aBTOPOB PECTPYKTY-
PHPOBATh MOIYYEHHYIO 0aileCOBCKYIO CETh 10 00bEMOB, KOTOPHIE TIO3BOIMIIN
Obl ¢ HEl MPOBOJUTD PA3IMYHbIE BEIUMCICHUS U SKCIIEPUMEHTBHI.
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MNoanepxka HacTpauBaembiX TUNOB NPOEKTOB
B CCTeMe aBTOMaTU3aLuu ynpaBnenus Git-penosuropuamu
ANA UCNONb30BaHNA B NpoLecce 06yueHns

Oner 3mees, lOnua MNpotacesny, JaHuna Cokonos

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHbil yHusepcumem, 2. Tomck, Poccusa

BEINOTHEHO NPOEKTHPOBAHUE MEXaHM3Ma IMOJJECPHKKH CO3JaHUS M Ha-
CTPOMKH ITPOM3BOJIBHBIX THUIIOB HPOEKTOB, KOTOPBIE CO3MAIOTCA B paMKax
npenMera, IMO3BOJISIOT NPEroJaBaTesl0 OTONTH OT )KECTKO 3aJaHHBIX THIIOB
HPOEKTOB M THOKO HACTpaWBaTh IPOEKTHI MOA CBOM HYKIbl. Takoe paciuu-
peHue sBIsIeTCs NPOJODKEHNEM Pa3BUTHS MHCTPYMEHTA [0 aBTOMaTH3alnH
UCIIONIb30BAHUS CHCTEM KOHTPOJISI BepcHil B mpouecce o0yueHus. OCHOBHOI
LENbI0 CTaThU SBISIETCS IOAPOOHOE ONMMCAHUE DTOr0 MEXaHW3Ma: MOJIEIN
THIIOB [PEIMETOB, MOJEIH THIOB MPOCKTOB.

Cuctema aBTOMaTM3aLuy ynpaBneHus Git-penosutopusamm

Jns opranuzammu paboTel Ha MpEAMETax, TAC CTYACHTHI MHUIIYT KOX U
3aHUMAIOTCS pa3pabOTKON MPOEKTOB B KOMAaHJE WU CaMOCTOSATENLHO, OBbLI
paspabotan moaxoy [1] s opraHu3aiiui B3auMOJICHCTBHS TpernoaBarese
U CTYJICHTOB C WCIIOJIb30BAaHHUEM CHUCTEMbI KOHTpoJs Bepcuid Git [2] u mo-
MOJIHUTENBHON cucTeMbl. JlaHHas cuctema Obula pa3paboTaHa C LEbIO
aJanTUPOBATh MCIOJIb30BAHUE CHCTEM KOHTPOJIS BEPCHI MO/ 00pa3oBaTelb-
HBIC HYXIBl U TperHa3HadeHa Iyl YHPOUICHUS paboTHI MPErogaBaTeNs C
00JIBIIUM KOJIMYECTBOM perno3uTopueB. OHa MO3BOJSET aBTOMATHU3UPOBAThH
VIpaBJCHUE PETO3UTOPHAMHU 33 CUET aBTOMATU3AIlUM PYTUHHBIX 33134, KO-
TOpBIC BBIONHSIOT TPETIONABATEIN BO BPEMs IPOBEACHUS CBOMX KypCOB:
CO3/1aHUE PENO3UTOPHUEB, TJe paboTaIOT CTYIEHTHI, pazaady 1 cOop 3aaHui,
MyOIUKaIMI0 MaTepHajoB M MPOCMOTP CTAaTHCTUKU IMPOrpecca ydaiuxcs.
Pabora npenojaBarens nmpu TakoM TOJXOJIE OCHOBBIBAETCS Ha UCIIOJB30Ba-
HUH OBYX cucteM — GitLab [3], koTopas Obuia BEIOpaHa B KAYeCTBE CUCTEMBI
xoctuHra Git-perno3uTopueB U pa3pabOoTaHHOTO MHCTPYMEHTA, KOTOPBIH MO-
3BOJISIET YIIPABISATH PEMO3UTOPHSIMH, HEOOXOIMMBIMH IUISL IPOBEICHHUS
MIPEIMETOB.
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Tunbl npoeKToB

W3naganeHO, B pa3padOTaHHOM JOTONHUTEIHHOM WHCTPYMEHTE OBIIH
orpeeneHbl 7 GUKCHPOBAHHBIX THIIOB MPOEKTOB JOCTYIHBIX IIPEIoIaBare-
TIM:

o JTOMaNTHsIst paboTa,

e KOHTpOJBbHAs paboTa,

e MaTepHabl MpenoaaBares,

e MaTepHaibl CTY/ICHTA,

e KOMaHJHas TOMAaIIHss padora,

e KOMaH/IHasl KOHTPOJIbHAas padoTa,

e MaTepHaIbl KOMaH/IbI.

[To pe3ympTataM TECTOBOW AKCIDIyaTaIlil CHCTEMBI CTAJIO ITOHSTHO, YTO
JAHHBIX TUIIOB MPOEKTOB HEAOCTATOYHO IS MOKPBITHA MOTpeOHOCTEH BCex
npenogasatenei. Hampumep, Tekymias cHcTeMa He MO3BOJISET BHIOOPOUTHO
BKJIFOUaTh JOMOJIHUTEIBHBIE BO3MOKHOCTH GitLab B pamkax pemosutopuen
OTIETBHBIX MPOEKTOB. HeT BO3MOXKHOCTH cO34aTh MyCTOH pEeHO3UTOpUH s
cryneHnTta (0e3 MCIoIb30BaHUs MIa0JI0OHA), KOTOPBIA ObLI Obl JOCTYTNEH mpe-
nosiaBaTento. HeT BO3MOXKHOCTH TPEOCTAaBUTh MPEIOJIaBaTelllo0 MpaBa Ha
3aITUCh B PEHO3UTOPUSAX CTYACHTOB.

g Toro 4To6b1 J00ABUTH B CUCTEMY MOJIEPIKKY STHX OCOOEHHOCTEH, a
TaKXKe MPeyCMOTPETh IPYTHe BO3MOXKHBIE 3alPOCHI MperoaaBateiei, Obl1o
NPUHITO PEUIeHHE CO3IaTh MEXaHW3M, MO3BOJIAIONIMN CO34aBaTh HACTPau-
BaeéMble THUIIBI MPOEKTOB U 3aMEHUTh 3TUM MEXaHU3MOM (PUKCHUPOBAHHBIE
THUIIBL

Mogpgenb TUNoB npegmeToB

Hactpoiiky THUIOB NpPOEKTOB U JPYyTUX OCOOEHHOCTEH OpraHH3aluu
B3aMMOJEHCTBUS B paMKax IpeAMETa MPEeJIaracTcsl BHIIOMHATE HA yPOBHE
BCETO MpeAMeTa IMyTeM OmpeAeieHus Tuma npeamera (Subject type), B pam-
Kax KOTOpOro 3ajaeTcs cienyromee (puc. 1):

1. Ponmu mpenofaBareneii u CTyJIeHTOB B paMKax npeamera (Subject role).
Pomu MoryT OBITH Ha3HAYEHBI YYACTHUKAM IPHU JOOABICHUH UX HA MPEIMET
U OyIyT KCIONB30BAHBI IJIsI HACTPONKH Pa3TpaHUYCHUS MPAaB B CHCTEME
GitLab (ans cTyaeHTOB W MperojaaBareseil) U B IOMOJHUTEIILHOM HHCTPY-
MeHTE (TOJBKO JIJIsl IperoaaBaTeneit).

2. 'pynmer GitLab cozgaBaemblie ans mpeameta (Subject group). B rpym-
nax MpernojaBaTeId CMOTYT XPaHWUTh IAOIOHBI 3aJaHuid, TyOJIUKOBATh Ma-
Tepuansl U T.A. I KaKOoil TPyHIBI ONMpemersieTcsl ee JIOTHYECKoe HMs,
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¢dopmar umenoBanus B GitLab, a Taxke kTo OyIeT SBIATHCS WICHAMH TaKOH
TPYIIBI U KaKKe IIPaBa B 3TOH IPYIIIE UMETh.

3. Tumbl MPOEKTOB, IOCTYIIHbIE B paMKax IPEAMETa U WX HACTPOUKH
(Project type).

ProjectType SubjectType SubjectGroup
+Name - String * +MName : String < +MName - String
+Naming - String

SubjectRole SubjectGroupMember
+MName : String < +Permissions - GroupPermissions

T

SubjectTeacherRole
+Permissions : SubjectPermissions

SubjectStudentRole

Puc. 1. Tun npeamera

B pamMkax THITa IPOEKTOB oMnpenensroTes (puc. 2):

1. Penosuropun (Project repository), KOTopble OYyAyT HCIOJB30BATHCS
JUTSL TAHHOTO THIIA TIPOCKTOB:

a) Tun peno3utopusi — NPeAMETHBIN, CTYICHYSCKHIA WIA KOMaHTHBIH.

b) ['pymnma, B KOTOpO perno3uTopuii OyAeT Co3/IaH.

¢) KonnuectBo peno3utopreB — 0IMH WU HECKOJBKO.

d) dopmar nMeHOBaHUS — ONpeAEIIeT MAabIoH, HA OCHOBAaHUH KOTOPOTO
OyZeT ompenensaThCs UMsI PETTO3UTOPHS.

e) Hoctymusle momomHuTensHBle Bo3MoxkHOCTH GitLab, Ttakme, Kak
Issues, Merge Requests, Wiki, Snippets.

f) Poxm, mMeromue JOCTyn K JaHHOMY PEMO3UTOPHIO, a TAKKE UX IIPaBa.

2. [lepemennsie mpoekrta (Project variable), koTopsle MOryT OBITH yCTa-
HOBJICHBI TPEIIOAaBaATCIIEM. 3HaUYeHMS ITUX NEPEMCHHBIX MOTYT 6LITI> 3aaa-
HBI KaK Ha ypOBHE BCETO IPOEKTa (HalpuMep, CPOK BBHITOIHEHUS, KOTOPBIH
MOXeT OBITh HCIIONIB30BAaH Ul aBTOMATHYECKOH OJOKUPOBKU PEMO3HTOPH-
€B), TaK U IS KQKJIOTr0 CTYJCHTA WHAUBUIYaTIbHO.

3. [eiicTBus, KOTOPBIE TPEMIOAABATENIM MOTYT COBEPIIATH B paMKax IMpo-
€KTa, a TaKKe IEHCTBHUS, KOTOPhIE COBEPIIAIOTCS aBTOMATHIECKH IO 3aIaH-
HOMYy pacnucanuto (Project action).

300



4, POJ'II/I, HMEIOIIUEC JOCTYII K ITPOCKTAM JAHHOT'O TUIIA, 4 TAKKC UX IIpaBa

(Project member).

ProjectVariable

ProjectType

ProjectAction

+Name : String
+Type : VariableType
+Scope : VariableScope

ProjectMember

+Permissions : ProjectPermissions

* +Name : String

< +Name : String

ProjectRepository

+Name : String

+Type : RepositoryType
+Multiplicity - RepositoryMultiplicity
+Naming : String

+Options : RepositoryOptions

SubjectGroup

SubjectRole

RepositoryMember

+Permissions : RepositoryPermissions

Puc. 2. Tum mpoexTa

J1st meficTBUs MpoeKTa 3amarTcs (puc. 3):

1. IlocnenoBarensHOCTh ImIAaroB (Action step), KOTOpbIE JOJKHBI OBITH
BBIIIOJTHEHB! B paMKaX TaHHOTO AEHCTBHUS, IUIA KaXKIOTO IIara yKa3bIBaeTCs
ero TMn U Habop mapameTpoB (Action parameter). THUIBI IAroB SBISIOTCS
IpeAONpEeeNeHHBIMU 1, KaK MPaBUJIO, MPEACTAaBISIOT COOOM pa3nuyHbIe
JNEWCTBHS C PEIO3UTOPHSIMH, TaKhe, KaK CO3JaHHE IyCTOTO PEHNO3UTOPHS,
KOIMPOBAaHHE PETO3UTOPHUS, KOTMPOBAHHE KOMMHTOB U T.1.

2. Habop ycnoBuii, KOTOpBIE JOJDKHBL OBITH BBINOIHEHBI IS TOTO, YTOOBI
IIPENoaBaTenio ObUIO JOCTYIHO 3T0 AercTBre (Action condition). [lyist kax-
JIOTO YCIIOBHUS OIIPENeNsieTCsl €ro TUI U Habop mapamMeTpoB. THITEL yCIOBHIHA,
KaK U TUIIBI IAr0B, TAKXKE ABISIIOTCS MPEIONPEICICHHBIMHU.

ProjectActionMember

Projecthct -

SubjectRole

+Permissions - ActionPermissions |——<@®+Name - Siring

S

Acti

St ActionCondition

ScheduledProjectAction

+Type : String

+Type : String

! !

ActionParameter

ActionSchedule

+Type : String

«@p——+IName : String
+Value - String

Puc. 3. JlefictBue npoexra
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3. Pacriucanue BBIIONHEHHS Ui JCUCTBHH MO pacmucaHuio (Action
schedule).

4. Ponu, wuMeronue mocTyn K JnaHHOMY jeiictBuio (Project action
member).

[ony4eHusIil THII peaMeTa MOXKET OBITh BBHIOpAH MPU CO3MAHHU HOBOT'O
npeaMeTa B CHCTEME, B PE3yJIbTaTe Yero MPEeIMET M BCE MPOEKThI, KOTOPHIC
OyIyT CO3JaHBl B €ro pamkax, OyayT padoTaTh COIIACHO 3aJJaHHBIM B paM-
Kax TUIA MMpeMeTa HACTPOUWKaM. 3aMeHa TUIA MPeaMeTa Y CyIIeCTBYIONIETO
npeamMeTa, a Tak’K€ BHCCCHHUE W3MEHEHHH B THII npeameTa, KOTOpBIﬁ HUCIIOJIb-
3yeTcs B OMTHOM U 0oJjiee peaMeTe, B CBOIO 0Yepelb, SBISIFOTCS MEHee TPH-
BUAITBHBIMH 32JIa49aMH, TOCKOJIBKY YK€ MOTYT CYIIECTBOBATH CYIIHOCTH, 3a-
BHUCUMBIE OT TEKYIINX HACTpOeK Tuma. B yactHocTH, Hanboee mpoOIeMHbI-
MH CYIIHOCTSIMH SBJLSIFOTCS: Tpymsl GitLab, MPoeKTHI, permo3uTOpun IMPOoeK-
ToB. Ha nmaHHOM 3Tame pa3BUTHS CHCTEMBI MPEAIAracTCsl OrPaHUIUTh U3ME-
HEHHE THIIA TPEIMETa, €CIM y HEro €CTh 3aBUCHUMBIC CYIIHOCTH OJHOTO U3
BBIIIECTIEPEUHNCICHHBIX THIIOB. B ciydyae HEOOXOIMMOCTH BHECCHHUS CYILECT-
BEHHBIX M3MEHEHUH MpeliaraeTcs BBHIIOIHUTH KIOHUPOBAHUE THIIA U BHO-
CHUTh U3MCHCHUS B KOIHIO.

3aknuyeHue

B pesynbraTe OBLT CHPOEKTUPOBAH MEXaHHM3M MOJAEPKKU CO3JaHUS U
HACTPOMKH NMPOM3BOJIBHBIX THIIOB IPOEKTOB, CO3JABAEMBIX B paMKax Hpea-
Merta. JlaHHas HaCTpOWKa BBIIOJHIETCS Ha yPOBHE THIIA TPEAMETA, ITO3BOIIA-
eT TIPETIoJaBaTeNsIM OTOWTH OT XKECTKO 3aJaHHbBIX THIIOB MPOEKTOB M Oojee
IHOKO HACTPauBaTh CHCTEMY.

JINTEPATYPA

1. Ilpomacesuy FO.A. Pa3paboTka cuUCTEeMBI Ui aBTOMaTH3anuu ympasieHus Git-
pernosnTopusiMu Ha Gase cucremsl GitLab i ncronbs3oBaHus B npolecce 00ydeHUs:
BBIIICKHasi OakayaBpckasi pabora mo HampasieHuto noaroroBku: 09.03.04 — Ilpo-
rpammHas  umkeHepus. Tomck, 2019. URL: http://vital.lib.tsu.ru/vital/access/
manager/Repository/vital:9089.

. Git. URL: https://git-scm.com (retrieval date: 10.11.2020).

3. The first single application for the entire DevOps lifecycle — GitLab. URL: https://

about.gitlab.com (retrieval date: 10.11.2020).

[\
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(OopmanbHas moaenb 06pa3oBaTenibHOI NPOrpaMmbl
B 06/1aCTU KOMNbIOTEPHDIX HaYK C TOYKMN 3peHus
mexpayHapoaHoro crangapta ACM u IEEE

TaTtbAHa KeTtoBa, EBreHna CokonoBa

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHsbil yHusepcumem, 2. Tomck, Poccus

Ha cerogusimamii nens aestensHocth Boicmeit UT-mkonsr (HITs) Tom-
CKOr0 TOCYJIJapCTBEHHOTO YHUBEPCUTETa HalpaBiieHAa Ha YCKOPEHHYIO Mpo-
(heccroHANBHYO MOATOTOBKY CTYJEHTOB B TECHOM B3aMMOJCHCTBUH C KOM-
maHwsIMHU udpoBoi SKoHOMUKH. Kpome sTOro, 00pa3oBaTelbHAs MOIEIH
LIKOJIBl M3HAYaJIbHO OPUEHTHPOBAaHA Ha MEXAYHAPOIHBIA PBIHOK. DTO 00Yy-
CJIOBJIMBAaET HEOOXOAUMOCTh CO3[aHUsl 00pa30BaTEIbHON MPOTPaMMEI C yue-
TOM MEXIYyHApOIHOTO OIBITA, CJIEIOBATENFHO, M MEKIYHAPOAHBIX CTaHIAP-
ToB. Takxke cerogusmiHee nojoxeHue, B amoxy COVID-19, ve moriio He 0T-
pasuThca Ha 0Opa3oBaHuU B 1eIoM. [ T-TeXHOIOruu cranu 3aHUMATh HE JIH-
JUpYIollee, a caMoe MPUOPUTETHOE HAIpaBlieHHEe B MUpPE. AKTYyallbHOCTh
UCCIIeIOBaHMs MEXIYHApOIHBIX CTaHAAPTOB 00pa3oBaHMs Bo3pocia. B Ha-
crosuiee BpeMms, B HITs TI'Y pa3paborana mojenb, KOTopasi COBMELIAeT B
cebe He TOJIBKO OCOOCHHOCTH (helepalibHOTO rOCyAapCTBEHHOTO 00pa3oBa-
tensHOTO cTanmapta (PI'OC) [2], HO U MeXAYHAPOJHOTO CTaHAAPTa, pa3pa-
6orannoro ACM [3] u IEEE [4].

B nanHOl craThe mpencTaBieHO wHccienoBaHue Toibko Curriculum
Guidelines for Undergraduate Programs in Computer Science [1].

11 KayecTBEHHOT0 MCCIIEOBaHUS MOTpeOOoBajCs IIyOOKUN aHAIU3 Me-
JKITYHApOJIHOTO CTaHJapTa, HA OCHOBE KOTOPOT'O CPOPMHUPOBAHA MOJEIH 00-
pa30BaTEIBHOM MPOTpaMMBI B 00JIaCTH KOMITBIOTCPHBIX HAYK C TOUKH 3PCHHS
MEXIyHApOIHOTO CTaHIAPTA.

AHanus npegmeTHo o6nacTn

AHaau3 MeXXIyHapoaHoro cranaapra. CucremMa CTaHIApTOB y4eOHBIX
mporpaMM OakalaBpCKOW MOATOTOBKK mo jucimmuinae Computing umeer
JIPEBOBUIHYIO CTPYKTYpY [5].

Ha BepxHeM ypoBHEe pacrojaraercsi METOHOJIOTHUECKHH ITOKYMEHT
CC2005. JlanHBI ITOKYMEHT — PYKOBOJCTBA II0 COCTABIEHHIO MPOrpamMm
yueOHBIX KypcoB (curricula guidelines mmu curriculum standarts):
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o BprgucnurenbHas Texauka (Computer Engineering — CE);

« xommnbioTepHble Hayku (Computer Science — CS);

o nH(popMarmonHbie cucteMsbl (Information Systems — IS);

e porpaMmHas umkenepus (Software Engineering — SE);

e cucTeMbl HH(pOpMaIOHHBIX TexHonoruii (Information Technology —IT).

Hecmotps Ha To, 94T0 oOpa3oBareibHas nporpamma B HITs mpexe Bcero
OpPHEHTHpPYETCs Ha MPO(ECCHOHANBHYIO IIOATOTOBKY, B KAYECTBE €€ OCHOBEI
ucrnosb3oBaH crangapT no Computer Science kak Oojiee MOAXOAAIIMN st
KJIACCHUYECKOTO YHUBEPCUTETA.

s npencraenenust oobema 3HaHui CS UCTONB3yeTcs THITOBas (Mepap-
XHu4eckas) Mozenb. Ha BepxHeM ypoBHE copepiKaTcs HpeIMeTHbIe 00JacTH
(areas). CTpyKTypa 3HaHUI coepKUT 18 mpeameTHbIX obacteii (puc. 1).

AL AR CN DS GV
ANTOpHTMBI ApXuTeKTYpa H BrerucnurensHas JluckpeTHbIe Tpapuka u
CJI0XKHOCTh OpraHu3aLms Hayka CTPYKTYDbI BU3Yyau3aLus
HCI TIAS
M IS NC
BsaumoneiicTeue Oo6ecmneucHre R ) T —.
YEeI0BEKa C unH(pOpMaLIH U e (b% " cnlcrle) MBI Cerb 1 CBsI3b
KOMITBEOTCPOM 6C30MMaCHOCTh P
ocC PBD PD PL SDF
OnepauHoHHbIC PaspaGoTka Ha TTapannensHele U A3pxn OCHOBBI pa3paboTKH
) PacIpenesiCHHbIC | |IPOrpaMMHpPOBAHUS IIPOrPaMMHOI0
HCTCMbI T M
cucre nnargopue BBIYHCICHUS obecneueHmt
SE SP
Paspaborka SF CoumaapHple TPOOIEMBI B
TIPOrPaMMHOTO OCHOBBI CHCTEM npo(ecCHOHATbHASL
obecredeHHsa IPAKTHKA

Puc. 1. Ilpenmetnsie obnactu Curriculum Guidelines
for Undergraduate Programs in Computer Science

B kaxkaol areas BBINCNSAIOTCS pasiellbl WIH MOIYJIU 3HaHWUN (units)
(puc. 2). Ilocneanue, B CBOIO ouyepeib, pa3OUBaAIOTCS Ha TeMbI (topics) U pe-
3ynbTaThel 00yueHus (learning outcomes) (puc. 3).

Core Tier-1 momkHa ObITH 0053aTEIBHON YaCThIO KAXKIOTO MOMYJIS 3HAHHN
Computer Science, OHa COAECPKUT TEMbI C BBICOKAM MPUOPHUTETOM JIS BKITIO-
YEHHs B KAXKIYIO MPOTPaMMy, COCTABIISIET OCHOBY YIEOHOU MPOTrPaMMBEL.

Temsr Core Tier-2, kak nMpaBuio, BaKHbI, HO B MCHbIIICH CTETIEHH, OHH HE
SIBJITIOTCSL 00sI3aTEbHBIMH, HO MX BKIIOYCHHE B YUEOHYIO ITPOrpaMMy PEKO-
MEHJYETCS.
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AL

AnroputMsl 1
CIOKHOCTh

AL/Basic Analysis

AL/Algorithmic Strategies

AL/Fundamental Data Structures and Algorithms

AL/Basic Automata, Computability and Complexity

AL/Advanced Computational Complexity

e e O

AL/Advanced Automata Theory and Computability

AL/Advanced Data Structures, Algorithms, and
Analysis

~— A A A A A A

Puc. 2. Monynu 3nanuit npenmetHoit oomactu AL Curriculum Guidelines for
Undergraduate Programs in Computer Science

[AL/Basic Analysis ]
Topics
v Core- 6 Core-
Tierl Tier2 Learning Outcomes
0 Core- e Core-
Tier] Tier2

Puc. 3 Topics u Learning Outcomes moxyist 3Hanust AL/Basic Analysis Curriculum
Guidelines for Undergraduate Programs in Computer Science

OnHON W3 NEHTPANbHBIX B CTAHJApPTE SBISCTCA KOHIICTIIUS SIpa WA
00s13aTeIbHON YacTH 00BeMa 3HAHWH, KOTOpas JOJDKHA MPHCYTCTBOBATH BO
BceX yueOHBIX MporpaMmmax 1o JaHHomy npoduio. O0beM No4acoBOU JieK-
LIUOHHOM HAarpy3Ku s1pa COCTaBJIseT MUHUMYM 279.4 NEKIUOHHBIX 4acoB,
yuautbiBasg Bechk Tierl + 80% ot Tier2 (Bech Tierl + 90% Tier2 — 293.7 nek-
LMOHHBIX YacoB, Bech Tierl + Beck Tier2 — 308 mekimoHHBIX YacoB. «Yac»
COOTBETCTBYET BpEMEHH, HEOOXOIUMOMY AJISl MPEICTaBICHUs] MaTepualla B
TPaAUIIHOHHOM JICKIIMOHHO-OPHEHTHPOBAHHOM (popMaTe; CUETUNK YacoB HE
BKJIFOYAET HUKAKUX JIOTIOJIHUTENBHBIX PadoT, CBA3AHHBIX C JIEKIUEH (Hampu-
Mep, CaMOCTOATENIbHOE W3yYeHHUe, JTa0OpaTOpHbIE 3aHATUS M KOHTPOJbHBIE
paboThl).
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B crammapre mpuBeneH OOHOBIICHHBIH BeChbMa OOIMUPHBIN CIIHCOK pe-
3yJIbTATOB OOYYEHUS, T.C. OXHIAEMBIX XapaKTEePUCTUK BBIMYCKHHKA, CO-
CTOSIIMI U3 HAOOPOB OOIMMX XapaKTEPUCTHUK, KOTHUTUBHBIX CIIOCOOHOCTEH
Y HaBBIKOB, TOMOJHUTEIBHBIX TPO()ECCHOHANBEHBIX HABBHIKOB.

Mopnens mnpenctasnenuss Curriculum Guidelines for Undergraduate
Programs in Computer Science

Ucxons u3 aHanm3a MEKIYHAPOAHOTO CTaHAApTa ONpeeieHa CIeIyo-
[Iast CTPYKTypa:

o Standart — HAMMCHOBAHUE U OMHUCAHKE CTAHAAPTA,;

o Characteristics of Graduate — HaMMEeHOBaHHUE U OIMCAHUE KOMIIETEHIIUH
BBIITyCKHUKA OaKanaBpHaTa;

e Knowledge Area — HanMeHOBaHHE U OIIMCAHUE O0JIACTH 3HAHUH;

o Knowledge Unit- HanMeHOBaHUE U OTIUCAHUE MOJTYJISI 3HAHHIA,

e KU Topics — onucanue Tonmka Knowledge Unit;

e KU Learning Outcome — onucaHue 0>KUIaeMOT0 pe3ybTaTa U3y4eHHs
Knowledge Unit;

o Level — HoMep u omucaHue ypoBHS BlaneHus 3HaHUAME 1o Knowledge
Unit;

e Duraction of Level — nnmutensHOCTh H3y4eHus ypoBHa Knowledge Unit;

o Level of mastery — HauMeHOBaHNE W ONMCAHUE YPOBHS MAacTEpCTBA pe-
3yJbTaTa U3y4ICHUs.

Ha puc. 4 npeacraBnena nuarpaMmma KiiaccoB MOJIENH MPeaMETHOH obac-
TH, a IMEHHO MeXayHapoaHoro ctanaapta Compute Science CS2013 [6].

Knowledge Unit (KU) Knowledge Area (KA)

+nameQTKU: String +nameQTKA: String

+description: String e description: String

Duraction of Level KU_Topic
"""" Standart

+ duraction: Infeger + nameOfTopic: String
+name: String
Level

+ description: String

+namberOfLevel: Infeger

+ description: String KU_Leamning Outcome

+ outcome: String

Leval of mastery Characteristics of Graduate

+ nameLofM: String +name: String

+ description: String

+ description: String

Puc. 4. Mopnens npencranenus: Curriculum Guidelines
for Undergraduate Programs in Computer Science
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3aKknuyeHune

Ha ocHoBe anamm3a MeXIyHapOIHOTO CcTaHAapTa cOpMUpOBaHA MOJCIDH
npeacTaBieHus. JlaHHass MOZeNb TO3BOIUT C(HOPMHUPOBATH AUCIHUILTHHEL, CO-
otBeTcTByIOIKEe degepabHOMY TOCYAAPCTBEHHOMY CTaHIAPTY M MEXIyHa-
POIHOMY CTaHAAPTy OgHOBpPeMeHHO. OHa ABJIAeTCs (PYyHIAMEHTOM IS peau-
3anuu MVP-cuctembl, ipeacTaBisionied u3 ceds BCIIOMOraTeIbHbIA HHCTPY-
MEHT i1 cocTaBiieHus oOpaszoBarenbHoi nporpammbl HITs TI'Y. Takke pe-
3yJbTaThl UCCICAOBAHUS MOTYT OBITH MOJIE3HBI JJISl CHCTEMATH3aIUU BCEX Me-
JKIyHAPOJHBIX CTAaHIAPTOB, BELIBICHUS OOIIEH MOJIEIH TIPEICTABICHHUS.

JIUTEPATYPA

1. Associate-Degree Computing Curricula. URL: http://ccecc.acm.org/ (nata obpamieHus
01.10.2016).

2. DedepanvHulii TOCYIAPCTBEHHBIN 00pa30BaTEIbHBIA CTaHAAPT BBHICIIETO 00pa30BaHUS
— OakanaBpuar mo HampasieHuto noaroroBku 09.03.04 IlporpaMmHas HHXEHEpPHS.
CenTsi6pb 13, 2017.

3. Association for Computing Machinery. URL: https://www.acm.org/ (qata obparueHus
23.05.2020).

4. Institute of Electrical and Electronics Engineers. URL: https://www.ieee.org/ (nata
obpartenust 31.05.2020).

5. Computer Science Curricula 2013. Curriculum Guidelines for Undergraduate Degree
Programs in Computer Science. [lexa6ps 20, 2013

6. Unified Modeling Language. URL: https://www.uml.org/ (mata oOpamieHus
01.06.2020).
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CueHapum ynpaBieHus 6ecnunoTHbIMU TPAHCNOPTHBIMU
(peAcCTBaMU B cpefie «YMHOro ropoga»

Ana Kynukosa', AmMutpuii Kauanos?,
Mawuc MNawwa Ornbl Papxanos?

" Bomxckuli 20cy0apcmeeHHbIl mexHu4eckul yHugepcumem, 2. Bonzoepao, Poccus
2WHcmumym npobnem ynpasnerus um. B.A. TpanesHukosa PAH, 2. Mockea, Poccus

CoBpeMeHHOe OOIIEeCTBO OYEHh MHOTO BHHMAaHHS YAENSET TaKUM BaXK-
HBIM BOIIPOCaM, KakK BOMPOCHI OE30MAaCHOCTH, B TOM YHCIIE Ha jopore. B ka-
YecTBE MOATBEPXKICHUS MOXKHO PaCCMOTPETh YaCTOTY M TIIATEIBHOCTD MPO-
paboTKH U BHECEHUSI U3MEHEHUH B MpaBuiia JOopoxHOro apwkenus [1]. Ox-
HUM W3 Haubollee COBpPEMEHHBIX CIOCOOOB obecrieueHus] Oe30MacHOCTH Ha
JIOpOTe SIBJISIETCS UCTIOJIb30BaHHE OCCITUIIOTHBIX TPAHCIIOPTHBIX CPEACTB (1a-
nee — BTC) [2].

s paGoThl CO MHOTMMH BOTIPOCaMHU, OCOOCHHO CBSI3aHHBIMH C Oe301mac-
HOCTBIO, OYECHb BaKHO 3HATh HOPMATHBHO-TIPaBOBYIo 0a3y. Tak, s BOMpo-
ca BTC cymecrByer Pacnopsbkenue IIpaButensctBa PD ot 25 mapra 2020 r.
Ne 724-p «O Konnenuu obecriedeHns 6€30MacHOCTH JTIOPOKHOTO JIBUKCHUS
C ydYacTveM OCCHMJIOTHBIX TPAHCHOPTHBIX CPEJICTB HAa aBTOMOOWIBHBIX JO-
porax ooOmiero mnoisb3oBaHus» (nanee — Konmernmus) [3]. OcHoBHas 11eIb
Konnenmuu — opranuzaius 6€301MacHOCTH JOPOKHOTO JIBUKCHUSI.

BHepgpeHue bTC

Bompocs! BHeIpeHHsT OSCIIIOTHBIX TPAHCIIOPTHBIX CPEICTB HOCIT MEK-
BEJIOMCTBCHHBIN XapaKTep, B CBS3U C UeM ONpEACICHHE KIIOUEBHIX TEPMU-
HOB W WX HCIOJB30BaHHE B HOPMATHUBHEIX MIPABOBBIX NOKYMEHTAaX W aKTax
TEXHHUYECKOT'0 PETYJIMPOBAaHMS HMMEIOT BAXKHOE 3HAUCHHE NI 0E30MacHOro
pa3BepPTHIBAHUS CHCTEM OECITMIOTHOTO BOXKIACHUS TPAHCIIOPTHBIX CPEICTB.

[IpencraBuM OCHOBHBIC TEPMHHBI, CBSI3aHHBIC C BUAAMHU aBTOMATH3ALUH
Ha3eMHOro TpaHcmopTa B PO u 3apyOexom, Hampumep: aBTOHOMHBIN aBTO-
MOOMIL (autonomous car); BBEICOKOABTOMATH3HPOBAHHOE TPAHCIOPTHOE
cpenctBo (highly automated vehicle); 6ecriminoTHbIl aBToOMOOMITE (driverless
car); OecruiI0oTHOE TpaHcopTHOE cpeacTBo (unmanned vehicle); momHOCTBIO
aBTOMAaTU3UpOBaHHOE TpaHcmopTHoe cpenctBo (fully automated vehicle);
poOOTH3HPOBAaHHBIA aBTOMOOHIIL (robotic car); camoympaBisieMoe TpaHC-
nopTHOE cpeacTBo (self-driving vehicle).
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Haunbonee Ba)XHBIM SBISIETCS OTpeesieHHe OSCIMIOTHOTO TPAHCIIOPTHO-
TO CpeACTBa — BBICOKO- MJIM TMOJHOCTHIO aBTOMATU3MPOBAHHOE TPAHCIIOPT-
HOE CPEACTBO, (PYHKIIMOHHUPYIOIIee B OECIINIOTHOM peXUMe, KOTOPBIH 03Ha-
9aeT, YTO BO BPEeMsI HCIIOIb30BAaHHS JAHHOTO PeKUMa TPAHCIIOPTHOE CPENCT-
BO HAXOJUTCA MOJI YIIpaBJIeHHEM aBTOMaTU3MPOBAHHON CHCTEMbI BOKICHUS.

[TepBoHavaabHO, Pa3pabOTKH, CBA3aHHBIE C ABTOHOMHBIMH TpPaHCIIOPT-
HBIMH CPEICTBaMH OBUIH CBSI3aHBI C BOCHHBIMH pa3paboTkamu. Tem He Me-
Hee Kk nepBomy nporotuny bTC moxHO oTHecTn pabdoty 1961 roxa crynenra
CreHdopackoro yHuBepcuteTa J[xeiiMca AmxaMca — caMOyIpaBiIsieMylO Te-
1exKy («CtaH(DOpACKas TeIexKay), yIpaBIeHHE KOTOPOH OCYIIECTBIUIOCH
MyTeM Iepenadd curaaia mo kabemo (puc. 1). Bropoit mpororum Anamc
CO37aJT paiuOyTIPABIISICMbIM.

CrenyromuMm 3TarnoM OBIIO yCOBeEp- B
[ICHCTBOBAHUE TEIC)KKUA IPH MTOMOIIU
OCHAILIEHUsI €€ CUCTEMOM TEXHHYECKOTO \
3PEHUS — PACIO3HABAHMS JIMHHUH, 10 KO- iy \
TOPOH TeNIeKKa JOJKHA IBUTATHCA. O\ t

Co3znaHre TOJHOCTHIO aBTOHOMHOTO o \|
TPaHCIIOPTa HPUHAICKUAT  yICHOMY :
OpHcry Jlukmancy. B Hem BriepBbIe ObI- l
JM  HUCIOJIb30BaHbI  BBIYUCIUTEIBHBIC |
MEXaHU3MBbI U CUCTEMAa HMUTAIIUU JIBU- |
)keHHs Ta3. [lanpHelmee pa3BUTHE |
pa3paboTOK OCYIIECTBIUIOCH B paMKax
MpoeKTa 1moj HazBaHueM «IIpomereit».

Hauunas ¢ 2004 roga xorja mnpouuio
IepBOE aBTOCOPCBHOBAHUE C YYaCTHEM
BTC, o6ecnumotraeie TC pa3BUBAIKCE,
MOSIBUITUCH aBTOmuIoTel Google, B 2015
— mepsreie cepuitaele BTC Tesla n nHa
JAHHOM DJTame, BCEe KpYIHBIE aBTO-
KOMIIAaHHH BEIYT Pa3pabdOTKU cOOCTBEH-
HBIX TIPOTOTHITOB POOOKApOB.

Ha nanHble MOMEHT CYILIECTBYET LIECTh YPOBHEH «OECIUIOTHOCTHY, I/Ie
HYJICBOI YpOBEHb — IIOJIHOE YIPaBICHHE BOJIUTENEM, 5-if ypoBeHb — abco-
JIOTHAs! OECIMIIOTHOCTE (TIOJTHOE OTCYTCTBHE HEOOXOIMMOCTH BMEIIATEIh-
cTBa yesnoBekoM B ynpasinenue TC).

Jlyis GombIeTo MOHMMAaHMS MOXKHO TPHBECTH IPUMEP B BHAEC aBTOMOOU-
JIsI, AMEIOIIETO KPYU3-KOHTPOIb M CUCTEMY SKCTPEHHOTO TOpMOKkeHHs. Ta-

Puc. 1. «CtauMOpaCKas TenexKKa»
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KOI aBTOMOOHJIb UMEET MEPBEI YPOBEHh aBTOHOMHOCTH. Takue aBTOMOOH-
mm, kak Tesla, Mercedes, GM u Volvo, UMeIOT BTOPOi ypOBEHb.

HekoTopble ydeHbIe YTBEPKIAOT, YTO aBTOMOOMIIN, HMEIONIHE S5-U ypo-
BEHb IIOBCEMECTHO MOSIBIATCS He ckopo, HO BTC, paboraromue B opraHndeH-
HOM IIPOCTPAHCTBE (HaNpHUMep, 10 KOHKPETHOMY MapIlIpyTy), CKOpee BCero,
HAYHYT MTOJTHOIICHHO paboTaTh B OJIVDKAMIINE TOABIL.

YMHbIii ropoa u cueHapuii pa6otbl BTC

[penmoceuTkamMu K OpraHU3alid YMHOH TPAaHCIOPTHOH CHCTEME SBIIS-
I0TCS THaBHBIE TPOOJIEMBI TOpOr OONBIINX TOPOAOB — 00pa3oBaHUE JTOPOK-
HBIX TIpoOOK. PemonTHBIE paboTsl, JITII v MHBIE HENPUBBIUHBIC IS JTFOACH
CUTyallUl Ha JOPOTE BBHI3BIBAIOT MHOXKECTBO CJIOKHOCTEH Kak IJIsI BOIHTE-
JIei, TaK U AJIs BIACTEH, CTaparouuxcs penmTh npoduemel. Ho mis perieHus
MHOTO BPEMEHH YXOJAUT Ha OIpejelieHHe NPHYHH, (OPMHPOBAHUE aJbTep-
HATHBHBIX HATpaBICHUN ABWKEHUSI W PasTPy3KH JOPOTH, 3a4acTyi0 — ATO
OYCHBb OOJNBIIAs MMOTEPs BPEMEHH. «YMHBIM ropo» CO31aéTCsl UIMEHHO IS
TOTO, YTOOBI TOJJOOHBIE TIPOOJIEMBI PelIaTh.

B «YMHOM TOpOome» WH(popMamms TepemnaéTcs, MPEeuMYIEeCTBeHHO, OT
JATYMKOB, KOTOPBIC YCTAHOBJICHBI HE TOJBKO B TOPOJIE, HO M B CAMHX aBTO-
MoOmax. CrenoBaTeNbHO, O MPOM3OLISANINX CUTYalUsIX JTaHHBIE Mepena-
IOTCSI MOMEHTAJIEHO, YTO IO3BOJISIET MaKCHMAIFHO OBICTpO Iiepepacupese-
JHTH IBHKCHHE.

B «YMHOM TOpoje» ABMKEHUE PACIIPEACISITCS HE TOJIBKO B 3aBUCHMOCTH
OT TPOHCLIECTBUII Ha jgopore. Hampumep, ymHbIE CBETOGODHI MO3BOJSIOT
3 PEKTUBHO pachpenessiTh TpaduK ABIKCHUS B 3aBUCHMOCTH OT BPEMECHU
CYTOK U Harpy3ku Ha jgopory. Takxke, OHU MO3BOJSIFOT o0ecreunBaTh 6e30-
MACHOCTH IMEIIEXO0/0B, aHATU3UPYS TAaHHBIC O CKOIJICHHH TPYII HEIIeX010B
" u3MeHss pa3bl paboThl CBETO(MOPOB B 3aBUCHMOCTH OT OJIM)KAWIIIEro pac-
MTOJIOXKEHUS aBTOMOOMIICH K JIFOJISIM.

B «YMHOM TOpOIe» MPOM3BOAMTCS OOMEH MAHHBIMH MEXIY LEHTPOM
yIIpaBIiIeHUs IBIOKEHIEM H HerocpencTBeHHo BTC.

B ocHoBe kxoHcTpyknumu BTC nexuT HCIONB30BaHUE MPOTPAMMHOTO
obecIieueHus 1 JaTYNKOB.

JlaTauku MOTYT TPEACTaBIATh COOOMU: JINAAPHI (TAJIBHOMEP ONTHYECKOTO
pacIio3HaBaHus), pajapbl, KAMEPhl, CUCTEMY TTIOOATBFHOTO TO3UIIHOHUPOBA-
Hust (GPS, I'monacc), naTuuku oJoMeTpuu (MHGOPMAIUs O JBIKCHUU TIPH-
BOJIOB JIJISl OIICHKH ITEPEMEIICHNS ), THPOCTA0MIN3aTOP.

[IporpamMmmHOe obecrieueHre MOXKET HCIOJIb30BaTh MAIIHMHHOE 3PCHUE U
Heitpocetn. CrnenoBatenbHo, HekoTopbie BTC crmocoOGHBI TepenBUTATHCS,
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TOJILKO OPUEHTHPYSICh Ha ONMpeNeiéHHbIC METKH, APYTHE e CIOCOOHBI aHa-
JTU3UPOBATh MPOCTPAHCTBO O€3 0COOBIX METOK U CHEIHAaTbHBIX JTUHUH.
s 0OydeHuss aBTOMOOMIICH CYIIECTBYIOT JIBa MOJIX0/1a: KIACCHYSCKUH 1

HelpoceTeBoil (puc. 2).
O6y4eHune BTC

’ Mony4eHne AaHHbIX C I
Kamepebl

JNokanusauus

/

onpegenar
Hanpas/ieHWe y,

T T
Hewnpocetb ‘

MnaHnpoBaHue ] -

{ ,
(
(

Ynpasnenue ]

Puc. 2. ITogxoast 06yuenus 5TC

Tak kak peaJM3anus HEUPOCETEBOTO MOAXo0jia TpeOyeT 00paboTKU 00JIb-
IIMX JAHHBIX W OOIIUpHYI0 0a3y maTTepHOB it oOydenus MU mammHel,
mHorue BTC paboTaroT Ha OCHOBE KIaCCHYECKOTO MOAX0a.

ApxuTeKtypa cuctembl ynpasneHusa bTC B cucreme «YmHoro ropoga»

B pamkax paGoThI cHCTEM YyIIpaBlIEHUs TPYyNIIaMi OECITUIOTHBIME TPaHC-
TIOPTHBIMU CPEJICTBAMHU CYIIECTBYET MHOXKECTBO apXHUTEKTYPHBIX PEIICHHH,
OCHOBaHHBIX Ha PAa3JIMYHBIX CIIEHAPUSX YIIPABICHHUSI.

HoBbIM MOAX0IOM MOCTPOEHHS apXUTEKTYPhl IPUIIOKEHHS SBIISETCS apXu-
TEKTypa, OCHOBaHHAs Ha IPUMEHEHUH TYMaHHbIX U TPAHUYHBIX BHIYUCIICHHH.

3ajauu MOorpaHUYHBIX BbauciaeHuit Ha yposae bTC:

o Ompenenenne MPEMATCTBUI Ha OCHOBE MOCTYHAIOIIUX CUTHAJIOB C yC-
TaHOBJICHHBIX YCTPONCTB.

e OnpenieieHne CTpaTeTuu JABMKCHUS Ha OCHOBE JIOPOXKHOW CUTyallud U
pe3ynbTaToB 00pabOTKH CUTHAJIOB.

o BzaumogpeiictBue ¢ npyrumu bTC.

o B3anmopeiicTBie ¢ yIPaBISIONIAM Y3JIOM CETH.

e BzanmogeiictBue ¢ oneparopom bTC (maccaxupsr).
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Ha ocHOBe 0003HaUCHHBIX BBIILIE KJIIOYEBBIX ACIEKTOB 33jad IOTrpaHUY-
HBIX BBIUUCIIEHUI MOYKHO IPEAJIOKUTHh apXUTEKTypy CHUCTEMBI YIIPABIICHUS

(puc. 3).

JNokanbHble

LleHTpanbH

TeppuTtopua yanbl
ble yanbl

TbHble y3nbl obpaboTku 1
ynpaeneHu

o ynpaBneHus XpaHeHus1 BTC1
51 cUCTEMOM
OaHHBIX

PacnpeneneHHas cuctema BTC2
XpaHEeHUs1 JaHHbIX

—

BbICOKOCKOPOC BLICOKOCKOPOC
THoe CcMelaHHoe THoe
moGunbHoe U pOBOAHOE WU MOGUnbHOe
nposoaHoe MoGitnibHoe coenuHeHue
CoemUHEHNE - cosaMHEHWE 5@
cTabunbHoe

Puc. 3. ApxurexTypa cucteMsl rpynmnoBoro ynpasiexus bTC

s peanusany TakoW CTPYKTYpPHI B paMKax CYINECTBYIOWICH HH(pa-
CTPYKTYPBI, KOTOPAsi TOJBKO CTPOHUTCS HIIH YK€ CYIIECTBYET, XOPOIIO IO
xout T. Mocksa (puc. 4).

BTC
Paviokbie OcTanoBoY
HOAA R Hble NYHKTHI AsTObYyC
MOHUWTOpPVHra
M6
O6uleropopckas cuctema ABTObYC
XpaHEHUSA OaHHbIX M5

~

Puc. 4. Ilpumep peanusanuu apxurekTypsl B r.Mocksa
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Taxum obOpasom, yaaércs obecrieunBaTb pabOTy BCEH CUCTEMBI, OCHOBBI-
BasICh HA PsI/ie OCHOBHBIX IIPUHIIUIIOB!

1. becnunoTHOE TPaHCIIOPTHOE CPEJCTBO MPUHUMAET PEIIEHHE O KOPPEK-
THPOBKE JIBIDKEHHUS HA OCHOBE JAHHBIX, COOMPAEMbIX C COOCTBEHHBIX JAaTIH-
KOB U CUCTEM a TaKKe AAHHBIX, IOIy4aeMbIX OT JOKAIbHBIX y3J10B 00paboT-
Kku nHpopMannu.

2. [lpu ocymectenennn nBmxenns BTC oOHOBIsET JaHHBIC, MOJydae-
MBI€ OT JIOKQJIbHBIX Y3JI0B U MepeaaéT yacTh COOCTBEHHBIX JAHHBIX (HANpH-
Mep, JaHHBIE 00 aBapusIX U T.1.).

3. YacTb BBIYMCIECHUI COCPENOTaYNBAETCS HA JOKANBHBIX y3JIaX, 4TO MO-
3BOJIIET M30€XKaTh H30BITOUHON HArpy3Kd Ha CeThb IepeJaud AaHHbIX U
00ecIeunTh 1eIOCTHOCTD CHCTeMbI MpUHATHSA pemmeHuid bTC.

4. YacTb BBIYMCIIEHHI NEPEIAETCS HA TEPPUTOPUANIBHBIE U LIEHTPAIbHbIE
y3IIBl, 94TO obOecrieunBaeT data consistency BO BCeX cHUCTeMe B KaKABIH MO-
MeHT BpeMeHH, korza bTC 3anpammBaer HeoOXoIUMbIe TaHHBIE AJIs obec-
NeY€eHHs yIPaBIICHUS.

5. TymaHHbIe W TPaHMYHBIE BBIYMCICHHUS ITO3BOJIIOT OBICTpEEe OTIIPaB-
1Th pe3ynbTaTsl Ha BTC.

BbiBog

Jnsa coznanus 6e30nmacHoil cucTeMbl «YMHBIN TOpPO» HEOOXOIUMO TIIa-
TEJILHO MOAOUTH K Bompocy cuenapues ynpasienuss BTC. B crarbe onucansl
YPOBHHU yTIpaBJeHUs, ocobeHHocTH KoHCTpykuuit BTC, a Takke mpencras-
JIeHa apXUTeKTypa cucteMbl ynpasieHus bTC, koTopas mo3BoJsieT opraHu-
30BaTh TyMaHHbIE U TPAHUYHBIE BBIUYMCIICHUS B CHCTEME «YMHOTO TOPOIa».
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Pa3paboTka cuctembl aBTOMATH3aLUM NPOLLECCOB
06paLLeHNA KaccoBoil TeXHUKU B 6aAHKOBCKOIi OpraHu3auum

AHa JlebepeBa, Bauecnas BaBunos

HauuoHanweHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaeHHsbili yHugepcumem, 2. Tomck, Poccus

IpencrasieH mporecc pa3pabOTKH CUCTEMBI aBTOMATU3AIMU IIPOIECCOB
oOpaleHuss KacCOBOH TEXHHKHM B 0aHKOBCKOH opraHm3anuu. OmnucaHbl 005-
3aHHOCTH CHCTEMHOI'0 aHAJUTHKA, KOTOpbIe ObLTU YCTaHOBJICHBI B paMKax
KOHKPETHOW KOMaH/Ibl pa3paborku. [IpeacraBieHbl 0COOCHHOCTH, BBISBICH-
HBIE TIpU paboTe ¢ TpeOOBaHMUAMH U 3aKa3uukoM. PaccMOTpeHBI HHCTpYMEH-
TBI, KCIIOJIb3YEMBIE ISl MPOSKTUPOBAHMS CUCTEMBI M TIPEACTABICHBI PE3YIib-
TaThl PabOTHI.

(DOPMI/IPOBaHIIIe KOMaHAbl

Kak u3BecTHO, B HacToslIee BpeMs, 1000 MPoeKT pazpadaTeIBaeTCs KO-
MaH/IOM, B cOCTaBe KOTOPOH JOJDKHBI MPUCYTCTBOBATh CHEIMAIHMCTBI pa3-
JTUYHOTO NPOoQIIIL, TaKhe KaK MCHEIKEPHI, TAMIHIBI, CHCTEMHBIC U OM3HEC-
anamutuky, Ul/UX-mu3aitHepsl, apXUTEKTOPHI-MPOSKTHPOBIIKKY, front-end
u back-end-pazpabotunku, a Taxke QA-MHKEHEPHI.

Komanna pa3paboTYNKOB TaHHOW CHCTEMBI COCTOHUT U3 MEHEIKepa, CHUC-
TEMHOTO aHAJIMTHKA, TUMJIHA, TpeX QA-umkeHepoB u Aty fullstack-paspa-

OOTYHKOB.
I-I(o;ar:.n; \
Ill‘i / \ =

MeHepmep npoekTa 3 QA-uHMeHepa

CHUCTEMHBI aHANWUTHUK 5 paapaborumnkos

TuMnug

Puc. 1. Coctas IT-komaH b1
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Kaxxaplii uieH KoMaHbl UMEET CBOIO 30HY OTBETCTBEHHOCTH, HaIpUMeEp
MEHeJI[XKep KOHTPOIHUPYET COOMIOACHUE IEHEXKHBIX 1 BPEMEHHBIX OrpaHHye-
HUH TpOeKTa, THMIINA pacIpenelsieT Harpy3Ky Ha KOMaHAy pa3paOoTIHKOB,
a QA-umKeHepbl OTBEYAIOT 32 KAdecTBO pa3pabaTbiBaeéMOro IMPOIYKTa.
OtnaxeHnHas paboTa Bcex MOApa3/eNeHnii KOMaH bl IPUBEAET K Ka4eCTBEH-
HOMY W HaJIS)KHOMY IPOJYKTY, COOTBETCTBYIOIIEMY 3asBJICHHBIM TpeOoBa-
HISIM.

30HOW OTBETCTBEHHOCTH CHUCTEMHOTO aHAJHUTHUKA SABISETCS YIpaBicHUE
TpeOOBaHUSAMHU K Pa3padaThIBAEMOMY MPOAYKTY. YUHUTBIBAs, YTO 3aKa3uhK
TOBOPHT Ha SI3BIKE OM3HEcCa M €My, KaK IPaBIIIO, HE 3HAKOMBI TEPMUHEI TIPO-
rpaMMHUPOBaHMA, a Pa3padOTUUKU B OCHOBHOM MBICHAT aJIrOPUTMAaMHU U 3a-
9acTyl0 He pa30HuparoTcsl B MpeAMETHON obnmacTu 3aka3umka, 3afada aHajIH-
THKA 3aKJI09AeTCs B TIOCTPOCHUN B3aMMOIIOHUMAHHS 00CHX CTOPOH, SBIISSACH
TEPEBOTYUKOM C OJTHOTO sI3bIKa Ha Ipyroi [1].

[Ipu pabote ¢ TpeOOBaHUSIMH aHATUTHK JOJDKEH BBIOIHUTH CIIEAYIOIIHNE
STAIlBL: JTAll OIPEIEIeHHs KOHIETIUN IPOIyKTa, 3Tam cOopa TpeGoBaHMHA,
JTan aHaimM3a TpeOOBaHWI U ATAI MPOSKTHUPOBAHUSI CUCTEMBI [2].

Ha srane ompenesneHuss KOHLENIMH MPOAYKTa BbIpaOaThIBaeTCs €INHOE
BujeHHe Oymyieit cucteMbl. 10 OKOHUYAHMM ATOTO dTara JenaeTcsi BEIBOJ O
TOM, OYJIET JIM PEaTU30BBIBATHCS MPOEKT B OYAyIIEM.

Ha stane cOopa TpeGoBaHmii BegeTcst TecHast paboTa ¢ 3aKa3duKoOM U 3a-
HMHTEPECOBAHHBIMH ITOJIB30BATEIIIME pa3padaTeiBaeMoii cuctemsl. Llens sta-
ma — BEIBIICHHE OM3HEC-TIPOOIIEMBI, KOTOpask MOKET OBITH pelIeHa ¢ IOMO-
IIbI0 CHCTEMBI, a TaKXKe, HeIOCPEACTBEHHO, cOOp TpeboBaHMil K (HyHKIIHO-
HAJIBHOCTH MpoaykTa. KauecTBeHHOE BBIMOJIHEHUE paOOThl HA JJAHHOM 3Tare
HaNpsIMyIO 3aBHCHUT OT TOTO, OYAET JIM MPOEKT COOTBECTBOBATH OXKHIAHUAM
3aka3uuka.

AHanu3 TpeOOBaHMI 3aKIIIOYACTCS B CTPYKTYPHPOBAaHHM 3apaHee co0-
paHHBIX TpeOOBaHMIA, KOTOPBIE JOJDKHEI COOTBETCTBOBAThH TAKUM CBOICTBaAM,
KaK MOJHOTa, KOPPEKTHOCTB, OCYIIECTBUMOCTH, HEOOXOAMMOCTH, HEIBY-
CMBICJIEHHOCTbD, a TakXKe MmpoBepsieMocTs [1]. IIpaBuibHO CrpynnupoBaHHbIE
TpeOOBaHMS TOMOTYT OOOWTHCH MHHHUMAJIBHBIM KOJIMYECTBOM (DyHKIHO-
HAITBHOCTHU IS yIOBJICTBOPEHHUS OOJBIETO KOJWYECTBA IIeJIeH, YTO B CBOIO
ouepeb MOMOXKET COOIIOCTH BpeMEHHbIE U (PMHAHCOBBIE PAMKH MPOEKTA.

Hrorm Bcex MpebIAyIIMX ATAlOB HEOOXOMUMBI JIsi MPOCKTHPOBAHHS
cucteMbl. Pesympratamu 3T0# paboOTHI SBIAETCS 3aKOHUCHHOE TEXHHUECKOE
3aaHie K MpoAyKTy. Ha ocHOBe 3TOro BBIMOJHSETCS MOArOTOBKA apTedak-
TOB, MOHATHBIX KaK 3aKa3uyuKy, Tak M WICHAM KOMAaH/IbI, IS TIOCTIECIYFOIIEro
cornmacoBaHus. B kagecTBe apTe()akTOB MOTYT BBHICTYIATh Pa3lWYHBIC IHa-
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rpaMMBI, TIPOTOTHIIBI IOJIB30BATENHCKOTO MHTEp(eiica, a TakKe I0JIb30Ba-
TEJILCKUE CIICHAPUH.

Paborta aHanuTHka Ha 3TOM He 3akaHumBaeTcs. Ha mpoTspkeHuH Bcero
MIPOEKTa ero O0S3aHHOCTSMH SBISETCS IOCTAHOBKA 3aJad pa3padoTUHKaMm,
yIpaBiICHUE U3MCHSIOUIMMUCS TPEOOBAHUIMH, a TaKXKe ydacTHe B Ipolecce
TECTUPOBAHUS pa3padbaTHIBACMON CHCTEMEI.

Ha stane cnaun mpoekra 3aka34nKy, aHATUTHK 3aHUMAETCS TOJTOTOBKOH
IMPOEKTHOH JOKYMEHTAIUU, TaKOH, KaKk PYKOBOJCTBO MOJb30BATENs, PyKO-
BOJICTBO CHCTEMHOTO U MPHKJIQJHOTO aJIMHHUCTpaTopa U T.1. B HEKOTOpHIX
CIIy4JasX OH IPOBOAWT JAEMOHCTPALMIO CHCTEMBI 3aKa3umKy M oOydaeT Oy-
JyLIKX NOJIb30BaTeIeH.

YdauTeIBas pasHOOOpa3sue METOMOJOTHH YIIPaBICHUS NMPOCKTOB M BHYT-
penHux npasun IT-koMaHz, 00A3aHHOCTH aHATMTHKA MOTYT HE COBIIAIATh C
yKa3aHHBIMU BblllIE. JlaHHAs cTaTbg HAaNKCaHA C MO3ULMU CHUCTEMHOTO aHa-
JIUTHKA IpU paboTe HaA KPYMHBIM JOJITOCPOYHBIM IPOEKTOM IO 3aKa3HOU
pazpaboTke.

AHanus v ynpaeneHue TpeboBaHuaMm

3aKka34MKOM CHCTEMBI SABISETCSI OAaHKOBCKasl OpraHU3anus, mpodiemMa Ko-
TOPOM 3aKITI0YaeTCs B HEOPTaHM30BaHHOCTH M HEI((HEKTUBHOCTH IIPOLIECCOB
JeSITEIbHOCTH, CBSI3aHHBIX C YYETOM U OOpallleHueM KacCOBOM TEXHMKH.
Cucrema ympaBieHHUs CIEHUAIBHBIM OAaHKOBCKUM OOOPYAOBaHMEM JIOJDKHA
aBTOMAaTHU3HPOBATh MPOIECCH OOpAIIEHNs C KAacCOBOM TEXHMKOH, a TaKxkKe
obecrieunBaTh eJMHOE MECTO XPAHEHHs yUETHBIX JTaHHBIX.

BXofHBIMH TaHHBIMH JUTsl pa3pabOTKH CHCTEMbI SBJISETCS BEPXHEYPOB-
HEBOE TEXHUUYECKOE 3a/laHue, KOTOpoe JaeT olIee MpencTaBleHne o (yHK-
LMOHAIBEHOCTH CHCTEMBI, HO TEM He MeHee TpeOyeT JOMOIHUTENbHBIX YTOU-
HeHW u aHanu3 TpeboBanwmii. [locne aHanu3a npeaMeTHON 00JacTH U o0IIe-
HUA ¢ 3aKa3uuKoM OblIa IOCTpOEHa AnarpamMMa KIacCoB IIPEAMETHOH 00-
JIaCTH, HO, BBHAY OOJBIIOro 0ObeMa, OHA B TAaHHOH CTaThe HE IpeicTaBIeHa.

C60p yTouHsIOIUX TpeOOBaHUIl BBITIONHACTCS B (hOPMAaTe HHTEPBBIO, pe-
3yNIbTaThl JOKYMEHTHPYIOTCS B MICHMEHHOM BHJE U OTIIPABIISIOTCS BTOPOH
CTOpOHE TI0 KaHaJy CBSA3H, yCTAHOBIEHHOMY B JIOTOBODE.

Pe3ynbraToM ycrenmHoro yrouHeHus TpeOOBaHUH SIBISETCS CMEHA yCio-
BUS JIOCTYIIA TIOJIB30BATENs K JAHHBIM CHCTEMBI C POJM IONb30BaTeNs Ha
npodwmins. [Ipodunem B maHHOM ciydae Ha3bIBaeTCS COBOKYITHOCTH POJIH H
YPOBHSI NOApa3JeleHus B HepapXxuu (UIHanbHON ceTn GaHKa. YUWTHIBafd,
YTO OT YPOBHS, HA KOTOPOM HAaXOIWTCS MOAPA3CICHNUE 3aBUCAT IpPaKTHIC-
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CKH BCE JIJaHHBIE B CUCTEME, YTOUHEHHE 3TOT0 TpeOOBaHUs IOMOIJIO C3KOHO-
MUTb MHOI'O BPEMEHHU Ha UCIIPABJICHUM 3aMEYaHUN OT 3aKa3uuKa.
JonomHuTenbHbIE 00CYKACHUS TPeOOBAHUH K CHCTEME 3a4acTyI0 IPHBO-
JSIT K TOMY, 4TO MOXeJIaHus 3aKa34MKa BBIXOAAT 32 BPEMEHHbBIE U JICHE)KHBIE
PaMKHU IPOEKTa, yCTaHOBIEHHbIE IIPU 3aKIIOUCHUU A0roBopa. B sTom cioydae
HEo0X0JUMO coOpaTh BCE HOBBIE TPeOOBAaHMSA BMECTE M IPOBECTH ITOBTOP-
HBIIl aHAIN3, YYUTHIBAS apXUTEKTYPY U HCXOJHBIE TPEOOBAHUS K CHCTEME.

NMpoeKkTupoBaHne cucTembl

[IpoexTrpoBanre CHCTEMBI 3aKIIOYACTCS B IOCTPOCHUH PA3NUYHBIX IHa-
rpamm, a TaKke B pa3paboTKe NPOTOTHUIIOB HHTEpdeiica CHCTEMBI.

Jns paboTsl ¢ auarpaMMaMH HCIOJB3YETCS MHCTPYMEHT BH3YalIbHOTO
MOJICITMPOBaHUs U TipoekTrpoBanus Enterprise Architect, KOTOpbIiA MO3BOJIS-
€T CTPOUTDH AUArpaMMBbl, JOCTYIHbIE OOJBLIIOMY KOJIMYECTBY IOJIb30BaTENEH
ogHOoBpeMeHHO [3]. [ToMHrMO 3TOro, HHCTPYMEHT MO3BOJIIET aBTOMATHUECKH
TCHEPUPOBATh JOKYMEHTHI, KOTOPBIE yIOOHO IEMOHCTPHPOBATH 3aKa3dHKy
TIPU COTIIACOBAHUM.

Xpanenue nHpopmanuu 1o npoekty B Enterprise Architect siBisiercs or-
POMHBIM IUTIOCOM JJISI KPYITHOTO M JOJITOCPOYHOTO MPOEKTa, TaK KaK ITOMO-
raet BCHOMHHTB, II0YEMY U KakK OblIa peaii30BaHa Ta WIH WHas (YHKIHS, a
JUIS HOBBIX WJIEHOB KOMaHJIbI CITYKHUT YJOOHBIM MECTOM HU3Y4EHHUS CHCTEMBI.

Puc. 2. Ilpumep nuarpammsl B Hotauuu BPMN 2.0
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Puc. 3. [Ipumep quarpaMmbl COCTOSHUM

Jlist mpoeKTUpOBaHUS IPOTOTUIIOB UHTEp(delica CUCTEMBI HCIIONIb30BAJICS
onnaiftH-cepBuc Figma. Kak u Enterprise Architect, 3TOT HHCTpyMEHT JOCTY-
TIeH JUT COBMECTHOT'O UCTIONb30BaHHUS HECKOJIBKUMHE MOJIB30BaATEIIAMH.

C  Q Beemwren 3anpoc & Google win i B :

Jloro CYCBO oo~ swv

MoaaTb 3aABKY Bce 3aaBKL

Puc. 4. IIpoToTHIl IN1aBHOM CTPaHUIBI CUCTEMBbI
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Pa3paboTka IpOTOTUIIOB BBIMTOIHSIIACKH IS COTIACOBAHUS C 3aKa3UYUKOM
C TENBIO BBISBJICHUS! HECOOTBETCTBUH OXHJIAHHSIM Ha PAaHHEM CPOKE, TO eCTh
o peanuzanuu. J{Isi TpeacTaBICHUS OCHOBHBIX PAa3/ICiOB CHCTEMBI OBLIO
cnpoekTHpoBaHo 6ojiee 100 MPOTOTUITIOB, KOTOPBIE OBLTH O(OPMIICHBI B BUIC
crierupUKaIu.

3aknuyeHne

Ha naHHBIII MOMEHT BBINOJHEHO MPOEKTHPOBAHHUE NEPBOTO 3Tama MPOeK-
Ta, BKJIIOYAIOIIETO CO3JaHHE KapKaca CHUCTEMbl M OCHOBHBIX OHU3HeEC-
nporeccoB. s pa3paboTInKoB ObUIA BBINOIHEHA IIOCTAaHOBKA 33/1a4, 110 KO-
TOPBIM OHH PEaM30BBIBAIN (DYHKIIMOHAIBHOCTh B COOTBETCTBUH C TpeOOBa-
HusiMH. COBMECTHAsI U CBOCBPEMCHHAsI pab0oTa MOMOTJIA KOMAH/IE YCIEUTHO
Ha4yaTh KPYHMHOMACIITAOHBIM MPOEKT M MPOAOIIKATh pa3pabOTKy B COOTBET-
CTBHUU C YCTQHOBJIEHHBIMH CpOoKaMH. TeM He MEHee MOXKHO OTMETHUTh CIIOXK-
HOCTH, KOTOPBIE BIIOCICICTBUU MOTYT 3aTPyAHHUTH PEATHU3AIHI0 CUCTEMBI U
Ha KOTOpbIE CleqyeT oOpaTHTh BHMMaHHWE. K HMM OTHOCHTCS yHpaBlICHHE
U3MEHSIONIMMHCS TPeOOBaHUAMH M TOAAEpXKAaHHE IaHHBIX, ONMCAHHBIX B
Enterprise Architect, B akTyaabHOM BUJE.

ITonBoxst UTOT, CTOUT OTMETHTH BaYKHOCTH PAaOOTHI aHAIWTHKA TIPH pas-
paboTKe MPOAyKTa, TaKk KaK MMEHHO OH JIOJDKEH IPAaBMWIIBHO IIEPEBECTH IO-
JKeJlaHUs OU3Heca B TEXHUUYECKYIO IIIOCKOCTh JUIS JOCTHXKEHUS 1ienel 3akaz-
YHMKa U KOMaHIbI.
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UmutaumonHoe mopenupoanue CMO
C BXOAALMMMU NOTOKAMMU, NapameTpbl KOTOPbIX
3aBUCAT OT COCTOAHUA CUCTEMDbl

Esrenuii MonuH', Anekcanap Mowicees’,
KoHcTaHTUH BoliTukos?

" HayuoHanbHeil ucciedosamesnbckull
Tomckuli 2ocydapcmaeHHsbil yHusepcumem, 2. Tomck, Poccusa
2Mockosckuli husuko-mexHu4eckuli uHcmumym
(HayuoHansHeIl uccnedosamernsckuli yHusepcumem), 2. Mockea, Poccus

B Hacrosiiiee BpeMsi OJJHUM M3 aKTyalbHBIX HAlpaBICHHHA TEOPUU MacCo-
BOTO OOCIY)KUBaHHS SBIISETCS HCCIIEIOBAHUE MOJIENed ¢ HECTalMOHAPHBIMU
BXOJISIIIIIMA TIOTOKAMH, B TOM YHCJIE€ TAKHUX, B KOTOPBIX MapaMETPhl BXO/ISIIE-
rO MOTOKa MEHSIOTCS B 3aBUCMOCTH OT COCTOSIHUSI CUCTEMBI, HAIIPUMEP YHUC-
7a 3aABOK Ha 00cCiy>KuBaHuU [1, 2]. OCHOBHBIMH METOJaMH HCCIICIOBAHUS Ta-
KHAX MOJIENIEH OCTaroTCs MPUOIMKEHHBIC allTOPUTMBI 1 UMHTAIIMOHHOE MOJIe-
nupoBaHue. Pa3paboTka MpUIokeHUH A1 UMUTALMOHHOTO MOJEIHPOBAHHUS
TaKUX CUCTEM BaXKHA, KOTJA MCIIOJIB3YIOTC MPUOIKEHHBIE METOIbI, TaK KaK
pe3yAbTaThl IMHUTAIMH TTO3BOJISIOT OICHUTH MOTPEITHOCTH M 00JIACTH IIpHMe-
HUMOCTH MPHUOIMKEHHBIX pe3ysbTaToB. Ho 1 17is Tex ciydaeB, KOrnia pe3yiib-
TaT MOYHO TMOJIyYUTh aHANUTHYECKH, HIMUTALIMOHHOE MOJENUpOBaHue He Oy-
JIET JINITHUM, TaK KaKk CMOXKET IOJITBEPANUTH MTOTYYCHHBIE BHIBO/IBI.

Ha nporsokennn psiga jet rpynmoit yaeneix TT'Y paspaGaTsiBaercs mpo-
TPaMMHBIA KOMIUIEKC JJI1 MMUTAIIHOHHOTO MOAETUPOBAHUS CHCTEM M CeTel
MaccoBoro obcmyxuBanus (CMO u CeMO) ODIS [3,4]. HanHbld mpo-
TpaMMHBIA KOMILUIEKC OXBATBHIBAET OOJIBIION CIIEKTP MOJIEIeH TEOPHH MAacCo-
BOT0 OOCITY>KHBaHUS U €XKEroJlHO TMOMOJHIETCS BCe HOBBIMU OMOIMOTEKaMHU,
OJTHAKO B HEM IMOKa He OBUIM peau30BaHbl BO3MOXKHOCTH UMHUTALMOHHOTO
mozaenupoBaanst CMO ¢ BXOASIIMMU TOTOKaMH, ITapaMeTPhl KOTOPHIX 3aBH-
CAT OT COCTOSIHUA CHUCTEMBI, a TaKas MOTPEeOHOCTh BO3HMKIIA B CBSA3H C IIO-
CJIETHIMHU TEOPETUYECKUMHU UCCIIEAOBAaHUAMHE B 3TOH obnacTH [5, 6].

Jutst peanm3anny Takod BO3MOXHOCTH B paMkax cucteMbl ODIS mpunsiTo
pelieHre IPUMEHHTD JIUISL €€ apXUTEKTYphl HA YPOBHE IMOJCHUCTEMBI OOBEK-
TOB, npeacrapisomux nementel CMO u CeMO (puc. 1), marrepa HaGro-
natens [7]. Kak BUIUM, OCHOBOM MepapXuu JJIS TAaKUX OOBEKTOB SBISIETCS
knacc Element, npeacraisromuii co00it aOCTPakTHYIO CYIIHOCTD DJIEMEHTA
MOJIEJIM MacCOBOTO oOchmyxuBaHua. Ero ocHOBHbIe omepauuu accept(...) u
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processEvent(...) — 3TO €JUHCTBEHHBIE MPEAIONATAEMbIE TOUKH, IJI€ MOXKET
IPOU30ITH U3MEHEHHE COCTOSIHHUS JIF000T0 0OBEKTa, IMEHHO UX MBI U OyeM
B JalbHEHIEeM HCIOIB30BaTh ISl OTCIEKUBAHUS COOBITHI M3MEHEHUS CO-
crosaus. bonee moapoOHyo MH(OpMaIMIo 0 Ha3HAYEHHH BCEX OCTAIBHBIX
KJIACCOB MOYKHO HalTH B [8].

nextElement

Element

— accept(call: Call, source: Element)
processEvent(event: Event)

[ \

Source ServerBlock
accept(call: Call, source: Element) serversCount: Integer
processEvent(event: Event) accept(call: Call, source: Element)
processEvent(event: Event)
isFree(): Boolean
enforceAccept(call:Call)

nodes

serverBlock

baer

Router
v: Matrix PassiveBuffer ActiveBuffer
M: Matrix accept(call: Call, source: Element) accept(call: Call, source: Element)
accept(call: Call, source: Element) processEvent(event: Event) processEvent(event: Event)
processEvent(event: Event) getCall(): Call

Puc. 1. Uepapxus snementos oobextHON Moaenun CMO u CeMO B cucteme ODIS

BooOuie roBops, UIsi HamMX IeJed WHTEPECHBI KIIAacChl Source u
ServerBlock u3 mannoi wepapxuu. OHH MPEICTABISIOT JIIEMEHTHI IS MO-
JICTUPOBAHUST COOTBETCTBEHHO BXOJIIETO TMOTOKAa U OJIOKa OOCITy:KHBAro-
mux npubopos. OmgHAKO OBUIO MPHHATO pPEIICHHE PEaN30BaTh MEXAHU3M
OTIOBEUICHUS 00 M3MEHEHHH COCTOSIHHS Ha YpPOBHE aOCTPaKTHOTO IIpermKa
Element Tak, 94T00BI JH000W 3JIEMEHT UIMUTALIMOHHON MOJEIH UMEN BO3MOX-
HOCTh OIOBEIIATh APYTrue 00 U3MEHEHHUU €r0 COCTOSHHUS, a TAKKE MOIHCHI-
BaThCS Ha OIOBEIICHHUS O MOZOOHBIX M3MEHEHHAX B JPYTHX dlIeMeHTax. Ta-
KuM 00pa3om, martepH HaOmomarens ObLT peann3oBaH HA CAMOM BEpPXHEM
YpOBHE HEPAPXUU 3JIEMEHTOB UMHUTALIMOHHON MOJIENIH MaccOBOTO OOCITYXH-
BaHUs, nmpudeM kiacc Element Obl1 Ha3HaueH M HaOIOIATENIEM, M OOBEKTOM
HaOmroaeHus (puc. 2).

Jna peanuzanuu mMexaHu3Ma onoBenieHus: B kiacc Element mobGasiena
KOJIJICKIMSI TIOANMCYMKOB oObservers, a TaKKe HEBUPTYaJbHBIE METOJbI
addObserver(...) s o0aBIeHUS dIEMEHTa-oANHCYHKa, removeObservery(...)
JUia ynaneHus noanucunka, stateChanged() mia omoBerieHus: Bcex MOIMIMC-
YUKOB 00 W3MEHEHHWH COCTOSHHS OJJEMEHTa W BHPTYAJIBHBI METOX
objectIsChanged(...) s 06pabOTKH OMOBENICHUS 00 N3MEHEHUH COCTOSHHS
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y aneMeHTa-noanucurka. [lociaemuauit Meton B kiacce Element peanuzosan B
BUJIC 3arJIyIIKH, HO MMOTOMKH MOTYT MEPEONpPECIUTh €ro, YTOObl peaan30-
BaTh TIOBEJICHHE, CBS3aHHOE C 0OpabOTKOW W3MEHEHHS COCTOSHHS HaOIo-
JIAEMOTr'0 OOBEKTA.

Element

+ addObserver(observer: Element)

+ removeObserver(observer: Element)
# stateChanged()

# objectlsChanged(obj: Element)

observers

Puc. 2. Peanmuzanus natrepna Habmomatens i oOecrieueHns OMOBEIIEHUH
00 M3MEHEHHAX COCTOSIHUS MEX/Y JIEMEHTAMU MOJICIIH

Merton stateChanged() comep>XuT KoOII, OTOBEUIAIONINNA BCEX MOIIIHACYHU-
KOB 00 U3MECHEHHHU COCTOSIHUSI. DaKTUYECKU STOT METOJ BBI3BIBACT B LIUKIIC
JUTS KQXKI0TO moAnucymuka ero meroxa objectlsChanged(...), mepenaBast ce0s
B KadyecTBe Mapamerpa. BEI30B gaHHOTO MeTona OBIT peamn30BaH BHYTPH
onepanuii accept(...) u processEvent(...) kmacca Element (310 npuBeno x
TOMY, YTO JAaHHbIC METOJbI IEpeCTaIN ObITh A0CTPAKTHBIMH). JTO CBA3AHO C
TeM, uTo B Mozenu kapkaca ODIS, kak ynoMuHanoch BbIIIe, 5TH JIBE Olepa-
UM, 110 CYTH, SIBISIOTCS COUHCTBCHHBIMH BO3MOXKHBIMU TOYKAMH HM3MEHE-
HUSL COCTOSIHUSI. MBI HE TPUBOJIUM 3/IECH IMArpaMMy MOCJEeI0BaTEIbHOCTEMH
s merona stateChanged(), papao kak u st MetonoB addObserver(...) u
removeObserver(...), BBUAY TPUBHATBHOCTH 3TUX B3aHMOICHCTBUIA.

Ipennoxennas peanusaius narrepHa Habnromarens npeamosnaraer uc-
IIOJIB30BAaHUC KOHUCHIIINN BBITATMBAHUS I/IH(bOpMaL[I/II/IZ MOANMUCYHK, MOoJIy4dast
cooOIeHne 00 H3MEHEHUH B HAOII01aeMOM 00BEKTE, OJJHOBPEMEHHO C 3TUM
MONyYaeT M yKa3aTellb Ha U3MCHUBIIMICS 00BbEeKT. DTO yA00HO, Kornua 3je-
MEHT XO04YeT BECTH HaOIIOJCHHE Cpa3y 3a HECKOJIBKMMH OOBEKTaMH. 3aTeM
OH o0parnraercs K yKa3aHHOMY OOBEKTY JJIs ITOJyYeHUsI JaHHBIX, HEOOXO0IH1-
MBIX eMy uid o0paboTku cooOmienus. Kpome Toro, B cucreme ODIS yxe
peanu3oBana nenouka nextElement (cm. kinacc Element Ha puc. 1), mo koto-
poii Takxe MOXKHO J00paThCsl 0 HMHTEPECYIONMIETO Hac OOBEKTa, TaK Kak
OOBIYHO UMEHHO 3TOT OOBEKT, MPHUBSI3aHHBIN K yka3aremo nextElement, sB-
JSieTC UICTOYHUKOM OIOBEIIeH!sI 00 OOHOBJIGHUM W/WIIM UCTOYHUKOM HE00-
XoauMoi HH(pOpMaIH st ero o0padotku. bosee TOro, JaHHBIN MEXaHN3M
OBLIT UCIIONB30BaH ISl aBTOMATHIECKOW MPUBS3KK HaOmonareneil K o0beK-
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TaMm TPU CO3IAaHUH OOBEKTHOW CTPYKTYpHI BCEH MMUTAIIIOHHOH MOJIETH B
knacce QueueSimulationModel (cm. [8]).

[Tocnennee, 4To OBUIO peaTM30BaHO IS TOCTIDKEHUS KOHKPETHON IICTIH
paboTsl — B Kitacce Source ObLT mepeorpenencH MeToxa objectlsChanged(...),
BHYTPHU HETO PEaTM30BaHO M3MEHEHHUE MapaMeTPOB BXOJSIIETO MOTOKA B 3a-
BHUCHMOCTH OT COCTOSIHUSI TIPUBS3aHHOTO 10 yKazaTenio nextElement 6ioka
obciyxuBanus (kmacc ServerBlock).

Takum 00pa3oM, C MOMOIIBIO MPEICTABICHHBIX B PabdOTe HM3MEHEHUIA
yIIaJIOCh HE TOJIBKO Peaji30BaTh BO3MOYKHOCTh HMHTALIMOHHOTO MOJIEIHPO-
BaHUSI BXOIIINX NOTOKOB CMO, mapaMeTpsl KOTOPBIX 3aBHCST OT COCTOSI-
HUSI CUCTEMBI, UTO SBIBUIOCH MIEPBOHAYATIBHON IENBI0 pabOThL, HO U peaju-
30BaTh YHUBEPCAIbHBIA MEXaHU3M OTCJICKMBAHUS H3MCHEHHH B COCTOSIHHUSIX
JTFOOBIX 3JIEMEHTOB MOJIETIH, YTO MOKET OKa3aThCsl TONE3HBIM IIPU WMHTAIIH-
OHHOM MOJICTTHPOBaHHIH 00JIee CIOKHBIX MOJIENICH CHCTEM H CeTel MacCcOBO-
ro o0CITy>KMBaHUSI.
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0630p uccnegoBaHuit No npobneme [OCTUHKEHUA
BbICOKOIi Npou3BoAUTeNbHOCTM npoTokona OPC UA™

Bagum TpeHbKaeB

HauuoHanweHsil ucciedosamesnbckuli
Tomckut 20cyoapcmaeHHsbili yHugepcumem, 2. Tomck, Poccus

IIpotoxon OPC UA [1] npeana3HaueH 11t HaAEKHOH 1 Oe30macHoO me-
penayy NaHHBIX MEXAY Pa3IU4YHBIMU CUCTEMaMHU B IIPOMBILUIEHHBIX CETAX.
IIpu s3tom OPC UA sBiisieTcsi yCOBEpLIEHCTBOBAaHHOM BepcHel «Kiaccuyie-
cxoro» OPC, noBceMeCTHO MPUMEHAEMOIO Ha COBPEMEHHBIX IIPOMBIIUICH-
HBIX 00BeKTax. biaromaps CBOMM HOBBIM CBOMCTBaM M MPOXYMaHHOHW apXu-
tektype OPC UA HaOupaeT MomyJsipHOCTh CPEAH MPOU3BOAUTENCH CHCTEM
aBTOMATHU3alMU, aKTUBHO MCIONB3YETCS B CUCTEMax MPOMBIIIJICHHOIO HH-
TepHeTa Bele M KOMMYHHMKAIIUH YMHBIX 3aBOJIOB.

[Ipu pazpa®oTke M 3KCILTyaTallMd CUCTEM IPOMBIIIJIEHHON aBTOMaTH3a-
L[UH BaXKHO 3HATh BO3MOXKHBIE OTPAaHHUCHUS IPOU3BOAUTEILHOCTH IIPOTOKO-
ma OPC UA. Ilpuduem B 3aBHCHMOCTH OT OOJNACTH HCIIOIB30BAHUS IPEIbSIB-
JSIOTCSI pa3Hble TpeOoBaHUS K XapakTepuctukam npotokosia OPC UA. Bo
BCTPOEHHBIX CUCTEMaX (TMPOMBIIIIEHHBIX CETAX HUKHETO YPOBHS) CKOPOCTh
Hepefavyy AaHHBIX ¥ MHHHMMAJIbHAs Harpys3Ka Ha CUCTEMY SIBISIOTCS HauOo-
Jee BaXKHBIMH TpeOoBaHUAMH. B KopmopaTHBHEIX cHcTeMax (CeTsxX mpea-
MPUATHS BEPXHETO YPOBHs) Ooliee BaxkHa d(PeKTUBHAS 00pabOTKa CTPYKTY-
PHUPOBAHHBIX JTAHHBIX.

[Tokazarensmu npouzBoautensHocTH TpoTokona OPC UA moryT ciy-
JKUTh KaK CKOPOCTHBIE XapaKTEPUCTUKHU (BpeMsl peakLMH Ha 3alpoc TeXHO-
JOTMYECKUX AAHHBIX, CIOCOOHOCTh MepeJaull JAHHBIX B PEXXUME PEalbHOrO
BPEMEHH), TaK M MTOKA3aTeIN TOr0, HACKOIBKO SKOHOMHO HCIIOIB3YIOTCS pe-
CYpCHI (IIpoIieccop, mamsTh, CETh) IPH 00ECIICUCHUN 3aJaHHOTO YPOBHS OBI-
CTPOJAECUCTBUA.

B nanHoii ctatbe ¢ ucnonbp3zoBaHueM UCTOYHUKOB [1—11] npencraBneno
COBPEMEHHOE TOJ0KEHHE /I B 00JIaCTH HCCIICIOBAHUH MTPOM3BOAUTEIHHO-
ctu potokoia OPC UA.

.
JlanHOe Hay4YHOE KCCJIE0BaHHUE BBINOIHEHO MPHU Hoanaepkke [IporpaMmbl HOBBILICHUS
KOHKypeHTocnocobHnoctu TI'Y
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Kpatkoe onucanune nporokona OPC UA

Kianenr-cepBepnas moaeanb. B ocnoBe texunomornu OPC UA nexut
KkimeHT-cepeepHas mojenbs. Cepep OPC — nporpamma Ha yCTpOWCTBE, pac-
MOJIATAIOIIEM JTaHHBIMU O TEXHOJOTHYeCKOM Ipouecce. CepBep MmpenocTas-
JsIeT HabOp CEePBUCOB, BKIIIOYASI JOCTYH K aKTYaJIbHBIM JaHHBIM, apXUBY, Ha-
0opy cooOrmieHni 00 aBapusax U coObITHAX. CepBep OXUAAET MOIKITFOUCHHS
KIIMEHTOB, TMOCJI€ YCTAHOBIEHHS MOJKIIOYEHHUS MPUHUMAET OT KJIMEHTa 3a-
npockl, opMupyeT U oTHpaBIseT oTBETH Ha 3anpocsl. Kimment OPC — mpo-
rpamma, coOuparomas JaHHble O TEXHOJOTHUECKOM Ipolecce. YTeHue aaH-
HBIX MOKET ObITh OPraHM30BaHO CUHXPOHHO/aCHHXPOHHO, IO MOJAIMUCKE, T.€.
M0 W3MEHEHHIO, 3alMCh JaHHBIX — CHHXPOHHO/aCUHXPOHHO. OOMEH aHHbI-
MU ocymecTBisiercss myteM (opmuposanus TCP-makeToB coOCTBEHHOTO
(dopmara, a Takke ¢ momoinpto mpotokona HTTPS mim WebSockets. Hc-
MOJb30BaHUE MEXaHW3Ma MOJIUCKH, KOTAa CEepBep OMNOBEIIaeT KIUEHTa O
HACTYIUICHUH KaKUX-JIHOO COOBITHH, TI03BOJISIET pa3Tpy3UTh CETh OT Iepera-
YH MOBTOPSIOIIUXCA HEM3MEHHbBIX 3Ha4eHUH. CepBUCHI O3BOJISIOT KIUEHTY
MOJMUCAThCS Ha OMOBEUICHUS OT CEPBEPa, C TIOMOIIBIO0 KOTOPBIX CEpBEp MO-
JKET CUTHAJTU3UPOBATh O BOSHUKHOBEHHH aBapHid, COOBITUH, N3MEHEHUHN 3HA-
YEeHUI TaHHBIX.

Kommynukauuonubliii crek. Oomen ganasiMu B OPC UA mpoucxoaut
MOCPENICTBOM CECCHH, KOTOPBIE OTNPEACTISAIOTCS KaK JOTHYECKOe COSMHEHUE
KIIEHTa U cepBepa. MexXaHu3M ceccuil He 3aBUCHT OT OCOOCHHOCTEH HIDKe-
JIeKaIIero MpOTOKOJIa, IPU 3TOM CECCHS HE NpEephIBaeTCs aBTOMATHUECKU B
cllydae Pa3pbhlBOB HIDKEIEKAIIUX MPOTOKOJIOB. YCTaHOBIICHHE U 3aBeplile-
HHUE CECCUM BBITNOIHAETCS C MIOMOIIBIO 3allpOCOB U OTBETOB KJIMEHTA U Cep-
Bepa. Kommynukanuonnsiii ctek OPC UA copepkUT TpU YpOBHS: YPOBEHB
(hopMaTHpOBaHUs, YPOBHb 3alUINEHHOIO KaHajla, TPAaHCIIOPTHBIA YPOBEHb.
YpoBeHb (OpPMATHPOBAHUS MPEACTABICH TPEMS BO3MOXXHBIMH (hOpMaTaMu
cooOrIeHmid, KOTOPBIMH OOMEHHUBAIOTCS KIHEHT U cepBep: UA Binary; UA
XML; UA JSON. B Hauane ceccun oOMEHa JaHHBIMU MOXET OBITh OPTaHH-
30BaH 3alUIIEHHBIN KaHAIl CBS3M MEXIY KIMEHTOM M CEPBEPOM C TIOICPK-
KOM CHMMeTpUYHOro mu(poBaHus, 4To obecrneynBaeT KOH()ETUIHATLHOCTD
nepeJaBaeMbIX JaHHBIX. [Ipu opraHM3anuy 3allWIIEHHOTO KaHajla MCIOJb-
3ytorcs ceprudukatel X.509. TpancnoptHeiid ypoBeHb creka OPC UA 6a3u-
pyercs Ha nipotokosie OPC UA Connection Protocol, pabotatomiero mosepx
onuoro u3 mpotokosnos: TCP, HTTPS, WebSockets.

Anpecnoe npocrpanctbo. Cepsep OPC cBsi3an ¢ 00beKTaMu HabIIO/Ie-
HUsA. OOBEKT IMpeICTaBIseTCs Kak HaOOp MEepeMEHHBIX, 3HAUCHHUS KOTOPHBIX
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MOJKHO CUHTATh, 3aIIHCaTh WIH MTONYIHTh YBEIOMIICHHE 00 UX M3MEHECHUH, a
TAK)KE€ METOJIOB, KOTOPHIE KIIMCHT MOYKET BBI3BIBATH M MOJIYYaTh YBEIOMIIC-
HUS TIOCIIe 3aBepIICHHs UX paboThl. COBOKYIHOCTH 00BEKTOB, KOTOPEIE cep-
BEp MPEAOCTABIACT KIUCHTY, HAa3bIBACTCS aJPECHBIM IIPOCTPAHCTBOM
(address space). AapecHoe MPOCTPAHCTBO MPEACTABICHO KIMEHTY KaK COBO-
KYIHOCTH y3J10B (nodes), coequHeHHBIX cBsi3simMu (references). s MoHUTO-
PHHTa COCTOSHHSI Y3JIOB M3 aIpEeCHOTO IPOCTPAHCTBA KIIMEHTOM CO3IAIOTCS
oTcieXuBaeMble y37bl (monitored items). OTcnexxnBaeMble Y376l MOTYT 00-
HAPYXKUTh U3MCHEHHE MAHHBIX WM BO3HHKHOBEHHE KaKOTO-TH0O COOBITHS.
[Tocne gero oHM reHEpUPYIOT yBemomiieHue (notification), KOTopoe OTIpaB-
JsieTcs KIMEeHTy yepes MoANUcKy (subscription).

I[MapameTpsl pekuMa MOANMMCKHU. )i KaXXJOTO OTCIICKHBAEMOTO y3JIa
orpenersieTcss MHTepBall BEIOOpKH (sampling interval) — mHTEpBan BpeMeHH
MIPOBEPKU CEPBEPOM HMCTOUYHWKA TAHHBIX Ha HaJW4YHe U3MEeHEHH. Brioopka
JAHHBIX MOXKET OBITH OBICTpEE, YeM IOChUIKA YBEAOMJICHHUH KIHEHTY, T.e.
MeHbIIle MHTepBana onyOiukoBaHus (publish interval). B aTom ciydae cep-
Bep Oydepm3upyeT DaHHBIE, a IIOTOM ITYyOIUKYeT cpa3y Bce HAKOIUICHHBIC B
ouepenu AaHHble. Pasmep ouepenu (queue size) — Takke HaCTpauBacMas Be-
nmunHa. Korma maHHBIE ZOCTABISIOTCS KIIMEHTY, T.€. IIPOUCXOIHUT ITyOJIHNKa-
s (publish), ouepens ounmaercs. Kaxmas ouepens ©MeeT MOJIUTHKY cOpo-
ca B clyyae TeperoIHeHus, HalpuMep oTOpackIBaeTcs caMmoe cTapoe 3Haue-
HHE.

Takum obpazoMm, ontumu3aius padotel mportokosa OPC UA Bo3MOXHa
Ha 0a3e BapbUPOBAHUS MMAPAMETPOB €r0 KOMMYHHKAIIMOHHOTO CTEKa, a TaK-

XKE HaCTpOI\/'IKI/I pexumMa noAInruCKHu.

UccnepoBaHua npouisBogutenbHocTy npotokona OPC UA

CoBpeMeHHbIE HCCIeIOBaHuS B 00JacTH BBIABICHHS ONTHMAIBHBIX pe-
KUMOB PaboTHl U y3kuxX MecT mporokona OPC UA wuayT mo mupoKoMy
CIEKTpYy HaIpaBlieHH. BBICHAIOT pa3jinyHble 3aBUCUMOCTH, HalpuMmep 3a-
BHUCUMOCTb 33JICp>KKH Iepeiadun TaHHBIX OT pa3Mepa IepeiaBaeMbIX JaHHBIX
[2] MO0 BNHMSHUE KOTMYECTBA KIMEHTOB HA 3arpy>KEHHOCTh CEPBEPHON Ma-
muHbl [3]. TIpu 3TOM HccaenoBaHus MOTYT OTJIMYAThCS MPEIMETHON oOa-
cThio. Hampumep, mpoBoAAT TECTUPOBaHUE MPOU3BOIUTEIHLHOCTH MPOTOKOJIA
OPC UA B yMHBIX 2JIEKTPUYECKUX CETAX [4] WM B MAJIOPECYPCHBIX CHCTE-
Max aBTroMartu3anuu [5]. Takxke HcCClIeOBaHUS OTJIMYAIOTCA MO HCIOJbB30-
BaHHBIM SI3bIKaM IPOTPaMMHUPOBaHU, OUOIMOTEKaM U CpeAcTBaM pa3padoT-
ku (SDK), Hanmpumep B [6] uccnenyrotes pasnudnbie Xxapaktepuctukn OPC
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UA npu peanuszauuu Ha Java. Mmerotca paOoTbl, B KOTOPBIX CPaBHUBAIOT
OPC UA c apyrumu nporokonamu: MQTT [7], CoAP [8].

B nanHO# cTaThe Bce CyIIECTBYIONIME HAIIPABICHUS MCCIEAOBAHUN pas3-
JeTeHbl Ha JBa Kjlacca: aHall3 CKOPOCTHBIX XapaKTepUCTHK, BBLIBICHHE
TpeOOBaHUI MPOTOKOJIA K alMapaTHBIM pecypcam.

HccnenoBanue ckopoctHbix xapaktepuctuk OPC UA. Tlomyuenue
TexHoJorndeckux AanHpiX B pamkax OPC UA mpoTokoja BO3MOXHO JTHOO
MIOCPEACTBOM OIIPOCa, JIUOO0 B PEKUME MOAMUCKU. B mepBoM ciyuae B Kaue-
CTBE CKOPOCTHOW XapaKTEPUCTHKH MPOTOKOJA MCIIONB3YIOT BPEMs pEaKIiuu
Ha 3ampoc JaHHbIX (round-trip time), T.e. BPEMEHHOW MHTEPBal MEXIY MO-
MEHTOM, KOIJla KJIMEHT BbIJall 3alpOC Ha CUUTHIBAaHME OJHOW WM Habopa
MEepPEeMEHHBIX, © MOMEHTOM, KOTJIa COOTBETCTBYIOIIMC 3HAYCHHS IMEPEMEH-
HBIX TOCTaBJICHBI KJINEHTY. Bo BTOpoM ciryuae B KauecTBE CKOPOCTHOW Xa-
PaKTEpUCTUKON MPOTOKOJIA UCIIONB3YIOT 3a/iepkKy (delay), T.e. BpeMeHHOM
WHTEPBAJI MEXIy MOMEHTOM, KOTJa HOBOE 3HAUYCHHE MEePEMEHHOW COoXpaHe-
HO Ha cepBepe, U MOMEHTOM, KOTJla KIIMEHT TojlydaeT 3To 3HaueHue. CTouT
OTMETHUTbH, YTO UHOTIA 00JIee BaYKHO TOCTHYh MaKCHMAIIBHOHM OOIIeH mpormy-
CKHOM CITIOCOOHOCTH CETH, a He JIOKAIbHBIX OBICTPBIX OTBETOB.

JlaHHBIE TTO BpEMEHH peaKIuu Ha 3arpoc (0e3 BIMSHUS CETH) U CO00-
MEHUN Mano2o pa3Mepa B Pa3IMUHBIX CTAThIX BapbupyroTcs ot 0.2 mc [1]
10 50 mc [9]. ITpu 3TOM coOOIIaeTcs, YTO BpeMsl peakluy Ha 3armpoc pacTeT
NPU yBEITUYCHUH pa3MEpoB TepeaBaeMbIx cooOnieHnii. Hampumep, urenue
bonvuiozo 61oka gaHHbIx B 2.5 MB moxer 3anumars okosio 200 mc [10].
Taxoke B [10] sxciepuMeHTaNbHO MOKA3aHO, YTO BpeMs peakMi Ha 3ampoc
3aBHCHUT OT KOJIMYECTBA HAOIIOAaeMbIX TIEPEMEHHBIX U CKOPOCTH CETH, HO HE
OT THIIa JaHHBIX (OyJIEBBIN, IIETIOYNCICHHBIH, BEIICCTBEHHBIN ).

B [11] coobwmaercs, yto mudpoBaHue, HO HE MOANMCAHHUE, COOOLICHHA
CYIIIECTBEHHO YBEJIMYUBAET BpeMsl peakiuu Ha 3ampoc. MccrnemoBatenu [2]
YTBEPKAAIOT, UTO MPH MAaJbIX pa3Mepax COOOIeHNH mudpoBaHNe yIBaNBa-
€T BpeMs peakiliy Ha 3arpoc, ONEpaIuy IMOIIHCAHHS U IHU(PPOBaHUSI CO00-
[IeHUH 3aHUMAIOT MPAKTUYECKH OJIMHAKOBOE BpEMs, C YBEIHMUEHHEM pa3Me-
pa mepenaBaeMBIX COOOUICHU BIMSHHUE OTIEPAIMid TOIIHCAHUS U MU (POBa-
HUSI COOOIIEHMH Ha CKOPOCTh MepeIaun JaHHBIX 3aMETHO YMEHBIIIASTCSI.

CornacHo [1], BEIOOp TpaHCIOPTHOTO MPOTOKOJIA BIUSAET HA BPeMs peak-
IIMM HA 3aIIpOC JaHHBIX: MpH Ucnoas30oBaHun npotokona SOAP/HTTP ¢ ko-
nrpoBkod XML 3HaUMTEIBHO BO3PACTAIOT BPEMEHHBIE U3AEPIKKHU MO CPaB-
nenuto ¢ UA TCP.

B pesyibrare MpOBEJICHHOTO aHAlM3a MOYKHO BBUICIHTH CIIEAYIOIIHE
(aKTOpPBI, KOTOPHIEC CYIIECTBCHHO BIHSAIOT Ha CKOPOCTHBIE XapaKTCPHCTHKH
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npotokoia OPC UA: 1) MexaHu3Mbl OOHOBIIEHUS JaHHBIX B aJpECHOM IPO-
ctpanctBe cepsepa OPC UA, B TOM 4uciie TaKUe MapaMeTphl MOANMUCKH Kak
WHTEPBaI BHIOOPKH M UHTEPBaJ OMyOJIMKOBAHUS; 2) pa3Mephl Iiepe1aBacMbIX
JIaHHBIX; 3) HACTpOMKa pexuMa 0e30macHOCTU. VCIonb3yeMblid SI3BIK TIPO-
rpaMMHUPOBaHUA WM ONEepalliOHHAasl CUCTEMa Majio BIHSIOT Ha MPOU3BOAU-
TenbHOCTH npoTokoia OPC UA.

HUccnenoBanue pecypcoemkoctu OPC UA. Jlns obecrnieueHus tpedye-
MOTO YPOBHSI KauecTBa OOCITYy>KWBaHUS (3alaHHOTO KOJIMYECTBO KIMEHTOB,
CKOPOCTH TIepefadd JaHHBIX) HeoOXOIMMa OIICHKa TpeOOBaHMI, KOTOPHII
MPOTOKOJ TPENBSBIIET K alllapaTHBIM pecypcaM, YTO KOJMYECTBEHHO MO-
JKET OBITh BBIPAXKEHO Yepe3 MPOLICHT HCTIOJIb30BaHUS PECYPCOB.

MHorue uccienoBanus Mmokasanu, 4ro Harpyska Ha cepep OPC 3aBucut
OT KOJINYECTBA KIMEHTOB, KOJMYECTBO MOIIMCOK, KOJTHIECTBA HAOMIOAaeMbIX
nepeMeHHbIX. Tak, Hampumep, B [10] omeHuBasoch N1Ba pa3HbIX NPOGUIS:
cirydait BctpoeHHoro cepsepa (500 nmepeMeHHBIX MpH 5 MOANKCKaX) U cayvai
cTaHaaptHoro cepsepa (37500 mepeMeHHBIX TipU 75 ToANMCKax). 3arpys3ka
nporeccopa Intel AtomTM Z530 Ha «BCTPOESHHOM cepBepe» IPH HHTEpBAJe
BbIOOpKH B 100 Mc cocTtaBuia 2%. 3arpy3ka TOro e Mpoleccopa Ha «CTaH-
JIApTHOM cepBepe» Npu uHTepBalie BeIOopku B 500 Mc coctaBuia 40%.

B [3] moka3ano, 4TO 3arpy3ka mporeccopa CepBepHONW MallHBI MOYTH
JUHEWHO 3aBUCHUT OT KOJIMYECTBA OTCIIEKUBAEMBIX KITUEHTOM Y3JIOB. JTO JKe
HCCIIeIOBaHUE MTOKa3bIBaeT, 4To 00padoTka okoso 1000 oTciiexnBaeMbIX y3-
JIOB MO’KET IPUBECTH K CHJIBHOW 3arpy:KEHHOCTH IIpOIleccopa cepBepa, pac-
MOJIO’)KEHHOTO Ha CPEJIHEMOITHON MalllHe, YTO, B CBOIO OYepe/b, MPUBOAUT
K HEKOPPEKTHOMY OOHOBJICHHUIO JAHHBIX.

Kpome Toro, mccremoBaTend BBIICISIOT TaKOW KOMITICKCHBIH (akTop,
OKa3bIBAIOLIMI BIMSHUE Ha 3aTPYKEHHOCTb Ipolieccopa cepBepa, Kak Mexa-
HU3M O00pabOTKM 3HAYeHH TEXHOJOTHMYECKUX JaHHBIX Ha cepBepe, OTBe-
YaroImui 3a cOOp JaHHBIX ¢ KCTOYHUKOB, 00paOOTKy JaHHBIX BHYTPH CepBe-
pa ¥ IOCIeAYIOIIYIO TIepeady JaHHBIX KIHEHTaM.

3aKknuyeHune

IIpoBenen 0030p mccneOBaHMi, CBA3AHHBIX C 33/1a9€i TOCTHKEHHS BBI-
cokoif mpousBoauTensHocTH mporokoiaa OPC UA. B kauecTBe MeTpUK Mpo-
U3BOAUTENIBHOCTH UCIOJIb3YIOTCA CKOPOCTHBIE XapaKTEPUCTHKHU MPOTOKOJIA
W pa3NuyYHbIe TTOKa3aTelIH MOTPeOJICHNs almapaTHBIX PecypcoB. BrlneneHs
(aKkTopBl, CYIIECTBEHHO BIMAIONIME HA IPONU3BOJUTENHHOCTH IPOTOKOJA
OPC UA.

328



10.

11.

JIUTEPATYPA

. Mahnke W., Leitner S.H., Damm M. OPC Unified Architecture. Berlin; Heidelberg:

Springer-Verlag, 2009. 339 p.

. Cavalieri S., Chiacchio F. Analysis of OPC UA performances // Computer Standards

& Interfaces. 2013. V. 36. Iss. 1. P. 165-177.

. Fojcik M., Folkert K. Introduction to OPC UA performance // Communications in

Computer and Information Science. 2012. V. 291. P. 261-270.

. Claassen A., Rohjans S., Lehnhoff S. Application of the OPC UA for the smart grid //

Proceedings of 2nd IEEE PES International Conference and Exhibition on Innovative
Smart Grid Technologies. 2011. P. 1-8.

. Burger A., Koziolek H., Riickert J., Platenius-Mohr M., Stomberg G. Bottleneck

identification and performance modeling of OPC UA communication models //
Proceedings of 10th ACM/SPEC International Conference on Performance
Engineering. 2019. Article 4. 12 p.

. Folkert K., Fojcik M., Cupek R. Efficiency of OPC UA communication in Java-based

implementations / Communications in Computer and Information Science. 2011. V.
160. P. 348-357.

. Rocha M.S., Sestito G.S., Dias A.L., Turcato A.C., Branddo D. Performance

comparison between OPC UA and MQTT for data exchange // Workshop on
Metrology for Industry 4.0 and IoT. Brescia, 2018. P. 175-179.

. Durkop L., Czybik B., Jasperneite J. Performance evaluation of M2M protocols over

cellular networks in a lab environment // 18th International Conference on
Intelligence in Next Generation Networks. Paris, 2015. P. 70-75.

. Freund M., Martin C., Braune A., Steinkrauss U. JSUA — An OPC UA JavaScript

framework // IEEE 18th Conference on Emerging Technologies & Factory
Automation (ETFA). Cagliari, 2013. P. 1-4.

Intel, AscoLab, Unified Automation. Reducing Product Development Effort for OPC
Unified Architecture. White paper, 2009.

Post O., Seppdld J., Koivisto H. The performance of OPC-UA security model at field
device level // Proceedings of the 6th International Conference on Informatics in
Control, Automation and Robotics (ICINCO 2009). Milan, 2009. P. 337-341.

329



MATEMATUWYECKOE
N KOMMNbIOTEPHOE MOAEJINPOBAHUE
TEXHOJIOTMYECKUX MPOLIECCOB

MATHEMATICAL AND COMPUTER MODELLING
OF TECHNOLOGICAL PROCESSES

Stability analysis and motion of the Kapitsa pendulum’

Mary Michel Begre, Warren Kassy Dougg Feussi,
Shakhmurad Kanzitdinov, Sergey Vasilyev

RUDN University, Moscow, Russia

The generalization of Kapitza pendulum is investigated. Lyapunov
stability analysis of the motion for this pendulum subjected to excitation of
periodic driving forces that act in the vertical and horizontal planes has been
studied with a small parameter.

We study the generalization of the Kapitsa pendulum in the preposition of
the existence of vertical and horizontal periodic oscillations of the suspension
point. The Kapitsa pendulum is a rigid pendulum in which the suspension
point vibrates vertically, up and down. The unique feature of the Kapitsa
pendulum is that the vibrating suspension can cause it to balance steadily in
an inverted position (inverted pendulum). A pendulum with a vibrating point
is a classical problem that is actively investigated by methods of perturbation
theory. The phenomenon of stabilization of the upper vertical position of the
pendulum with fast vertical oscillations of the suspension point was
discovered by A. Stephenson [11, 12]. P.L. Kapitsa developed a method for
analyzing the stability of an inverted pendulum by using the separation of
slow and fast movements for such a pendulum [5, 6]. Various aspects of this
problem have been discussed in many publications [1, 2, 8—10].

It is well known that time-varying dynamic systems are more difficult to
analyze than time-invariant systems [13—15]. It is also known that for linear
time-invariant dynamical systems. There are only two types of stability such

* The publication was financially supported by RFBR according to the research project
No.18-07-00567.
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as Lyapunov stability and asymptotic stability, which are completely
determined by the set of eigenvalues of the system matrix. However, for
linear systems that change over time, there are more types of stability, such
as non-uniformly asymptotic stability, uniformly asymptotic stability, non-
uniformly exponential stability, and uniformly exponential stability. In
addition, in contrast to linear time-invariant dynamical systems, the stability
of linear time-varying systems can not be directly related to the set of
eigenvalues of matrices [14], so the analysis of time-varying dynamical
systems is more complex [3, 4, 7].

In this paper, we propose a model of a generalized Kapitsa pendulum, in
which the suspension point moves in the vertical and horizontal planes, and
analyze its Lyapunov stability in the presence of a small parameters in the
system, which is the length of the suspension. The results of numerical
investigation of the motion of the generalized Kapitsa pendulum are also
presented. The existence of a stable motion of this pendulum is shown.

Mathematical model of the Kapitsa pendulum

Let the function x(f) u y(f) are horizontal and vertical Cartesian
coordinates of the suspension point, / is the length of the massless pendulum
rod and m is a mass of the pendulum. Let 0(f) be corner between the
pendulum rod and the vertical. Position coordinates of a pendulum bob have

the following form
x(¢) =1sin6(t) + a(t)sin ot, )
y(t) =1cosO(t) + b(t)sin m,t,

where ®; and ®, are frequencies of harmonic vertical and horizontal forced
suspension vibrations, functions a=a(f) u b=>b(f) are time-dependent
amplitudes of forced oscillations along the axes x and y. If we take a
derivative of the time from the functions x(¢) and y(¢) in (1), then we can
write the coordinates of the velocity of a pendulum bob in the form

v, (t)=Icos 0(1)0(7) + am, cos ®,f,
v, (1) ==Isin6(1)0(t) + beos 1,
where functions v, (¢) =x(1), v,(¢)=y(t) are velocities along each of the

axes.
Let functions K(7) and V(¢) are kinetic and potential pendulum energies,
then we can present them in the form
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K(t)=0.5m(% () + 7 (1)).V (t) = mg y(0),
K(@)=0.5m [(1 cos0(1)0(1) + am, cos o)lt)2 + (—l sin 0()0(1) + bw, cos (nzt)2 } ,
V(t)=mg(lcosO(t) + bsino,t),

where g is the acceleration of free fall.
The full energy of the system is the sum of kinetic and potential energies

E@)=K(®)+V(®)=0.5m"" (pl(t)+ p} () + mg y(0),

where p.(f) = mv, and p,(f) = mv, are momentum projection p(f) on the axis x
and y.
Lagrangian of such a system has the form

L(t)=K(t)=V () =0.5m(i*(t) + 7 (1)) — mgl cos O(z) .
The Euler — Lagrange equation for pendulum model has the form
d OL(t) OL() _

dt 06 00

and we can write the pendulum movement equation in this case

>

18(1) - a(t)col2 sin o, cos 0 + (b(t)o)g sin o, — g) sin® =0.

Let the length of the massless pendulum rod be a small parameter in this
equation /1. Let’s introduce the generally accepted designation of a small
parameter € = / for convenience in this case, then the equation has the form

e(r) - a(t)(nl2 sin o, cos 0 + (b(t)(oé sin @, — g)sin 0=0,

which is singularly perturbated equation, since if we put the value of a small
parameter to zero € = 0, then we can get a degenerate equation in the form

tg0 = aw; sin colt/(buﬁ sin o, — g),

which is not a differential equation, but an algebraic equation.
We can rewrite the singularly perturbed equation in the form of a first-
order differential equation system with a small parameter € in the form

0=0(),
ep(t) = acol2 sin o, cos 0(¢) — (bo)% sin,t — g) sin 0(2),

)

where @(7) is an auxiliary variable.
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We can analyze the Lyapunov stability for the pendulum movement in
case when the length of the suspension is a small parameter /<1.

Let 0y and @, are parameters of the pendulum equilibrium and let A8 and
Ao are deviations from the equilibrium state 6, and ¢,. We can describe the
movement of the pendulum as follows in this case

0=0, +A0(1), 0=, +Ap(1).
We can find parameters 6, and ¢, from the solution of such system

9, =0,
2 2
tg0, = aw; sin (;)lt/(bco2 sin o, — g).
This equation is exactly the same as the equation for a degenerate case
e=0.
We can get a system of differential equations to study functions A6(#) and
Ao(?) if we use linearization method

AD = Ap(t),
Ap = ! (\/(a(of sin (x),t)2 + (b(x)% sino,t — g)2 )Ae(t).

The characteristic polyn of this system has the form

D(p)=p* +¢ (\/(amf sin colt)2 + (boog sin @, — g)z )

We have the necessary and sufficient condition D(p) > 0 for the stability
of the generalized movement of the Kapitsa pendulum in this case. This
stability condition take place when € > 0 and for any ®;, w, u ¢ > 0.

Simulation and numerical examples

The numerical study of the movement of the generalized pendulum of
Kapitsa is presented in this section. Let functions a(f) u b(f) have the forms
like this a(t) = Asinv,t, b(¢)=Bsinv,t, where parameters 4 and B are

amplitudes, v, and v, are the frequencies of harmonic vertical and horizontal
forced vibrations of the suspension, then we can rewrite the system of
differential equations (2) in the form

0=0(),
p=g"'Av; sinv,tcosO(t) +¢’ (Bv% sinv,t + g)sin 0(¢).
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We have assumed parameters of the pendumum /= 0.05 m, v; =405 ",
v, =10 sfl, g=10 m/s® for numerical simulations. The result of the
numerical study is presented on the Fig. 1. We can see that for these
parameters of the system we can have a steady movement of the pendulum.

] 5 T

()
10 + .

d H\ NI ] N

-15 I I I 1
2 4 6 8 t

(=]

Fig. 1. The numerical study of dynamics pendulum

Conclusions

A generalization of the pendulum Kapitsa is considered in this work. We
investigate the type of inverted pendulum in the case when the suspension
point moves in vertical and horizontal planes. We consider the Lyapunov
stability of movement in the presence of a small parameter in the system. The
numerical study of its movement is presented and showed the existence of
the steady movement of this pendulum. Analysis of the movement of such a
pendulum can be used to determine the stability parameters of buildings and
structures in an earthquake.
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Kadyshevsky equation numerical analysis with periodic
boundary conditions on adaptive grids*

Mohamed Adel Bouatta, Irina Kolosova,
Evgeniya Korshok, Darya Vasilyeva

RUDN University, Moscow, Russia

The boundary value problem for the relativistic Schrodinger equation
(Kadyshevsky equation) which is a singularly perturbed differential equation
of infinite order is considered. The truncation method is applied to analyze
its solution. The numerical methods on an irregular grid is constructed and
the solutions is obtained with a quasipotential.

The description of the interaction of relativistic particles within the quasi-
potential approach is very widely known in modern physics. This description
is based on the so-called covariant single formulation of quantum field
theory, in which the theory is considered on the spatial three-dimensional
hypersurability in the Minkowski space. This approach focuses on methods
of constructing various quasi-potentials, as well as using a quasi-potential
approach to describe the characteristics of relativistic particle interactions in
quark models, such as the amplitudes of elastic hadron scattering, mass
spectra and the width of meson decays, as well as cross-sectional sections of
deep non-suprudian scattering of leptons on the adrons [1-5].

In this work, we formulate Sturm-Liouville problem with periodic
conditions on the segment for the truncated 2m-order Kadyshevsky equation
with a small parameter. A modification of the adaptive grids method is
proposed for Kadyshevsky equation numerical analysis with periodic
boundary conditions. The proposed modification grid is piecewise
homogeneous Shishkin-type grids adapted to the small size of the boundary
layer.

Mathematical model of bound states of elementary particles
and numerical analisys

A method is proposed for constructing asymptotic solutions to the
boundary value problem for the Kadyshevsky equation (a singularly

* The publication was financially supported by RFBR according to the research project
No. 18-07-00567.
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perturbed differential equation of infinite order) [1-5]
Ly(r,l) =1 y(r,D), )

L= H;;d+V(r)7\‘ =2c\q* +m’c?

2 .
HY = 2mc? ch[ in D) " mexp(ﬂD) -
me ( in j me
mr| r+—
mc

_y D 2me )" 2me’ (1)2”D2p+ P+ EL(EJPD”’

=oep)!t Ume mr(Hm),,_op! me
mc

where D’ = d&/d/’ is differential operator, m — mass, ¢ — momentum and
[=0,1,... — moment of bounded particles, V(r) — quasipotential; #/mc is a
small parameter.

For this equation we can formulate boundary value problem with periodic
boundary conditions for eigenfunctions and eigenvalues on segment [0,7¢]

Ly(r,l) =\ y(r,0),
v (0,) =y (r,1), i=0,1,2,....

We can apply truncation procedure to the equation (1) and write it in the
form

1
LZk\Ilzk (V,l) = 7\‘\|/2k (re 1)35 . (2)

% H;”,dzk +V (),

Frad Z( NP 2me* ((h ZPD2p+ R +1) ii i\ o,
Hip = ep) \me [ ihj — p!\mc ’
p=0 mr| r+— |P=0
me

for this equation we can also formulate boundary value problem with
periodic boundary conditions for eigenfunctions and eigenvalues on segment

[09 }"0]

Loy, (1) =y (D),
v, (0,0) =, (ry,0),i =0,1,2,...,2k —1.

337



For equation (2) with quasipotential V(0) for k=4, 6 an irregular mesh
has constructed on the segment [0,7¢]. This grid is modification of piecewise
homogeneous Shishkin-type grids adapted to the small size of the boundary
layer [6, 8]. It is shown that the numerical solution of the boundary value
problem (3) converges uniformly for different values of a small parameter.

Conclusions

We formulate Sturm — Liouville problem with periodic conditions on the
segment for the truncated 2m-order Kadyshevsky equation with a small pa-
rameter. We proposed a modification of the adaptive grids method for the
truncated 4 and 6-order Kadyshevsky equation numerical analysis with
periodic boundary conditions. The proposed modification grid is piecewise
homogeneous Shishkin-type grids adapted to the small size of the boundary
layer. This type of grids guarantee uniform convergence of numerical
solutions when a small parameter € changes to zero.
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A reaction-diffusion-advection competition model
with a free boundary

Jozil Takhirov

Institute of Mathematics, Tashkent, Uzbekistan

In this paper, we study a competitive diffusion quasilinear system with a
free boundary. First, we investigate the mathematical questions of the
problem. A priori estimates of Schauder type are established, which are
necessary for the solvability of the problem. One of two competing species is
an invader, which initially exists on a certain sub-interval. The other is
initially distributed throughout the area under consideration. Examining the
influence of baseline data on the success or failure of the first invasion. We
conclude that there is a dichotomy of spread and extinction and give precise
criteria for spread and extinction in this model.

Introduction

Today, humanity is faced with increasingly serious environmental and
epidemiological problems, such as environmental pollution, invasion of
exotic species, the emergence of new infectious diseases and the resumption
of existing epidemiological diseases. Mathematical modeling has been used
successfully to study many biomedical and epidemiological problems, and in
all these contexts non-linear and complex dynamics have been observed.

Over the past twenty years, significant progress has been made in the
mathematical modeling of biomedical processes, which has led to the
creation of more complex models consisting of systems of nonlinear partial
differential equations.

It turns out that the theory developed for coupled systems of parabolic
and elliptic equations can be applied to a number of reaction-diffusion
models in many areas of applied science. This includes models emerging in
biology, ecology, and biomedicine. The bulk of the theory developed in
famous articles (see, eg, [1, 2]) is motivated by these model problems.

In the work [3] Pao C.V. and Ruan W. investigate the existence,
uniquence, and asymptotic behavior of solutions for a coupled systems of
quasilinear parabolic equations under nonlinear boundary conditions.
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Formulation of the problem

In this article discusses the existence and qualitative properties of
solutions of a competitive-diffusion system of quasilinear parabolic
equations in a domain with a free boundary. The problem of describing the
dynamic process of the invasion of a new competitor into the habitat of a
local species belongs to Du and Lin [4], who investigated the nonlinear
evolution of two species in an unbounded spatial domain.

We focus on the case where the indigenous population undergoes
expansion and growth in a limited area to be more realistic, and we
investigate the model of diffuse competition described by the following
problem:
a(wu, —du,, —ku, =u(a, —bu—-cy), t>0, 0<x<s(?),
by, —dyv,, — kv, =v(a, —byu—c,v), t>0, 0<x<l/,

u(0,x) =uy(x), 0<x<sy=5,</,

v(0,x) =v,(x), 0<x</, (1)
u (t,0)=v (£,0)=v(,1)=0, t=0,

u(t,s(t)=0, =0,

$(t) = —pu, (t,5()),t >0,

where x =s(¢) is called a free boundary, which is to be determined together

with u and v, all the parameters a,,b;,c;,d;,k;(i=1,2) and p are given
positive constants.
The coefficients of biocapacity a(u),b(v) and u,(x),v,(x) satisfy:
a(u) = a, > 0,b(v) > b, >0 and Holder continuous in Oy,
uy(x) e c([o0, So D)4 (0) =uy(sy) =0 and u,(x) in [0,s,],
Vo(x) e Cz[O,l],vo(l) =0,v,(0)=0,v,(x) > 01in [0,/],

where O, ={(¢,x):0<t<T,0<x</}.

This model describes how a new species with population density u
invades into the habitat of a native competitor v .

Since the natural biological process is associated with invasion, we
consider it necessary to add terms reflecting the transfer and change in
concentration to the equations using the convective transfer term and the new
«biocapacity» coefficient.
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In [4], the authors considered two cases: superior and inferior competitor,
when u is the superior competitor, and it was proved that the spread-
disappearance dichotomy takes place. Namely, as ¢t — +oo, either A(¢#) >

and (u,v)—> (u,0), or h, <o and (u,v)—>(0,v"). Problem (1) with
a(u)=1,b=1 was studied in [4].

The main contribution of this article is the establishment of the global
existence of the classical solution to problem (1) and the study of the
behavior of the solution as ¢ — o« . A method is proposed for establishing a
priori Schauder-type estimates for a new class of free boundary problems for
mixed-two-phase equations.

A priori estimates

Local existence and uniqueness results are valid for any quasi-linear
parabolic equation, when the given functions have enough smoothness,
without any restrictions on the growth type of these functions with respect to
u and u, (seee.g.[5, 6]).

Such conditions are necessary, when the global solvability of the
boundary problems is considered. The most challenging aspect of the proof is
bounding the spacial gradient of the solution.

For functional spaces and norms, we will employ the notations of [5, 6],

and we will also make use of its results.
Lemma 1. Let (u,v,s(¢)) be a solution of (1) for ¢ €[0,7],7 > 0. Then

0<u(t,x) < max{%,”uonoo} =M,, t>0, xe[0,s)],
1

0<v(t,x) < max{a—z,"voﬂw} =M,, t>0, xe[0,l],
)

0<5(<Ms, >0, *)

where M depending only data.

The estimate (*) does not guarantee the continuation of the two-phase
process till prescribed value of time, that is, s(¢) </,0<¢<T . On the other

hand, the s(#) </ case is important one from a practical perspective.
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For each equation of the system, we formulate the corresponding
problem:
u, =a(u,, + fiw,v,u,), D={tx):t>0,0<x<s(t)},
u(0,x) =uy(x), 0<x<s, A)
u (t,0)=0, u(,s@)=0, >0,
$(t) = —uu, (t,5(2));

v, =b(Wv + fou,v,v,), O={(tx):t>0,0<x<[},
v(0,x) =vy(x), 0<x</, (B)
v, (£,0)=0, v(,])=0,

1

where a(u)= ( ) NACE ) [Ku, +u(a, —bu—cpy)],

E(v)_b( 3 NAOE b() K,v, +v(a, —byu—c,)].

Theorem 1. Assume that the conditions of Lemma 1 are satisfied and let
a continuous in Q function v satisfies the conditions of (B). If v(z,x) has

derivatives v, ,v . that are square-integrable in O, then

|vx(t5x)|<M4(M25b07d2av())’ (t,x)EQ,
|VIE, S Ms(My), |V B < M(Ms).
Proof. The proof is based on the results of [5]. In the case of (A), using
the transformation t=¢,y :%, we straighten out the boundary. Then D
s(t
will be mapped to Q={(t,y):0<1,0<y<1}, while for the function
w(t,y) =u(t,ys(t)) we obtain an equation with bounded coefficients and a

right-hand side. Using the results of [5,6], we establish bounds for
|w, [|wl,, in Q . For the highest order derivatives, the bounds are obtained

using the linear theory [6].
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The existence result

Theorem 2. Suppose that the conditions of Theorem 1 and Lemma 1 are
satisfied. Then there exists in DuUQ a solution u(f,x)e C***(D),
v(t,x) € C*P(Q), s(t)e C"(0<t<T) problems (B).

To prove the solvability of a nonlinear problem, one can use various
theorems from the theory of nonlinear equations, remembering that the
uniqueness theorem of the classical solution holds for it. We apply the Leray
— Schauder principle [6], the established a priori estimates |-|, WQ for all
possible solutions of nonlinear problems and the solvability theorem in the
Holder classes for linear problems. Moreover, the existence theorems for
systems are the same as the theorem for the case of a single equation, since
each of the equations can be considered as a linear equation for u(¢,x) and
v(t,x) with Holder-continuous coefficients.

Problem (B) is considered simultaneously with a one-parameter family of
problems of the same type. The linear problem defines the transformation
w=F(0,k),0<k <1, to which the Leray-Schauder principle is applied. This
operator is non-linear and depends on k. Its fixed points with k=1 are
solutions to the problem.

Denote by H "% o €(0,1) the Banach space of functions u(¢,x),v(t,x)
on Q with norm | -||=]-|2,, which satisfy the corresponding initial and
boundary conditions of problem (A) and (B).

For each function #,v € H'"* and any number k [0,1] we denote by

u* V" solutions to linear problems (A) and (B), the solutions of which exist

and are unique; moreover, uk,vk € C2+°‘,s(t) e C"*  Moreover, in the region

D, as in Theorem 1, we pass to the parabolic equation with Holder-
continuous coefficients in a fixed domain.

Uniform continuity and complete continuity of the transformation
operator F with respect to k, uniform estimates for k£ for solutions, and
solvability of linear problems follows from the established a priori estimates
of the Holder norms. The technique of proof is demonstrated in detail, for
example, in (Chap. VI, [6]).This completes the proof of the theorem.
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On the asymptotic behavior of the solutions

In a competitive environment, each population shrinks at a rate
proportional to the size of its competitor's. The problem in ecology is
whether two competing species coexist or one species destroys the other. The
mathematical question is whether the solution (u, v) of the reaction diffusion
system remains positive at ¢t —> oo, or one (or both) components u, v
disappear at t — o . The coexistence of competing components is closely
related to the existence of a positive stationary solution and the asymptotic
behavior of the time-dependent solution with respect to the stationary
solution.

In [3] the autors investigate a coupled system of quasilinear parabolic
equations in abounded domain under coupled nonlinear boundary conditions.

To investigate the asymptotic behavior of the solution of the system under
consideration, it will be necessary to investigate the corresponding
quasilinear elliptic system.Then, using the replacement, the problem for the
parabolic system is reduced to an equivalent problem, and the system of
equations of the equivalent problem in the case i = 1, 2 coincides in structure
with the system of equations of our problem (1).This allows us to take
advantage of some of the results of the works ([3], Theorem 6.4) and ([2],
Ch.12.4, Theorem 4.2).

The main results: The terms of convective transfer and «biological
capacity» are introduced, methods of establishing a priori estimates of the
Schauder type are proposed, the asymptotic behavior of the solution is
studied.

REFERENCES

1. Murray J. D. Mathematical biology. II: Spatial models and biomedical applications.
Berlin: Springer, 2003.

2. Pao C.V. Nonlinear Parabolic and Elliptic Equations. NY: Plenum Press, 1992.

3. Pao C.V., Ruan W. Positive solutions of quasilinear parabolic systems with nonlinear
boundary conditions // J. Math. Anal. Appl. 2007. V. 333. P. 472—-499.

4. Du Y.H., Lin Z.G. The diffusive competition model with a free boundary: invasion of a
superior or inferior competitor // Discrete Contin. Dyn. Syst., B. 2014. V. 19.
P. 3105-3132.

5. Kruzhkov S.N. Nonlinear parabolic equations with two independent variables //
Transaction of the Moscow Mathematical Society. 1967. V. 16. P. 329-346.

6. Ladyzhenskaya O.A., Solonnikov V.A., Ural’ceva N.N. Linear and Quasilinear
Equations of Parabolic Type // Amer. Math. Soc., Providence, RI. 1968.

344



Problem definition
for LEQ system switching technique development

Sergey Pichugin
Rocket and Space Corporation Energia named by S.P. Korolev, Korolyov, Russia

Related to the latest tendencies of deployment LEOCS (Low Earth Orbit
Communication System), having their capabilities almost equal to 5-G
terrestrial communications networks, investigations have been launched on
performing switching on board of relay satellites [1, 2].

So the task have been put forward to produce an analytical model of
SOBS to help developing switching technique for LEOCS to become
competitive against terrestrial communications networks in view of technical
capabilities, price and time of deployment. The technique is essentially the
one for controlling of decision-making and optimization in problem-oriented
system of technical objects.

Low Earth orbit communication system description

A sample LEOCS is chosen for investigation, consisting of community of
subscribers (subs) and relay satellites (SOBS). The subs are independent in
view of their transmit-receive sessions of information exchange, and SOBS
are orbiting Earth by circular paths as it is shown in Fig. 1.

Fig. 1. LEOCS with SOBS on circular Earth orbits
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All terrestrial surface is zoned in accordance with number of SOBS [3, 4],
these interact with subs by up and down directions, and the messages are
addressed to subs in accordance with the zone number of a subscriber.
Alternatively to SOBS, the zones are fixed against surface of Earth.

The sample addressing is presented in Fig. 2.

Fig. 2. Addressing (sample) in LEOCS

The model considers a routine operation, when SOBS move synchro-
nously and in orderly manner, from one zone to another, so the order «one
satellite per one zone» is maintained. Each SOBS interacts over intersatellite
links (ISLs) with his closest neighboring SOBS within his orbit and in two
neighboring orbits. The sample interaction of SOBS over ISLs is shown in
Fig. 3.

Fig. 3. Sample interaction of SOBS over ISLs
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W, N, E, and S symbols correspond to westbound, northbound, eastbound
and southbound ISLs of SOBS.

Given mutual movements of subs and SOBS relative to each other and
the zones mentioned above, a primary model is developed for control of
decision-making and optimization in problem-oriented system of technical
objects. Data flows in one separate SOBS as per the model are presented in
Fig. 4.

[ Xo, Yo. 2, |
4L
-
W Headed packet

LN
T Xy X=7 s
£ - Voo ¥, =7 L -
—'?_—I‘- zk =7 —L;l-

Headed packer _D—: i=0, W N ES U DY
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|.1'.|. Yirr X Yo X Y X Yy

Fig. 4. Data flows sample in one separate SOBS

In accordance with the primary model, headed packet arrives to input D
of SOBS switch. The header contains codes XR, YR, ZR to deliver the
packet to recipient subscriber. Codes of own coordinates of SOBS X0, YO u
70 and its neighboring SOBS XW, YW; XN, YN; XE, YE; XS, YS arrive to
the second and to the third inputs of the switch. The switch makes decision to
transport the packet from its input to its corresponding output W based on the
data received. Symbol «0» means SOBS failure, symbols U and D mean up
and down directions.

Mathematical modelling and tools for the investigation

For investigation of the system described above, we plan to use tools of
theory of finite machines, tools of queuing theory and tools of probability
theory. When the system is investigated by methods of queuing theory,
primarily system idle time and refusal probability have to be found. Markov
flows are planned to be applied in the model for requests for service arrival
and serving to meet the required accuracy, so model M/M/N/m is planned to
be used for ISL and for subscriber links investigation [6, 7]. We plan to use
tools of queuing theory mainly for investigation of LEOCS and SOBS
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regular operation, and tools of probability theory for failure scenarios
investigation.

To simplify analysis of the model, data flows in SOBS, as per Fig. 4, are
transformed into finite machine pattern [5], as it is presented in Fig. 5.

B —— I —

State of finite machine

Fig. 5. SOBS presentation as finite machine

It worth mentioning that the finite machine pattern is applicable not only
for SOBS investigation, but also for investigation of LEOCS.

Aimed to development of switching technique, analytical presentation of
SOBS have to include technical performances of SOBS together with cost
estimations of space communications services and timeframes for LEOCS
implementation, and all these to be made in view of the end result, that is,
based on the requirement to be compared against pre-set values. So,
mathematically, the task of the development of the technique providing
control of decision-making and optimization in problem-oriented system of
technical objects, in accordance with Fig. 5, is formulated as follows:

freal(T, C, F) — fforecast(T, C, F) = min, under restrictions n = const, (1)

where

freal(T, C, F) — end result function real value;

fforecast(T, C, F) — end result function forecasted value;

T — type of technical objects in problem-oriented system;

C — cost and timeframe of implementation of technical solution providing
control of decision-making and optimization in problem-oriented system of
technical objects;

F — performances of technical solution providing control of decision-
making and optimization in problem-oriented system of technical objects;

n — types of technical objects, (object «Informationy is transported from
object «subscriber communications terminal» through object «group of
SOBS on circular orbits» towards object «subscriber communications
terminal»).
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Conclusions

Summarizing the above, the task is defined to produce end-result oriented
technique, minimizing controlling time of flow of information inside group
of SOBS of LEOCS, synchronized by location and movements of orbits and
SOBS. The task formulated defines the desired result, the factors and
restrictions, so the result of solution of the task permits objective evaluation.
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NPOEKLMOHHDBIX GYHKLUNOHANDHBIX ANropUTMax:

Anxkena AbapasakoBa', TaTbsiHa bynrakosa',
AHTOH BoliTnwek?

"Hosocubupckuti 20cydapcmeeHHwbil yHugepcumem, 2. Hosocubupck, Poccus
2MHcmumym selyuciumesnsHol MamemMamuku
u mamemamuyeckot 2eogpusuku CO PAH, 2. Hosocubupck, Poccua

1. PaHAOMN3MpPOBaHHbIE NPOEKUNOHHbIE
YncneHHble GpyHKLMOHaNbHbIE a/iFOPUTMbI

Jannas paboTa pa3BUBaeT COOOpaXKeHHUS B 00JACTH TEOPUHU M TIPUIIOKE-
HUH paHIOMHU3UPOBAHHBIX YHCICHHBIX (KOMITBIOTEPHBIX) (YHKIMOHAIBHBIX
aJITOPUTMOB, MpeJCTaBIeHHbIe B noknanax [1-3]. B goxmanax [1, 2] (a Tak-
K€ B KHUTE [4]) paccMaTpUBalOTCS PaHIOMU3UPOBAHHBIC YUCIEHHBIE AJrO-

purmbr nipuGmmkennst pemenns ¢ (x) HETerpansHOro ypasHenus ®pes-
rojbMa BTOpOro poja

0" (x) = [ k(x.x) o(x') d' + £ (x), (1)

HCIOJIb3yEeMble NPH YMUCIIEHHOM PELIEHUH 3a/1a4 IepeHoca U3JTyueHusl, KUHe-
TUYECKUX 3a/1a4, KPaeBbIX 3a/1a4 U MHOTHUX JIPYTHX.

B kHure [5] oTMeueHO, 4TO C METOJIMYECKOM TOUKH 3peHUs (C y4eTOM TO-
ro, 4yTo perienne ypaBHeHus (1) 3anuceiBaercs B Buje psana Helimana) mene-
c000pa3HO PAacCMOTPETh PAHAOMH3HPOBAHHBIC ()YHKIUOHAIBHBIC alTOPHT-
MBI JUTS IPUOIIDKeHNST QYHKITUN

0? ()= [ g(x,) dy, 2)

T.e. JUIsL MHTETpala, 3aBUCsIero ot napamerpa.B padore [3] (1 Bo MHOTHX
JIPYTHX) PacCMaTpUBAIOTCA YHCICHHBIC ANTOPUTMBI NPHOIMKEHUS BEPOST-
HOCTHBIX TTOTHOCTEH

¢ (0)=f,(x), xeXcR’ 3)

ciydaifHbIX BequuuH (BekTopoB) &€ X mpu 3amaHHoi BeOOpKE {&),...,&, |

" Pa6oTa BBIIONHEHA B pamkax rocynapctsenHoro 3aganus UBMuMI™ CO PAH (mpoext
0315-2019-0002).
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(Takue anrOpPUTMBI NPUMEHSIOTCS, HAIpPUMEp, MPH 00pabOTKe OONBIIMX
JTAaHHBIX).

Jns nmpubnmkenus QyHkmuin  @(x) = (p(s)(x), s=1,2,3, HCTONB3yIOTCS

cemouymvie, NPOEKYUOHHbIE U NPOEKYUOHHO-cemounbvle (A0epHble) PaHIOMU-
3MPOBAHHBIC ANTOPUTMEL. B maHHOW paboTe MBI BBIIEIUM HOBBIE (ITO CpaB-
HEHUIO, B YaCTHOCTH, C PaboToii [1]) BaxHbIE CBOWCTBA PAHOOMUIUPOBAH-
HBIX NPOCKYUOHHBIX YHKYUOHAIbHBIX AI20PUMMOE.

Wnes 3THX alrOpuTMOB COCTOUT B MPUOIMKEHUN QYHKIMH ¢O(X) OTpe3-

KOM psiia JUIMHBI M U3 pa3noxKeHUs

© i (@ M ) (i
o(x)= " W)~ MMex) =" WP (), (4)
rre E={30@.x% @}, 2 =10 @), M @)} )

(.1 () = [ 12 00) % (x) dx =8 = {Lnpu i = j; 0 unaue}

— 3aJaHHas OPTOHOPMHUpOBaHHAs cucreMa (QyHKIWi. B paHmoMusmpoBaH-
HBIX IPOEKIMOHHBIX AJITOPUTMaX K03 (HUITMEHTHI

W0 = = (") = (™)}
MIPEICTABIAIOTCS B BUJIE MATCMAaTHUCCKUX OXKUIAHHUN
WD — ((P(S), X(i)) _ EQ(S’i) (6)
¥ IPUOIIMHKAIOTCS YHCIICHHO 10 (popmyIte

S0 s,0)
W(s,i) _ EC(S’i) ~ w(s,i) _ CY ) +..+ C_,g;l ’
n

rae C),...,C) — cooTBeTcTBYyIOMIE CMOIETHPOBAHHBIE HA KOMITHIOTEPE
BBIOOPOYHBIC 3HAUCHHSI.
OkoHUaTeNbHBIC TPHONMKCHU QYHKIHA —((x) = (p(s) (x), s=12,3,

HUMEIOT BUJT
S M ~ (s M ~(7 .

O ()~ L (x) = T Wy (x). (7)

Cuyuaiinas Bemmamna () (ouenuBarens xkooddummenra w™") u3 co-

orHomreHmst (6) wis s =3 umeer Bux (0 =y V(€), rae & — ciyuaiinas Be-
JUYWHA, TUIOTHOCTH (3) KOTOPO# nMpuOIrKaeTcs ¢ IOMOIIbIo anropurMa (7).

351



Hnsa s =2 nuMmeem
g(é(l),i(z))x(i) (&(1))
f(é(n’éa)) (g(l) , g(Z))

rje napa (é(l),é(z) ) WMeeT BEIOpaHHYI0 COBMECTHYIO TUIOTHOCTB pacripelie-

C(li) —

B

JICHUS f(g(U,g(Z)) (x,»).

Haxkoner, qius s =1 nmeeMm

g0 = ZN Oy @ ( g<’"))
m=0 ’
(cwm., Hamipumep, [1]), Tae

Q(O) _ f(é(O));Q(m) _ Q(mfl) Xw

TC(E_,(O)) p(a(mfl)’&(m))’

a £ W ™ _ ppuxnagnas nens Mapkosa [6] ¢ BBIOPAHHEIMU HAYaIIb-
HOM IUIOTHOCTBIO Ti(X) M TIepexoaHoi GpyHkuuei p(x',x); N — ciydaidHbIid
HOMep OOphIBa IIEMH.

2. CBOIICTBA PaHAOMUN3NPOBaHHbIX MPOEKLNOHHbIX
UNCNIeHHbIX GYHKLMOHANbHBIX aJiFOPUTMOB

B xadecTBe OCHOBHOTO HelOCTaTKa MPOEKIIMOHHBIX METOIOB IPHOIIIKE-
Hust pemennst ¢')(x) HHTerpagbHOro ypaBHeHus PpearoibMa BTOPOro poja
(1) B pabote [1] cpaBeNIMBO OTMEUEHO OTCYTCTBHE COOOpaKEHUI TEOpUH
YCIIOBHOHM omnTuMu3anuu (cM. Takke pasaen 8.7 kauru [6]).B dgactHOCTH,
3€Ch AJISl KOHKPETHBIX (YHKUMH (5) CTpOUTCS CBOSI TeOpHUsl MPUOIMKEHUN
Buja (4) co cneunpuueckuMu TpeboBaHUAMH K QyHKIMH @(X) .

OTMETHM TaKKe, YTO B JINTEpaType HET IPUMEPOB YCHEIHOro (3¢ dek-
TUBHOTO, 5dKOHOMHYHOT'0) IPUMEHEHUS MPOCKIIMOHHBIX alTOPUTMOB (7) AJst
npUOJIMKEHUST PYHKIUH (p(l x) m (p(z)(x) u3 cootHomeHui (1) u (2) (uckmro-
YeHHE COCTABJIAIOT JIMIIb HAIIM MCCIeI0BaHuA U3 paboThl [7] g TecToBON
(byHKIUHT (p(l)(x) u3 pasgena 4.10 xauru [8]; cM. Takke ONHUCaHUE UCCIIENO-
BaHWI ypaBHeHUs (8) U3 pasnena 3 maHHou paboThl).W maxke Juis anroputMa
(7) nns mpuOMMKEHUS TIOTHOCTH @(3)(x) n3 (3), U3BECTHOTO OYEHBb JABHO
(cMm., Hanpumep, [9]), OTHOCUTEIBHO yCIICNIHbIC IPUMEHEHHS MOSIBIITUCH OT-
HOCHTEJIBHO HeJaBHO (cM. paboTsl [10—12]).
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'maBHBIM OorpaHHYCHHEM IJISl IPUMEHEHUs] PAaHIOMH3HPOBAHHBIX MPOCK-
[IUOHHBIX aJTOPUTMOB SIBJSIETCS TO OOCTOSTENHCTBO, YTO BBHIOOP OPTOHOP-
MHPOBaHHOHU crCcTeMbI QYHKIHIA (5) ZOJDKEH OBITH TAKUM, YTO IPUOIINIKCHUE
(4) yxe st M =1 MOMKHO MaBaTh MPAKTHYECKH TOYHOE MPHOJIMKCHHE pe-
meHus (T. €. TpeOyeTcsiKak paciiupeHHas uH(popManus o npuoImKaeMon

dymkmn o(x) =" (x), s =1,2,3, Tak ¥ HaIMYEE OPTOHOPMHPOBAHHOM
cuctemsl (5) ¢ Gmmskoit k (x) HavansHo# (ynkumeii (X)), nHade sKc-

TpeMaJbHAasl BBIYUCIUTEIbHAS HEYCTOWYUBOCTh NMPOCKIIMOHHBIX AITOPUTMOB
HE MTO3BOJIUT MOJIYYIHUTH IPHEMIEMOT0 PHOMKEHIST QYHKIUT O(X) .

3. TectoBbIN Nnpumep

Oco60 BeIgETNM Halry padoTy [7], B KOTOPOi SPKO MPOIEMOHCTPHUPOBA-
HBl YIOMSHYTBIE BBIIIE CBOHCTBA YHCIEHHOW HEYCTOHYMBOCTH PaHIOMH3H-
POBaHHOTO IPOEKIHOHHOTO anropuT™a (7) mpu HEyIZavyHOM BhIOOpe (PyHK-
it (5). Kak ykazaHo BblIe, (pakTHUYECKH 3TO MepBas padboTa 1Mo MpuMeHe-

HUIO TPOEKIIMOHHOTO airoputma (7) s MpUONMKEHUS PEICHHS (p(l)(x)

HHTerpajipHoro ypaBHenus @pearonsma sroporo poaa (1). Ilpasaa, Bce atu
3aMevaresbHbIe JOCTH)KEHHUS IPOJIEMOHCTPUPOBAHBI Ha MpHUMEpE MPOCTEii-
IIETO TECTOBOTO, NMPAKTHIECKH MaJ0 3HAYMMOTO OJHOMEPHOTO YpPaBHEHUS
u3 pasaena 4.10 xuuru [8] Buna

o (x)= q_[(f e oW (X dx' +eF, x>0, 0<g<l, ®)

¢ mBectHbM pemennem @ (x) = e 179~

OueBUIHYIO0 HEYCTOWYHUBOCTh anroputMa (7) JUis 3TOr0 YpaBHEHHUS B pa-
Oote [7] ompenenun BHIOOP B KauecTBe (MDYHKIWA (5) HadaJIbHBIA OTPE30K
TUTAHBL M cucmemvl @ynkyutl Ipmuma (CM., HanpuMmep, pasaen 7.3.7 KHUTH

[13)
(@)= ATV HOC) e, i,

rae H™ (x) — mHOrouwIeH IpMHTA, ONPEEIIEMBIi COOTHOIICHAEM

m

d"
H(m) (.X') — (_l)m ex2 Z e x? ,
dx"
a A™ =1/\2"m\Nrn - COOTBETCTBYIOIINE HOPMHPYIOIIHE KOHCTAHTHI.
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2
3necy dynkmms P (x)= Ae ™ '? mocratoduHo nameka OT TOYHOTO pelie-

ans @ (x) ypaBrenus (8).

[IpoBenenHble HaMH OOBEMHBIE PACUYEThl TIOKA3AIH, YTO MOJIOKEHHE Pe3-
KO MeHsieTcs (T. €. anroput™ (7) CTAHOBUTCS TOYHBIM), €CITH HCIIOJIb30BaTh B
KadecTBe cHcTeMbl (PyHKIUH (5) HavaIbHBIN OTPE30K JIHUHBI M OPTOHOPMH-
pOBaHHOU cucmemvt ynxyuil Jlaceppa (cM., Hanpumep, [13, paza. 7.3.7]):

X(i)(x) :L(i—l) (x)e—x/Z, i= 1,...,M,

rae L(’")(x) — MHorowrieH Jlareppa, ompenenseMplii COOTHONIEHUEM
eX m

L('”)(x)=—'><d—m(exx7m). 3necy ymxmms "V (x)=e? nocratouno
m! dx

0JIM3Ka K TOYHOMY PEIIEHUIO (p(l) (x) ypaBHeHus (8).

3aknouyeHve

ITo pe3ynbraTam gaHHON pabOTHI MOXKHO CHIENATh JOCTATOYHO PaJnKaib-
HBIH BBIBOJL O TOM, YTO MPUMCHEHHE PaHIOMHU3UPOBAHHBIX MPOCKIIMOHHBIX
YHCIEHHBIX aJrOpUTMOB BHIa (7) U MPaKTHYSCKH 3HAYMMBIX 33/1a4 TIPH-
ommxenus ¢pynkuuid (1) — (3) sBisercs HeuenecooOpasHeIM. [ TaBHON Hpu-
YUHON 3/1eCh SIBJIACTCS KpalHsSS 4YyBCTBUTEIBHOCTh MPOCKIIMOHHBIX aJro-
PUTMOB K BBIOOpY OPTOHOPMHPOBAaHHOW cucTembl ¢yHkmui (5). Boree

TPETOUTUTETBHBIM JUTsl mpubmkenus Gynkmmit o(x) = ¢ (x), s =1,2,3,

SIBJISIETCSI WCIIOJIb30BAHME SITIEPHBIX AITOPUTMOB (TOYHEE — MHOTOMEPHBIX
aHaJIOrOB METO/1a MOJINTOHA YacToT) [14—-16].
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MocrpoeHne pewwenHnin 3agay oONTUMaNbHOro ynpasneHus
AUHAMUYECKUMU CUCTeMaMK B 6eCKOHEYHOMEPHDIX
NPOCTPAHCTBAX ¢ MabiM NapameTpom

HaHnanb Nepec Akocta, Cepren Bacunbes,
LWaxmypan KaH3uTtgumHos, Nropb JleBnues

Poccutickuti yHusepcumem 0pyx6bl Hapo0oos, 2. Mockea, Poccus

B npuknagHbix 3ajadax ONTUMAIBHOTO YIPAaBIEHHUS OYEHb 4acTO pac-
CMaTpUBAIOTCA Malble MapaMeTphl, KOTOpPhIE XapPaKTEPU3YIOT OTHOCHUTEJIb-
HYI0 MaJloCTh Bo3zaeicTBuil mimm ¢aktopoB [1-5]. Kpome Toro, mmeercs
00JIBIIIOE YUCTIO PaboT, B KOTOPBIX PEIIAIOTCS 3a1a4H ONTUMAIBHOTO YIIpaB-
JIEHUA B IPOCTPAHCTBAX ¢ OECKOHEUHBIM YHCIIOM U3MepeHuit [6—8].

Ha naHHBIIT MOMEHT B CBSI3M C pa3BUTHEM TeXHOJIOTUH 5G 0OJbIION UH-
Tepec MPEACTaBIAIOT HCCIENIOBaHUA KOOIEPAaTUBHOIO YIPABICHUS MHOIO-
areHTHBIMU JUHAMUYECKUMU CUCTEMaMH, B3aUMOCBSI3aHHBIMHU MEXIY co00i
C HCIIOJIb30BAaHUEM TOIOJOTUH KOMMYHHKAI[MOHHOM ceTu. becmpoBomHbIe
CEeTH CBSI3M SIBIISTIOTCS HAa CETOAHSIIHUNA JEHb HE3aMEHHMOW 4YacThIO COBpe-
MEHHON 3KOHOMMKH U CIIY’KaT Pa3IMUHbIM LEISAM U NPUIIOKEHHUAM Ui KO-
HEYHbIX nosb3oBateneid. CoBpeMEHHbIE TENEKOMMYHHUKAIIMOHHBIE CETH 00-
Jaal0T Pa3HOPOIHBIMHU XaPAKTEPUCTHKAMH C TOUYKH 3pEHUS] HHPPACTPYKTY-
pBl JOCTyIa, IPOTOKOJIOB M MPOIYCKHOH crniocooHocTH. bonee Toro, coBpe-
MEHHbBIE TEIEKOMMYHUKAIIIOHHBIE CETH, TaKue, Kak ceTh 5G, B 3HAYUTEIb-
HOH CTEIICHH JIEIIEHTPAIN30BAHBI KaK II0 CBOEMY YIPABICHHIO, TaK M I10 pe-
cypcam. KoHeuHble mosb30BaTeny TEIEKOMMYHHMKALIMOHHBIX ceTeil pa3Ho-
0o0pa3Hbl, U OHU YHPABISAIOT Pa3IMYHBIMU TEIEKOMMYHUKALMOHHBIMU YCT-
poiicTBamMH, Ha KOTOPBIX YCTAHOBJICHO pAa3IMYHOE NPOrpaMHOe obecrede-
HUE.

Tak KaK TeIeKOMMYHUKALMOHHBIE CETU HOCAT pacHpelesieHHbIH Xapak-
TEep, TO MOJH30BATEIM YACTO UMEIOT Majlo MH(OpMAIUU O TOMOJIOTHH U Xa-
pakTepUCTHKaX UCIONb3yeMbIX ceTeil. HecMoTps Ha 3T0, 110JIb30BaTENN MO-
TYT TMPEAbSBITh pa3IMiHbIe TPEOOBAHMS K MPOITYCKHOH CIIOCOOHOCTH HC-
MOJIb3yEeMbIX CeTel. YUMUThIBasg yKa3aHHBIE XapaKTEPUCTHKH COBPEMEHHBIX
ceTell U COBPEMEHHBIX I0JIb30BaTENIeH UX PecypcoB, (pyHAaMEHTAIBFHBIM Ha
CETOJIHANIHUN JIeHb SBJISIETCS BOIPOC O TOM, Kak oOecnednuTh 3P deKTHBHOE

’ [My6nukarus BeinosnHeHa npu ¢uHAHCOBOW noanepixkke PODU B cooTBETCTBHU C HC-
cie-10BaTesIbcKuM mpoekToM No.18-07-00567.
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pacrpeesieHue NpoIyCKHOM CIIOCOOHOCTH ceTel MeXIy ee MOIb30BaTells-
mu. IIpu 3TOM €cTh MOHUMMAHUE TOTO, YTO PELICHUE TAKOI'O BOIIPOCA MOMKET
OBITH TOCTUTHYTO C IIOMOIIBIO TIOCTAHOBKH U PELIEHHA 331a4 ONTHMAIbHOTO
yIpaBJICHUS, IPUMEHEHUs PACIpPEEICHHBIX AITOPUTMOB YIPABICHUS, YUH-
TBIBas IPH 3TOM IPOOIEMBI YCTOHUYUBOCTH.

Heo6xoauMo OTMETHTB, YTO B 3a7adax ONTHMAIBHOTO YIPABJICHUN KaX-
Jias cucTeMa HaJemseTcss COOCTBEHHBIMU MEPEMEHHBIMH COCTOSIHUSMU U OTI-
penencHHOM auHamukoil. DyHAaMeHTanbHas NpobjieMa B MyJIbTHAreHT-
HTHBIX AWHAMHAYECKUX CETEBBIX CHCTEMax — 3TO 3((EKTHBHOE NMPOCKTHPO-
BaHHE pacIpeleIeHHBIX IPOTOKOJIOB, YTO FApaHTUPYeT AUHAMHYECKUH Oa-
JTaHC TpaduKa M CHHXPOHH3ALHMIO B TOM CMBICIIE, YTO JJIEMEHTHI CHCTEMBI
JOCTHUTAIOT PABHOBECHOTO 3HAYCHHUS, & BCE CHCTEMBI JOJKHBI OBITH COTIIACO-
BaHBI AT JOCTIDKEHHUS CHHXPOHHOTO (DYHKIIHOHUPOBAHHSI.

OyHIAMEHTAJIBHOE 3HAYCHHUE JJI1 CETEBBIX KOOIEPATHBHBIX JAMHAMUYE-
CKUX CHUCTEM MMEET U3yY€HHUE UX B3aUMOJAEUCTBUI U KOJJIEKTHUBHOIO IOBE-
JEHUs IO0J BIMAHHEM HH(GOPMAIUOHHBIX IOTOKOB B KOMMYHHKAI[HOHHBIX
ceTsiX. Takas KOMMYHHKAallMOHHAsl CEThb MOXKET ObITh CMOAEIMPOBAHA B BUJE
rpada ¢ HampaBJICHHBIMU peOpaMu WU CBSI3SIMH, COOTBETCTBYIOLIUMU pPa3-
PELICHHBIM ITOTOKaM MH()OPMAIMK MEXIy CHCTEMaMH. JTH CHCTEMBI MOJie-
TUPYIOTCS Kak y3isl rpada. MH]opMaronHble MOTOKH B TeJIEKOMMYHHKa-
LUOHHBIX CETAX HMEIOT MECTO MeXAy Ommxaifiumu ys3iamMu B Tpade.
B npennonoxenuu, eciu rpad coeAuHEH, TO JaHHAs JOKAJIbHO Iepe/aBae-
Mast HHpOpManus B KOHEYHOM CUeTe ITOCTyIaeT KakIoMy areHTy. B koorre-
PaTUBHBIX CHCTEMax yIpaBlleHHs Ha rpadax CyIIECTBYIOT Ba)XKHbIE B3aHMO-
JCUCTBHUSA MEXAY OTJCIBHBIMUA areHTaMH CETH, HO TOIIOJIOTHS rpada MOXKET
CHJIBHO OTPAaHUYHUTH BO3MOXKHYIO IPOHM3BOAUTENBHOCTH JIFOOOTO 3IEMEHTA.
B uyacTHOCTH, IpU KOONEPAaTUBHOM YIPABIEHUM Ha Ipadax BCE IJIEMEHTHI
YIpPaBJICHUS JOIDKHBI ObITh PACHpPEAEICHB B TOM CMBICIE, YTO 3aKOH yIPaB-
JEeHUS A7 KaXKIO0ro areHTa SBJISETCS JOMYCTHUMBIM TOJIBKO B 3aBUCUMOCTHU
OT HH(OPMAINH, KOTOpast UMeeTCs y OMIKalIINX cocesei o rpady.

B nanHoilt paboTe mpeyiaraeTcss METoJ HOCTPOSHUS pelleHuil 3a1auu OI-
TUMAaJBHOTO YIPABICHUS AWHAMHYECKUMH CHCTEMaMH B OECKOHEYHOMEp-
HBIX MIPOCTPAHCTBAX ¢ MaJlbIM MapaMeTPOM, KOTOPBIA UTPaeT PoJib CKEMITUH-
rOBOI0 napaMerpa cucremsl. IlocTpoeHue ynpaBieHHs BEAETCS IyTEM IIO-
CTPOCHHUS pEIICHUs NONOJIHUTEIbHON KpaeBoM 3ajjauu B IPOCTPAHCTBE CO-
CTOSIHUH W SKBUBAJIEHTHON CHCTeMB! (PyHKIMOHANBHBIX ypaBHEHHI B IIpO-
CTPaHCTBE YIPAaBJICHUN C IOMOLIBIO METOJIOB TEOPUU CHHIYJISPHBIX BO3MY-
IEHUH BO3MYILIEHUI.
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MaTtemaTnueckasa mogenb

PaCCMOTpI/IM 3aJa4y OINTHUMAaJIbHOT'O YIPAaBJICHUSA, KOTOpas ABJIACTCA JIU-
HEWHOM 0 yIPABJICHUIO U KBAIPATUYHOMN MO COCTOSHUIO:

D) =o(x(1))+ I((a(x(t),t),u(t)) +d(x(¢),t))dt - min,_,, (1)
T

x(t) = A(x(2),t)u(t) + b(x(2),¢t)dt,

x(to)=x0,u(t)eU,teT=[t0,tl], @

rae x(¢) = (x1(2),...,.x,(£),...) € R” — GeCKOHEUHOMEPHBII BEKTOP COCTOSHHS;
u(t) = (u1(2), ..., um(t),...) € R® — GECKOHEUHOMEPHBII BEKTOP YIpaBICHUS,
u(t), te T, — nonycrumoe ynpasnenue B knacce V= {uely(T): u(t) e U, teT}
WU3MEPUMBIX U MHTETPUPYEMBIX C KBajapaToM mo Jlebery Ha mHOXecTBe T
BEKTOPHO3HAYHBIX (YHKIHUH CO 3HAYCHUSAMH B BBIIYKIOM KOMIAKTHOM
muoxkectBe U e R”; A(x,f) — maTpuunas (yHKUMS, KOTOpas SBJISETCS
KBaJIpaTHYHOM MO X W HENpepbiBHOM NOo ¢ Ha MHOXecTBe R xT,
o(x), d(x,t) — ckanapusie ¢yHKUUU; a(x,t), b(x,f) — BeKTOpHbIE (YHKIUH,
IIPH TOM HAYalbHOE COCTOSHUE X' € R”, a TAKKe NPOMEXKYTOK yIpaBile-
Hust TeR 3ananbl. [Ipenmonaraercs, 4yTo sl KaKJOTO YNpaBleHUs v € V
UMeeTCsl eIMHCTBeHHOoe pemeHue x(t,v), t € T, cucremsr (1), (2). Ilycts
¢ynaxuus [HorTpsirnHa

H(y,x,u,t) = Hy(y,x,0) + (H,(y,x,0),u),
Hy =(y,b(x,t)) = d (x,t), H (y, x,1) = A" (x,t)y — a(x,1),

rae y € R” — conpsbkeHHas nepeMeHHast. B 9ToM citydae conpspKeHHast CHC-
TeMa UMEET BUJL

V(1) =—H (y(@),x(),u(?),?), tT. A3)

Jlyist 0Ty CTUMOTO yIpaBieHus v € V Beenem (t,v), te T — pelenne cuc-
TeMsl (3) npu u(?) = W), x(2) = x(1,v), Y(£1,v) = —@u(x(11,V)).
Jlis DOmyCTHMOTO YIPaBJIEHUS u € V ONpENeNuM TaKOe OTOOPaKeHHUE
u*, 0>0,
u® (y,x,0) =B, (u(®) + o, (y,x,1)), @
yeR”, xeR”, teT,

TAC oniepaTop NPpOCKTUPOBAHHA HA MHOXCECTBO U B eBKINI0BOM HOpME PU .
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s ynpaBieHus u € V' NPUHIUI MaKCUMyMa C HCIIOJB30BAaHHEM OTO-
OpaxeHus (4) MOXKHO 3amucaTh B BUJIE

u(t)=u® (y(t,u),x(t,u),t),teT,o>0. ©)

PaccmoTpuM 3ajady yiydllleHUsl 3aJJaHHOTO AOILYCTUMOIO yIpaBJIEHUS
0 .
u €V: Hamo HaMTH ympaBieHHE V € V' C JONOJHUTENbHBIM YCIOBUEM

ADu’) =) -du’)<0.
PaccmoTpuM MOIUGHUIIMPOBAHHYIO COMPSIKEHHYIO cucTeMy B 3ajade (1),
(2) B BUIIE

p(t) = _Hx (p(t),x(t),u(t),t) _%Hxx (p(t),x(t),u(t),t),t eT. (6)

. 0 0
Jna pgonmycTuMbIX ympaBneHudt u, v € V, p(tu’,v), t € T, npencraBum

peurenne cucreMmsl (6) mpu u(f) = u’ (¢),x(¢) = x(t,v), y(t) = x(t,v) — x(t,u”),
plt,u’v) ==, (x(t4,u")) —%cpm (0,6 (%0, v) = x(1,u%)),

0.0 0
rae p(t,u ,u )=wy(t,u ),teT .
Jlns 3anaunex u’ € V, 0> 0 HOCT&)OI/IM orobpakenue u”. s peuieHus

3a/lauyd HEJNOKaJIbHOI'O YJIYYIIEHHUS u# JOCTaTOYHO PELIUTh BCIIOMOIATElNlb-
HYIO KpaeByIo 3a/1aduy BUa

$(0) = S (O (0. X(0).0,0, (1) = 5 ™
pt)=—H (p(6),x(t,u’),u’ (¢),1)
=2 H (P03 0.0 (x(0) - x(t")),

pt) =0, (x(4.u") —%(pxx (x(t.u”))(x(t) = x(2,u%)). ()

[Ipeanonoxum, uro pemenue x“(¢), p*(), t € T, kpaesoii 3agauu (7), (8)
(BO3MOYHO, 4TO 3TO pElICHHE Ha Oy/eT eJMHCTBEHHBIM) OyIET CYIIECTBO-
BaTh Ha MHTEpBaye 7, TOr/a MMEETCS BO3MOMKHOCTh C(POPMUPOBATH BBIXOJI-

noe ymnpasienue: v* (1) =u®(p®(t),x"(¢),t),t € T, OTKy1a MOKHO [IOJIyYHUTh
x4 (0) =x(@,v"), p*(0) = p(t,u®,v*)
u v =u®(p(t,u’ v*), x(t,v*),1), teT. ©)
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OlleHKa HEBO3paCTaHWs I1ENEBOro ()YHKIMOHANA Ha yrpasieHud v'(f),
t € T, npumer BUf

D) - D) < —oflj||v°‘ (t)—uo(t)||2 dt. (10)
T

C fapyroil CTOpPOHBI, TPEANONOkuM, uto Vv(f), t € T, — JOMyCTHMOE
yIpaBJeHKe, YAOBIETBOPSIONIEE YCI0BHIO (9), Toraa (x(t,v“ ), p(t,uo,v“)),
teT, ecthb peuieHue kpaeBoil 3amaun ynyumenus (7), (8). KpaeBas 3amaua

(7), (8) ynyuuieHuss B TIPOCTPAHCTBE COCTOSHHMI SKBUBAJIICHTHA CHCTEME
ypaBHeHHH (9) Ha MHOXKECTBE JOIYCTUMBIX YMPABICHHUH, TAe YIpaBICHUE
u” € V, ynosmerBopsioniee yenoBHio (5) MPUHIMANA MAKCHMYMa, SBISETCS
OUYEBUIHBIM pEIIEHUEM CUCTEMEI (9).

DTo0 03HayYaeT, YTo KpaeBas 3amaya yiydiienus (7), (8) mist ynpaBieHus
u” € V, y1oBIeTBOPSAIONIEro NPUHIMITY MAKCHMYMa, BCET/Ia HMEET PELICHHE

(x(t,v“ ),\p(t,uo)), t €T, B IPOCTPAHCTBE COCTOSHHIA.

PaccmoTrpuM ciyyaii TuHEHHOM o coctosHUo 3anaun (1), (2). Oty 3ana-
uy ynyumenns (7), (§) MOXHO TpeCTaBUTh B BHE NBYX 3aaad Komm mis
(ha30BO¥ U CONPSHKEHHON NIepeMeHHBIX X(£), p(f).

[Iycts B kpaeBoii 3amaue ymyumenus (7), (8) mmeeT MecTo mapamerp
Bo3myuienus € € [0,1]:

H(8) = [ O, u™ (p(0),x(1),0),1),x(t) = x°,
Pty ==H (p(0), x(t,u”),u’ (1),1) -
—eH ,, (p(0), x(t,u’),u’ (0),0) (x(0) = x(t,u")); (11)

p(a)=—cpx(xal,u‘)))—%scpxx(x(tl,u‘)))(x(rl)—x(rl,u°>). (12)

B JaHHOM Cliy4da€ HEBO3MYIICHHAsA KpacBasd 3aJiada MOXCT OBITH npea-
CTaBJICHA B BUAC JIBYX HC3aBUCHUMBIX 3aadd KOH_II/I, A€ pCIICeHUEM HEBO3-

MYIIEHHOH CONPSKEHHON cHCTeMBI sBiserca p, (1) =y(t,u’),teT, a pe-

menue xo(f), t € T, HEBO3MYIIEHHON (a30BOI CHCTEMBI OINPEENIICTCS 3a/1a-
yeit Komm

3(0) = f (2(0),u” (po (0),6(0),0),0), x(0) = x°.
Ilycte p(f), x(f) MOXHO TpenCTaBUTh B BHUAE CIEAYIOLIUX PSAOB:

p(t)= Z:=0 et pk @), x(t)= Z;) efx* (¢), Torma, moAcTaBisAs TH pAAbI B
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(11), (12) 1 mpupaBHUBas! YWICHBI IPU OJMHAKOBBIX CTENEHSX €, IS PeILIeHUs
BO3MYyIIEHHOH kpaeBoii 3aaaun (11), (12) npu € € (0,1] umeer mecTo urepa-
MOHHBIN TIpoLIece

@) = £ @ (MO, X (0,0,8), 5 (1) = x,,
PO =—H (p" (0, x(t,u),u’(0),0) - (13)
—eH ,(p" (1), x(t,u”),u’ (), 0) (" (O) = x(t,u”) );

pk“(tn=—<px(x(tl,u‘)))—%acpm(x(tl,u‘)))(x"(a)—x(a,u")), (14)

1€ Ha K&)K}:[Oﬁ UTCpallun peIIacTCAa 3aa4a, aHaJlOTUIHas HGBOSMyHJCHHOﬁ,

W 33J1a€TCsl HA4aJIbHOE MPUOJINKEHIE B BUJIC (xo (1), p0 (t)), teT .

3aKknuyeHune

Mnes akTUBHOTO yNpaBlIE€HHs TE€IEKOMMYHHUKAalIOHHBIMU CETSIMH B pe-
QJIbHOM BPEMEHHU MHTEHCHBHO Pa3BHBAETCS B TEUCHUE HECKOIBKUX IOCIE]-
HUX JeT. M3ydeHue OECKOHEUHOMEPHBIX TUHAMHUYCCKHX CHCTEM BO3HHKACT
BO MHOTHX O0JacTsX HayKHd M TEXHHUKW, JHHAMHYECKUEC OTHOIICHHS MEXKIY
areHTaMH CeTH, YMCJIO KOTOPBIX OYEeHb OOJBIIOE, TONYIHIN OOJBIIOE BHU-
MaHUE B TEUEHHE MOCHEeAHUX JIeT. DEeHOMEHB! KOMIEKTUBHONW CHHXPOHHU3A-
[IUM areHTOB B KPYMHOMACIITAOHBIX CETAX OyZeT MMEeTh PELIAOIIy0 POJb B
Pa3BUTHU TEIEKOMMYHUKAIIMOHHBIX TEXHOJIOTHH.

IIpennoxen MeTOJ MOCTPOEHUS PEUICHUH 3a7aYd ONTHMAaIbHOIO YIIpaB-
JICHUS] TUHAMHYECKHMH CHCTEMaMU B OECKOHEYHOMEPHBIX NMPOCTPAHCTBAX C
MaJlbIM MapaMeTpoM, KOTOPBIM UIPaeT pojib BHYTPEHHErO apamMeTpa CUcTe-
Mbl. [locTpoeHue ympaBieHus OCYLECTBIAETCS HA OCHOBE MOUCKA PELICHUS
BCIIOMOTI'aTEJIbHOM KpaeBOW 3alaud B IPOCTPAHCTBE COCTOSHUN U DKBUBA-
JIEHTHON cHCTeMbI (DyHKIIOHANBHBIX YPaBHEHHH B NIPOCTPAHCTBE yIIpaBIIe-
HUIl ¢ HOMOIIBIO METONOB TEOPHU CHHIYISIPHBIX BO3MYylIeHUil. MeToasl
TEOPUU CHHTYJISPHBIX BO3MYILICHHH pPa3BUBAIUCH B CBA3HM C HEOOXOAMMO-
CTBIO TIOWCKA NMPHUOMIKEHHBIX PEIICHUH (B aHAJUTHYECKOH (opMe) CIOX-
HBIX 3a/a4. Kak mpaBmiio, Takwe 3aauul BEIpaXaroTcs B TepMHUHAX I de-
PCHIMATBHBIX YPAaBHEHUH, COJIEpXKAIIUX XOTs Obl OJUH MAalbli HapaMmerp.
Cyl11eCTBEHHON OTIMYUTENbHON YEPTONW CHUHIYJIAPHOM 3aJaud BO3MYILEHUS
ABJISIETCS TO, UTO MPOCTOE U MPSIMOE NPUOIHKEHUE (OCHOBAHHOE HA MalIOCTU
napaMeTpa) He JaeT TOYHOIO pelleHHs BO Bceil 00JacTH 3TOro peIeHUs.
OTO MPUBOIHUT K TOMY, YTO B Pa3HBIX YacCTAX OOJACTH IOMYCTHUMBI pa3HbIC
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anmnpokcuManuuu (0ObIYHO TpPeOYIOUINe «MAacIITa0HMpPOBAHUA» IMEPEMEHHBIX
10 OTHOIIECHHIO K MapaMeTpy). DTOo, B CBOIO OUYEpE/ib, IPUBEIO K MOSBICHUIO
TaKUX BAYKHBIX MTOHATUH, KaK IEKOMIIO3ULUS, CIIMBKA U TaK AaJee.
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(ucrema YUCIEHHOTO MO ENNPOBAHMA
OAAHOMEpHbIX UTyyaitHbiX Benununi NMPUD:
¢opmupoBaHue 6aHKa NAOTHOCTE!, aBTOMATM3aLUUA
MaTeMaTU4ecKuX BbIKNaZoK U NPUNOKEeHNa

AHTOH Bontuiex’,
Apocnas MocToBanos?, aHun YepkalumH?

"MIHcmumym sbiduciumensHol Mamemamuku
u mamemamuvyeckou 2eogpusuku CO PAH, 2. Hosocubupck, Poccus
2Jluyeti N° 130 20poda Hosocubupcka, 2. Hosocubupck, Poccus

[IpencraBnena co3maHHas B J1a0OPaTOPHH MAaTEMaTHIECKOTO MOJEIUPO-
Banus nures Ne 130 ropona Hoocubupcka cucrema NMPUD (Numerical
Modelling of Probabilistic Univariate Distributions) (cm. [1] u http://monte-
carlo-system.herokuapp.com/), ucmonb3yemasi Kak Mmoyie3Hoe (4 Jaxke HeoO-
XOAMMOE) TocoOue IUIA WCCIeNOBaTeNel, 3aHMMAIOIINXCS CO3JaHueM U
(1nM) KUCHONB30BAHUEM YHCIEHHBIX (KOMIBIOTEPHBIX) BEPOATHOCTHBIX MO-
JIeNielt IS pelieHUs] aKTYyalIbHBIX MPUKIIATHBIX 3a/1a4.

1. OcHoBHOe HanosHeHne 6aHKa cuctembl NMPUD

B 6anx cucremsr NMPUD BxomsaT (GopMyssl BEpOSTHOCTHBIX IUIOTHO-
CTeH

fwh), ue(ab), (1)
(xak mpaBUIIO, JIEMEHTAPHBIX — CM. pa3zen 2.6 kHuru [2] u pazaen 2 JaHHOM

CTaThM) CIy4YaiiHbIX Benn4uuH & € (a,b) u cooTBeTcTBYIONIME (POpMyIhI (pe-

)K€ — aJTOPHUTMBI) JJI YACICHHOTO MOJISITHPOBAHUS BHIOOPOYHOTO 3HAUCHUS
&, OTOM Clly4aiiHOM BEIMYMHLI BUIA

& =We(og;n). 2)

3neck a, € U(0,1) — cTangapTHoe caydaifHOE YMCIIO (CM. paszen 2.6 KHUTU
[2]), T.e. BEIOOpOUYHOE 3HAUYCHME City4aiiHoW BenmuunHbl o € U(0,1) , paBHO-

MepHO pacnpeaeneHHoil B unrepBane (0,1). DTo BeIOOpOYHOE 3HAUYEHUE

" Pa6oTa BBIIONHEHA B pamkax rocynapctsenHoro 3aganus UBMuMI™ CO PAH (mpoext
0315-2019-0002).
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peaiuzyeTcd Ha KOMIIBIOTEPE C IOMOIIBIO CIEHUAIBHOM MOANPOrpaMMBI
(uMeHyeMoil B 13bIKaX MPOTrpaMMHpoBaHus Kak RANDunu RANDOM).

B ¢opmymax (1) u (2) 6ykBoit A € A, obo3naueH nmapameTp (Habop ma-
pameTpoB)pacnpeneineHus. B Habop mapamMeTpoB A MOTYT OBITH BHECEHEI, B
TOM YHCIIe, TPpaHUIIbl HHTEpBaJia pacnpeaenenus (a,b) .

B neBoit yactu ocHoBHO# cTpanuiel cucteMbl NMPUD (puc. 1) nemon-
cTpupyerca (mnm 3aHocutcs) dopmyina mioTHocTH (1) ¢ COOTBETCTYIO-
UM BBIOOPOM MapaMeTpoB A € A; 3/1eCh XK€ IpPEACTaBICH rpaduK 3TOH
(hyHKIHH.

nte-carle-system.herokuapp.com
9 Y
8 8
7 7
6 6
s 5
4 a
E! 3
E 2
) 1
0 o
0. 0.

2 025 03 035 04 045 05 2 025 03 035 04 045 05

(5 (5 <)) -
:

Puc. 1. Bun ocHoBHO# crpanunsl cucremsl NMPUD

Monenupytomas ¢popmyia (2) 1eMOHCTpUpyeTCs (WM 3aHOCUTCA) B Ipa-
BOM yacTu ocHOBHOHM cTpanuisl cucreMbl NMPUD. C nomormipio MHOTO-
KkpatHoTO (7 >> 1, pa3) oOpamenus k Gopmyie (2)

gl :Wg(aﬂa?\')a E,Q :Wé(az;}\')a""én :\Ilg(a’n’}\’) (3)
CTPOUTC TUCTOTrpaMMa

n V[
S ) = o wed =13, 3, (4)

nx

X =a+(i-1h h=t= i1 M
M
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31eck v, — KOJIMYECTBO BHIOOPOYHBIX 3HAaueHuH (3), MONABIINX B HOJIYHH-
TepBan /;, u3 (4); 9TOT IpoLecC MOKHO HAOIIOAATh ITOJTAITHO.

[IpaBunmbHOCTE MOJENUpPYIONICH GopMyIel (anropuTMa) (2) onpenenseT-
Csl BU3YaJbHO COBHIAJCHUEM IOCTPOSHHOHM THUCTOTpaMMBI (4) ¢ rpaduxom
mwioTHOcTH (1).Takke BeIYMCISIETCS M MMOKA3bIBAETCS C MPaBOil CTOPOHBI OC-
HOBHOU CTpaHHUIIBI cpeliHee BpeMs oOpaleHus k Gopmyie (anroputmy) (2) B
HAHOCEKYHJax.

2. 3ﬂeMEHTaprle MJIOTHOCTN.
TexHonorua nocnegoBaTeNbHbIX 3aMeH

CraHAapTHBIM METOJIOM YHUCIEHHOTO (KOMIIBIOTEPHOI0) MOJIEIUPOBAHUS
BBIOOPOYHOTO 3HAaueHUs &, OIHOMEPHOH ciydaifHoi BenuuuHbl & € (a,b)

SBIISIETCS Memoo 0Opamuoll Qyukyuu pacnpedeienuss (CM., HAIPUMEP, paz-
nen 2.5 kaurd [2]). OToT MeTos peanmsyetcs 1o Gopmyie Buaa (2):

& = Fg_l(ao;x)a (5)

rne o, €U(0,1) — crammapTHoe ciywaiinoe umcio, a F(x) =P{{<x}=

- IX Se(u;)) du — byHKIWS pacTpeieNieHnst CIly4aiiHON BeNMUYnHBI § .

B xadecTBe mMpOMEKyTOYHOH BBIKIIAIKH MIPH BEIBOAC (POPMYIHI (5) MOXK-
HO 3alucaTh COOTHOILIEHHE

jf° fwsh) du=0. ©6)

31eCh y4TEHO TO OOCTOATENBCTBO, UTO NpH u & (a,b) byHkuus f;(u;1) u3

(1) paBHa HyTIO.
ITnotrocTs (1) Ha3bIBaeTcs anemenmapHoll, ecnu ypaBHeHnue (6) paspe-
HIUMO OTHOCUTENIBHO BEPXHETO IPEeJeNna HHTEIPUPOBaHus &, B 3JI€MEHTap-

HBIX QYHKIMAX. [pyruMu cioBamH, pelieHue ypaBHEHHUs (6) maeT hopMmyiy
(2), rne \yé(v;k)ngl(V;K) — OTHOCHTEIIBHO MPOCTasl («IporpaMMupye-
Masi») KOMITO3UIIHSI SJIeMEHTapHBIX PYHKIUH (cM. pa3aen 2.6. kauru [2]).
s popMHpOBaHUS JOCTATOYHO OOBEMHOro OaHKa 3((EKTUBHO (IKO-
HOMHYHO) MOJEIUPYEMbBIX 3JIEMEHTAPHBIX IJIOTHOCTEH I1e1ecoo0pasHo

MIPUMEHATh CIEAYIOIIYIO 7MEeXHOLO2UI0 NOCAe008ameNbHblX (610HCEHHBIX)
3amen.
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TEXHOJIOT'USA 1 (em. pazaen 14.2 xkauru [2]). [lycmo
£,i1), ve(ed), reA, (7)

— NIOMHOCMb CAVHANHOU 8eIUYUHBL 1|, UMEIOWel IeMEeHMapHoe pacnpeode-
aenue 6 unmepeane (c,d), m.e. u3z coomuowenus euoa (6)

Mo
J.C Soiih)dv =0, O coomsemcmsyioujezo 8bl00pOUHOSO 3HAYEHUS T,

CAVYAUHOU GEeIUNUHbL T MOMNCHO noayuums gopmyny euda (2), (5):
Ny =W, (0g;h), 2de y, (W;A) — npocmas Komnosuyus dieMeHmapHblx
@dyHryuil.

Paccmompum 63aumno-oonosnaunoe npeobpasosanue, 3a0agaemoe Mo-
HomonHoUu (Hanpumep, 6o3pacmaroweil) ouggepenyupyemoi GynKyue
(p(u)T u nepesodsauee unmepsanr (a,b) 6 uumepsan (c,d) (0ra eo3pac-
maroweti pyukyuu umeem O(a) =c, ¢(b) =d ). llonacaem makice, umo camy
Gynxyuio (i) , ee npouszeodnyio @' (u) u obpamuyio K et GyHKYuio (pfl(u)
MOJCHO npeocmagums 8 6ude NPOCMbIX KOMROZUYUL DNEMEHMAPHBIX

@dyHKyu.
Ilycmo cnywaiinaa senuuuna & € (a,b) umeem niomuocms pacnpeoenetus

Je(w;h) = £, [o@) M ]x @'(w), u & (a,b) ®)
(012 yowvisaroweti pynxkyuu O(u) 6 nocieoHem bipaxicenuu ciedyem Ucnoiob-

308amb MOOYIb NPouzeooHol ¢ (u)).

Ilpu coenannvix Gvliie NPEONONONCEHUSX MOICHO YMBEPIHCOaAmb, Hmo
niomuocme f. (u;h) euda (8) sensemcs snemenmaprou, m.e. ypagrenue (6)

paspewumo omuocumenvio &, 6 sneMeHmapnvix QYHKYUsX, a KOHKpemuee
& = 0! [\un (OLO;K)] (012 yovisaroweu pynxkyuu O(u) umeem
1 : \
£y =0" [y, (M) |, ap =1-ap).

JleficTBUTENIbHO, 3alKChIBas ypaBHEHHE (6) IS CKOHCTPYHPOBAHHON HO-
BOH TIOTHOCTH (8), MMeeM

S ' (o)
L Solo@);A]e'(u) du = o, wm J‘(:)(a) fe)dv=a,,
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nn Q&) =, (ag; ), wma & =@ [y, (03 |

(mns yosIBaromeil GyHKINM @(¢) BBIKJIAIKNA aHATOTHYHBI).

HasBanme mexnonozus nociedosamenvhuix (810J4CeHHbIX) 3aMeH JUIA
TEXHOJIOTHH | 37€Ch CBA3aHO C TEM, UTO IOJYIEHHYIO IUIOTHOCTH (§) MOXHO
B34Th B KaUECTBE MCXOAHOU IIOTHOCTH (7) U OCYLIECTBUTH €I€ OAHO Ipe-
00pa30oBaHUE THUIA TEXHOJOIMU MOCIEIOBATENbHBIX (BJIOXEHHBIX) 3aMEH.
C NOMOIIBIO TAaKUX BJIOKCHHBIX 3aMEH MOXHO IOJy4aTh HEOTPaHHYECHHOE
YHCIJIO HOBBIX 2JIEMEHTAPHBIX INIOTHOCTEH.

3. TeKywjne Hay4Hble NcciegoBaHNA,
npoBoAVMbIle C MOMOLLbI0 KOMNbloTepHou cuctembl NMPUD

B nacrosiee BpeMsi IPOBOJATCS CIEAYIOLINE UCCIEOBAHUS C TIOMOILBIO
KOMIIBIOTEPHON CUCTEMBI.

3.1. M3y4aroTcsi BONpPOCHl pa3yMHOTO pa3Mmepa OaHKa CHCTEMBI. 3/1eCh
YMECTHO OTMETHUTH, YTO I TIPUMEHEHHUsSI OMMCAHHOW B pasjere 2 JaHHOU
paboTHI TEXHOIOTHH MOCIEAOBATEIBHBIX (BIOKEHHBIX) 3aMEH MMEETCS Or-
paHHuYeHHE MO KOJMYECTBY 3aMEH, TaK KaK Kak[Ias 3aMeHa YBEIMYUBAeT
TPYAOEMKOCTh Mojenupytouieir Gopmyinsl. Taxke akTUBHO OOCYX AalOTCs
BOTPOCHI ucronb3oBanus B cucteme NMPUD kpome dopmya (2), (5) metona
00paTHOI (PYHKIHNHU paclpeleNeHus] SKOHOMUYHBIX aIrOpUTMOB MOAUDHUITH-
POBAHHOTO METOJIa TUCKPETHOM Cymeprno3uiiuu (cM. paszaen 11.2 kauru [2]).

3.2. C mpobnemamu, U3NOKEHHBIMH B paszzene 3.1, TeCHO CBSI3aHBI M3Y-
yaeMble HaMH, Ha NEPBbIM B3IJISA «TEXHUUYECKHE», BOIPOCHl OpraHU3allu
BBIOOpa MapaMeTpoB pacIpeesieHUi, UCIONb30BaHUs MaTeMaTHUECKUX Ma-
KETOB JIJIsl aBTOMATU3allMHU BBIKJIAJ0K MPH IPUMEHEHUH TeXHOJIOTUH | B cuc-
teme NMPUD (3mech Takke BO3HHKAIOT CBOM OTpaHHYEHHs, TpeOyromue
M3yYeHHS U TOApOOHOTO OIMCAHMS).

3.3. C nomomsto cucteMbl NMPUD nipoBosiTcst pa3HooOpa3Hble HCCIie-
JIOBaHUS, TO3BOJISIIOIIME JaTh TOYHbIE KOJMUYECTBEHHbIE ONMCAHUS MHOIO-
YUCIEHHBIX Ka4eCTBEHHBIX BBIBOJAOB M PEKOMEHJAIM U3 KHUTH [2], Kacaio-
LIUXCS CPABHEHHUS aITOPUTMOB MOJICIUPOBAHUS OJHOMEPHBIX CIYYalHBIX
BEJIMYMH. B 4acTHOCTH, MiIaHUpyeTCsl MOATBEPAUTH BBIBOJBI U3 pazjena 12
KHUTH [2] 1 paboThl [3] 0 Heleaecoo0pa3HOCTH MPUMEHEHMsI OeTa- U raMMa-
pacnpesneneHuii Ipyu paHAOMH3alMKU YHUCICHHBIX NMPUKIAIHBIX CTOXacTHYe-
CKUX MOJeeEH.
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3aKknuyeHune

OnucaHbl IPUHITUIBI H METOAMYECKHE TPYAHOCTH (OPMHUPOBAaHHUs OaHKa
IJIOTHOCTEN MJIs CIeNMATbHOM KOMIBIOTEPHOW CHCTEMBI MOJCITUPOBAHUS
BEPOSITHOCTHBIX OJMHOMEpHBIX pacnpeaeneanii NMPUD. Ocobo ormernm,
yto cuctema NMPUD siBisieTcst HanmpaBisioluM TEOPETHIECKHUM U METOH-
YECKHUM TOCOOMEM ISl CO3JaHMs Pa3HOOOPA3HBIX aKTyalbHBIX 3(deKkTHB-
HBIX (9KOHOMHUYHBIX) KOMIBIOTEPHBIX MOZENEH BaXKHBIX ISl U3Y4YEHHUS CTO-
XaCTUYCCKUX MPOLECCOB U SIBJICHUM.
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YHCJICHHBIX PaHIOMHU3HPOBAHHBIX Mozelsix // Pacmmpennsie Te3ucel X MexayHapo-
Hol Ilerpo3aBonckoii koH(pepeHn «BeposTHOCTHBIE METOJBI B JUCKPETHOW Mare-
Mmatuke» (22-26 mas 2019 roma, IlerposaBonck, Poccus). IlerposaBonck: KapHILI,
2019. C. 66-68.
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YncneHHblii aHanu3 Ha afanTUBHbIX CETKAX MHOrOMEepPHOro
ypaBHeHus Qokkepa — [InaHka ¢ ManbiM napameTpom

Moxamep Agenb byaTta, Cepren Bacunbes,
BauvecnaB ®egopueHko

Poccutickuti yHugepcumem 0pyx6bl Hapo0os, 2. Mockea, Poccus

TpaauIMOHHO NPH MOJENUPOBAHUHU B 00JIaCTH (PUHACOB NPEIIONaraeT-
Csl, YTO IPOLIEHTHBIE CTaBKMU MOCTOSIHHO M3MEHSIOTCS, U 3Ta AUHAMHUKa pac-
cMaTpuBaeTcsi OOJBIIMHCTBOM HCCIlienoBareneil kak aAn(Qy3HOHHBIA IPO-
necc. OHAKO UCCIEIOBAHUS MOKA3alIM, YTO JUHAMHKA MPOLIEHTHBIX CTaBOK
UMEeT CIIyJaiHyI0 CKaukooOpasHyro auHamuKy [1-4]. MccnemoBatenu mo-
JIararoT, YTO CKAYKH MPOLIEHTHBIX CTAaBOK, BEPOSATHO, CBSI3aHbI C Pa3IMYHBIMU
PBHIHOYHBIMU SIBICHUSIMU, TaKMMH, KaK PbIHOYHAs HEONpPEJCICHHOCTh WU
IIOKHM Ha BAJIIOTHBIX pBIHKAxX [5—8].

B nanno# paboTe mpencTaBieH YACICHHBIA aHAN3 PEeIIeHN MHOTOMED-
Horo ypaBHeHust Dokkepa — [InaHka ¢ MalbIM MapaMeTpoM, KOTOPOE MO3BO-
JsIeT onucaTh TUQGQPYy3UOHHYIO AUHAMUKY ITPOIIEHTHBIX CTABOK HAa (DOHIOBBIX
pPBIHKaX B YCJIOBHSIX HeolpeaeneHHocTel. /s ananmnsa pemennii ucroiab3y-
eTcsl YUCIICHHBIH METOJ] Ha HEeperyisipHON ceTke, MpeACTaBIsIoNEell coboit
MOJU(UKAINIO KYCOYHO-OJHOPOAHBIX ceTok Tuma lllumkuHa, amanTupo-
BAaHHBIX K MaJIbIM pa3MepaM MOrpaHU4HOro cios. IlokazaHo, 4To YyuClIEeHHOE
pelIeHue CXOAUTCS PAaBHOMEPHO NPU PAa3IUYHBIX 3HAUYEHHUSIX MAaJoro mapa-
MeTpa.

MaTtemaTnuyeckasa mogenb AHaAMVKN

PaccmoTpuM ABYX(akTOpPHYIO MOJENb CKaukooOpa3Hoil nuddysun, Ko-
TOPYIO MBI UCIIOJIb3YEM JIJISl OLIEHKH TPOU3BOIHBIX MPOIIEHTHBIX CTABOK. DTO
HCCJIEIOBAaHUE MPENIOAraeT, YTo IepEeMEHHbIE COCTOSIHUS SABJISIOTCA JUHA-
MHKOW MFHOBEHHOM IIPOLIEHTHOW CTAaBKH 7 M BOJATHJIBHOCTH V.

MBeI nipeAronaraeM, 4To OmpeelieHO POCTPAHCTBO (Q,]-" AF o0 2 0,73)

— HOJIHOE BEPOSITHOCTHOE MPOCTPAHCTBO, KOTOPOE YOBJIETBOPSICT OOBIIHBIM

YCIIOBHSAM, B KOTOPBIX {7} ., — uisTparms.

’ [My6nukarus BeinosnHeHa npu ¢uHaHCOBOW noanepixkke PODU B cooTBeTcTBHU C HC-
cienoBaTenbekuM npoektom No.18-07-00567.
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Uro0Bl y4ecTh pe3Kue M3MEHEHHs MPOICHTHBIX CTABOK HA PHIHKAX, MBI
CYMTAEM, YTO MCHOBCHHAs MPOIICHTHAS CTaBKa CICAYET 3a CKaYKOOOpa3HbIM
TG GY3MOHHBIM CITyYaiHBIM IMPOIECCOM, a BOJNATHIBHOCTh — AU dy3noH-
HBIM TporieccoM. [103ToMy (hakTOpBI MOJIETH OMHUIIEM CIICIYIOIIUM CTOXAC-
THYECKUM MPOLECCOM:

1) =)+ [, (r().V () dz+ [ V@)W, (2)+ [ e(r(z=).V (2)d) 5 (1)

VO =V O+ 1y (r@V (@)dz + [ oy (r@V (@)W (), (2)

e W, << 1 u py << 1 — npelidbl (peanoiararoTcst B Ka4eCTBE MaJbIX IMa-
paMeTpoB), a Gy — BOJIATHIFHOCTH IIpoIIecca Moapa3yMeBaeMOi BOIATHIHHO-
ctu. Kpome toro, W, u Wy, — BUHEPOBCKHE IMIPOLECCHI, a BIUSIHUE CKAYKOB
onpenensiercss pyHkumen c(7(z-),V(z)) U CIOKHBIM TyacCCOHOBCKUM TIpOIIeC-

N
com J(t) = zi:l Y.

B nepuozer Bpemenu (T,),, , KOIIa MOTYT HPOM30MTH CKAuKH, pasMephl
CKayKoB Y1, Y5,... 00pa3yroT MOCIeI0BaTEIBHOCTh OJMHAKOBO PacIpe/Ie/icH-
HBIX CIy4YalHBIX BEJIMYMH C HOPMaJIbHBIM paclpeieracHueM BeposTHocTel 11,
MO0,6y) 1 N, IPEACTaBISIOT MyaCCOHOBCKHUI MPOLECC ¢ MHTEHCHBHOCTHIO

Mr,V). Msbl npeamnonaraem, uto W, Wy — pacmpeieneHus 1O pa3Mepam
CKAYKOB — HE 3aBUCAT OT /N, HO CTaHIapTHBIC OPOYHOBCKHUE JBHKEHUS COOT-
HocsTcs ¢ [W,, Wy(t) = pt. MBI Takke TpernonaracM, 4To BeJIMYMHA CKayKa
1 BpeMs CKauKa He CBsi3aHbl ¢ AU Qy3HOHHBIME YacTsME mporeccoB. Hako-
HEIl, MBI TpeanoiaraeM, 4To (QyHKIHH L., Wy, Gy, A u [1 yZOBIECTBOPSIOT
MOJXO/SIIIUM YCIIOBUSIM PETYJIIPHOCTU. ByzeM cuutath, 9TO PHIHOK CBOOO-
JeH oT apoutpaxka. Kpome Toro, cylecTByeT 3KBUBaJICHTHAs Mepa MapTHH-
rajoB, Q-mMepa, U3BeCTHAS KaK Mepa, He 3aBUCAIIas OT pUcKa. [lepeMeHHbIe
cocrostaust mojienu (1), (2) mpu HeHWTpaIbHOM OIIEHKE PUCKA CIIeIyoIlHne:

r(©)=r(0)+ [ 02 (@)Y (2)dz+ [ V(W2 () + [ e(r(2)V(2)dI? 5 (3)
VO =V©O+ [ 0l (- ()dz+ [0, (MY ()WL), (@)

rie ug =, — e’ ug =u, —GVGWV; WrQ u WVQ — npoueccel Bunepa ¢
Q-mepoit u [WrQ,WVQ](t) = pt . PerHOYHAs TUTaTa 32 PUCK, CBSI3aHHBIA C TIPO-

W, ,
neccamu Bunepa W, u W,, cocrasnser 0" (r,)) u 0" (r,V) coorBerct-
BEHHO.
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A 0
Jlanee BBeneM cooTHomenue J2 @)= Zlit) Y(@)- thEYQ [Y], xoTtopoe

SIBISIETCS. KOMIICHCHPOBAaHHBIM ITyaCCOHOBCKHM IporeccoM mo Q-mepe, a
WHTEHCUBHOCThH MTyaCCOHOBCKOTO IpolLecca NQ(t) paBHa kQ(r,V). Taxxe Oy-
JIeM ToJiarath, uto Gyukus c(r,V) = 1 sensercs koncrantoi B (1) u (3).

Takum 00Opazom, IeHa OOJHTanyy ¢ HYJIEBHIM KYIOHOM B MOMEHT Bpe-
MEHH ¢ CO CPOKOM morameHus ¢ < T B COOTBETCTBHH C BBIIICU3IOKCHHBIMU
JOMYIICHUSIMUA MOYKET OBITh BBIpaXKEHA KaK

P(t,r,V;T)= E° [exp {—LT r(w)du} | r(t)=r,V(t)= V}, (5)

KpuBast JOXOAHOCTU B JAHHOM CJIy1dac

R(t.r V) = —ln(P(t,r,V,T))'
T—t
Iycte C(¢,7,V,T; T)) — leHa €BPONEHCKOTO KOJUI-OMIIMOHA, KOTOPBIH OT-
KpbIBaeTCs B MOMEHT 1, Ha OOJIUTAIlNU, CPOK JCHCTBUS KOTOPBIX UCTEKAeT
npu T, T1<T,, a K siBnsieTcsi ieHo ucnoiaHeHus. EBponeiickuii obmuranm-
OHHBIN OMIMOH OLIEHUBAETCS KaK 0’KMJlaeMasi TMCKOHTUPOBAaHHAs BBIILIATA B
pamkax Q-mepbl

C(t,}", V7Tz5]11) =
= E9 [e‘ﬁ"“"”’” max (P(T,,(T,),V(T});T,) — K,0) | #(t) = 1,V (1) = V}.

Kpome Toro, 7, =T, —t u 1 =T, —t — CPOK TOTAIICHUSI OMIIMOHHOTO KOH-
TPaKTa U OOJUralluu ¢ HyJIEBbIM KyIIOHOM COOTBETCTBEHHO.

g ananusa peumenuil ypaBHenus @okkepa — Ilnanka B 1aHHOM Hccie-
JIOBAaHUU UCIOJb3YIOTCSA YUCJIEHHBIE METOJIbl HA HEPETYJIAPHON CETKE, KOTO-
pas ABigeTcs MoanQUKaIUell aJanTHPOBAaHHBIX K MAJION BEJIMYMHE IOTpa-
HUYHOTO CJI08 KyCOYHO-OJHOPOAHBIX ceTok Tuna Ilumkuna. IlokaspiBaercs,
YTO YUCIEHHOE PELICHUE PAaBHOMEPHO CXOAUTCS MPH PA3IUYHBIX 3HAUSHUSIX
MaJIoro napamerpa.

3aKknuyeHue

B nanHO# paboTe mpejicTaBICH YHCICHHBIA aHAIM3 pPEIICHU Ha ajar-
TUBHOUW HEPAaBHOMEPHOUN CETKE MHOIOMEPHOTO ypaBHeHUa Dokkepa — [lnan-
Ka ¢ MaJbIM IapaMeTpoM, KOTOPOE TO3BOJISIET ONHcaTh AU PYy3HOHHYIO AU-
HaMUKy MPOIEHTHBIX CTABOK Ha ()OHOBOBBIX PHIHKAX B YCIIOBHUSK HEOIpe-
JIETICHHOCTEH. AHANN3 pelleHni Ha HEPETYJISIPHON CEeTKE, MPEACTABIISIONICH
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coboi MOAM(UKANKIO KYCOUYHO-OTHOPOIHBIX ceTok Tuma IllumkuHa, anarn-
TUPOBAHHBIX K MaJIBIM pazMepaM MOTPaHUIHOTO CIIOS, MOKa3aJl, YTO YHCIICH-
HOE PEeIIeHUE CXOJUTCS PABHOMEPHO MPHU PA3IMYHbIX 3HAYEHHUSX MaJoro ma-
pamerpa.
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06 ncnonb3o0BaHNMN KOHEYHbIX aBTOMATOB
NpyU MOAENUPOBAHMMN HAHOCTPYKTYP

HukunTa Benakos, Pyctam bukmyp3uH, Amutpun OegueHko

Cubupckuli pedepaneHeili yHusepcumem, 2. KpacHospck, Poccus

VYraepoaHble HaHOMATepHANBl: TpadeH, QyJIepeHbl U HAHOTPYOKH HC-
MTOJIB3YIOTCSI BO MHOTHX 00JacTsX. Peus HIeT o mpou3BoAcTBE KOMIO3UTHEBIX
HaHOMAaTepUalIOB, MEOUIMHE W MHOTOM JpyroM. HanMmeHnee H3yueHHBIMU
SIBJSIFOTCS. HAHOJMYKOBHIIBI, KOTOpBIE IPEICTABISIIOT COOOM cdepuyueckue
YaCTHUIIBI, COCTOSIINE U3 BIOXKEHHBIX JAPYT B JIPyra MOHOCIOWHBIX 000JIOUEK
(cm., Hampumep, [1, 2]).

PaccmatpuBarotrcst Tpaduueckue IMpeicTaBICHHUS ICTCPMUHUPOBAHHBIX
KOHEYHBIX aBTOMAaTOB CIIELMANBHOTO BUAA. Peub maer o masnmax — rojoBo-
JOMKax TUNa namuauiex. MOTHBaIMeH K W3yYCHUIO IMOTOOHBIX aBTOMATOB
SIBIISIETCSL X MPOCTOTA M TECHAS CBS3b C CHMMETPHYECKOW TPYIIOH Sy, 9TO
MO3BOJISIET B TIOJHOM Mepe 3aJeiicTBOBAaTh anreOpandeckuid ammapar (cM.,
Hanpumep, [3]). Bo3HuKaromye Ha 3TOM IyTH BOMPOCHI TPeOyIO oOpaleHus
K UJIesIM HEacCOIMAaTUBHON reomeTpud (cM. [4]).

B nmanHHO# cTaThe MBI CTPOUM rpadUyecKoe MPEICTABICHUE NETCPMHUHUPO-
BaHHOTO KOHEYHOTO aBTOMATa, BHEIITHE CX0XKEE C TYKOBUYHON CTPYKTYPOIL.

QopmynupoBKa 3agaun

[Tycts K; — nonnsli rpad, d IpoHYMEpPOBaHHBIX BEPIIMH KOTOPOTO Ipes-
CTaBUM IIOJBIDKHBEIMU OYCHHAMHU, TIepeIBUTAIONMUCS 10 pebpam. Ham 6mm-
e peanu3anys MOJHOro rpada B BUAE CUMILIEKCAa B IPOCTPAHCTBE PA3MEPHO-
ctu d—1. CumBonoM 0 MBI 0003HAYMIN ITYCTYIO MO3UIIMIO, KyJa MOXKET OBITh
cnBrHYTa Mrobas u3 OycuH. Ha puc. 1 m3o0paskeH nomHbIi rpad K.

Ilycte A =(Q, 4, 6, qo, F) — NeTepMUHUPOBAHHBI KOHEUHBIH aBTOMAT ¢
¢dbyaknueit nepexoga d: O x 4 — Q, a S=(Q, 4, §) — nonyaBTOMaT (CM., Ha-
npumep, [3, ['nasa 2]). PaccMotrpum noyaBromar S, MHOYKECTBO COCTOSTHUMA
KOTOPOI'O COBIAAAET C TPYIIION NepecTaHoBoK S, BepwuH {1, 2,..., d—1, 0}
rpada K, a BxogHou andasur 4 = {1, 2, ..., d-1}, npuuem d: (n, j) — o, TIe
MIEPECTaHOBKA GES,; paBHa T C TOYHOCTHIO JO TEPECTAHOBKH HJIEMEHTOB
ju0,j=1,2,...,d-1.

IIpu d = 3 nonyuum rpad mosyaBToMaTa, KOTOPHIH MOKET OBITH H300pa-
JKCH TIPE/ICTABICHHBIM Ha PHUC. 2 CIIOCOOOM.
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9'44 o5
W

N,

0 (@)

Puc. 1 Puc. 2

3necw a, b, ¢, d, e M f — dIEMEHTHl CUMMETPHYIECKOH T'pynmsl S3, TAe
a=(1,2,0),6=(1,0,2),c=(0,1,2),d=(2,1,0),e=(2,0, 1), = (0, 2, 1).
Jlerko BUAETh, YTO MHOXECTBO {a, ¢, e} sBisfercs moarpymmoi B S;. Ha
MHOKECTBE MHBOIONMH (3JIEMEHT TPYIIIBl HAa3bIBACTCSA WHBOIIOINEH, €CIIH
€ro KBaIpaT paBeH equHuIle rpymmsl) M = {b, d, f} < S3 MOXHO BBECTH KBa-
3UTPYIINOBOE YMHOKEHUE 10 TPABUILY m; * m; = proj (m; x m;), M., HaIpH-
Mep, [4], rae proj — orneparop MPOEKTHPOBAHUS Ha M BIIOJIb TaMHIETOHOBA
IUKJIA, BBIJIETIEHHOTO KPACHBIM LIBETOM HA PHC. 2, @ 1m; X m; — IPOU3BEJICHHE
B rpynne. IlosiyduM HeaccOIMATUBHYIO TaOJNHILy YMHOXEHHS (TaOiuIa).
JleficTBUTENBHO, PA3IHIHBIE CIIOCOOBI PACCTAaHOBKH CKOOOK MPUBOMAT K pa3-
IU4HBIM pesynsTataMm (fd)b=d, a f(db) =b. Mbl TONyunIn KBa3UTPYIILY
TpeThero mopsiika. HamoMHMM, 4TO KBa3HIpyINoON Ha3bIBAIOT MPOM3BOJIB-
HyI0O MarMmy ¢ fenesueM. Ecim roBoputs odeHs rpy6o, TO KBa3UTPYHITEI 110-
XO02KU Ha TPyHIbI 03 CBOMCTBA aCCOIMaTHBHOCTH.

*

SN RSN AN

~ ||
UM |
~ | x|

Bonee nHTEpECHBIC aBTOMATHI MOIYYAIOTCS, KOTAa MBI 3allpeliaeM nepe-
XOJIBI TI0O HEKOTOPBIM pebpaM B Tpade K, Paccmorpum rpad K4 6e3 auaro-
HaJBHBIX pebep, KOTOPOMY COOTBETCTBYET Ma3y pa3mepa 2 Ha 2 (puc. 3).
[TaznoM MBI Ha3bIBaeM TOJIOBOJIOMKY, B KOTOPOW OJWHAKOBHIE KBaJpaTHBIC
KOCTSIIIKKA ¢ HAHECEHHBIMU IM(pamMu 3aKIFOUEHBI B KBaJIPDAaTHYIO (M TIps-
MOYTOJIbHYI0) KOpoOKy. Camoi mommyssipHO# siBisieTcst urpa B 15. MoxxHO
3aMETUTbh, YTO Y MHOXKECTBA COCTOSHUMN Ma3na 2 Ha 2 €CTh WHBAPHAHT: YeT-
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HOCTh TIEPECTAHOBKH, BBINHCAHHOW Oe3 ydera mycrod Kietku. Hrposoit
KOH(UTypaIuu Ha puc. 3 cooTBeTCTBYeT nepecranoska (0, 1, 2, 3).

Mel BUAMM, YTO MHOXXECTBO (J) COCTOSIHMM Ia3jla COCTaBJSIET HE BCIO
rpymmy Sy, a Tumb monoBuHy (12 snementoB). s Bu3yanusanuu rpaga as-
TOMaTa MbI UCIOJIb30BaH OeciuiaTHyto nporpammy Gephi. Ilocne sxcnepu-
MEHTOB C HACTPOHKaM{ NPUTSDKEHUS U OTTAIKUBAHUS BEPIIUH OBLT ITOIYICH
rpad (puc. 4). Jannsrii rpad HaswiBaetcs rpadom Haypy (mo anamoruw c
JBEHaALATUIY4IeBOM 3Be3101 Ha duiare rocyaapcrsa Haypy). Kak u okrasap
rpad Haypy siBisieTcss TaMUJIBTOHOBBIM.

0123
3120 —@—__ 1023

3102 — \._ 1203

/ \
A\

/
3029 ' bmo
“\

. I

0312 ¢ /dozsn

Puc. 3

B koHIIe MBI X0Tenu ObI 0OCYAHTH Tpad) KOHEYHOTO aBTOMAaTa, COOTBET-

cTBylomIero na3ny 2 ua 3 (puc. 5).

5- 4

Puc. 5

Kax u B mpefpIayIieM ciydae, MHOXXECTBO UTPOBBIX KOH(QHUryparuii mas-
Ja COCTABISET JIUIIB TIOJIOBHHY 3JIEMEHTOB TPYHITEI S5, KOTOPBIE COOMPAIOTCS
B 12 konen no 30 anemMeHTOB B KaxkaoM. Busyanuzanus B Gephi nana cie-
JYIOIYE0 KapTUHKY (pHC. 6).
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3aKknuyeHue

MBI paccMOTpeNH IJUINE HEKOTOpPHIE IMPHMEPHI KOHEYHBIX aBTOMATOB
CIIELIMAIFHOTO BUJIa M MX rpaudIecKue IpecTaBieHus . X0Ternoch ObI 0000
OTMETHUTh HEKOTOPOE BHEIIHEE CXOACTBO rpada mazna 2 Ha 3 ¢ TyKOBUYHOM
YTIEPOJHOW CTPYKTYpOH (pedub HUAET O MHOTOCIOHHON MoJieKylie (yJuiepe-
Ha, cocrosmiei n3 360 atomoB). [[nst Hac ocTaeTcs OTKPBHITHIM BOIIPOC: BO3-
MOJKHA JIM Takasl CTPYKTypa B PEajbHBIX yCIOBHUIX MPH OMPEACICHHBIX 3Ha-
YCHUSX JAaBJICHUS U TEMIICPATyPHL.
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Wcnonb3oBaHue MeTof1a GUKTUBHDBIX NepeMeHHbIX
ANA UCUIej0BaHuA NPOCTPAHCTBEHHOI XapaKTepUCTUKN
CUCTeM BuieHua Yepes atmochepy

WpwnHa l'eHgpuHa

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHsbil yHusepcumem, 2. Tomck, Poccus

CucTeMHBII OAXO0A SBISAETCS YHUBEPCAIbHBIM MEXaHU3MOM HCCIIEI0Ba-
HUsI 3aKOHOMEPHOCTEH pa3BUTHS Pa3IMUHBIX CHCTEM, TO €CTh CTPYKTYp, 00-
JAJAI0MIMX OlpeaeneHHbIMU cBoiicTBamu [1]. Ero mpumenenue jis pere-
HUS 3afad IepeHoca M3IMydeHHs depe3 arMocepy OCHOBEIBACTCS HA TOM,
4YTO CTPYKTYypa, COCTOAIIAs U3 MCTOYHMKA U3IMy4eHHs (MOJCTUNAoLIEl Mo-
BEPXHOCTH), CPEIbl PACHPOCTPAHECHUS] U IPUEMHOIO yCTpOiicTBa, yIOBIe-
TBOpSIET BCEM IpHU3HAKaM JIMHEIHOW cucteMsl [ 1, 2]. B Teopun nepenoca ms3-
Jy4YeHHs Takas CTPYKTypa Ha3biBaeTcs cucteMoi BuaeHus [3]. OCHOBHBIMU
3aJjadyaMy IIPU UCCIEJOBAaHUM CHCTEM BHJCHHUS SIBISETCS MIPOTHO3MPOBAHME
U KOPpeKIys (POpMHUPYEMBIX B HUX M300pakeHHH. JTO 00YCIOBIMBACT aK-
TyaJIbHOCTh MCCJIEJOBAHUS 3aKOHOMEPHOCTEN BIMAHHUS COCTAaBIIAIOLIUX Yac-
Tel cuctemsl. B nmocnenHue roasl Ui pelieHus 3aa4, CBSI3aHHBIX C Pacpo-
CTpaHEHHEM H3IIyUCHHS depe3 aTMocdepy, IIHUPOKO HCIOIB3YIOTCS CTaTh-
CTHUYECKUE METOJBI: KOPPESLMOHHO-PErPECCUOHHBIN aHaIn3, TapMOHHYe-
CKHUif aHanmu3 U Ap. B Hamelt pabote Taxke chenaHa MOMBITKA NMPUMEHEHUS
CTaTUCTUYECKOTO MHCTPYMECHTAa — METOAa (UKTHUBHBIX IEPEMEHHBIX, pac-
MIPOCTPAHEHHOI'0 NPH MPOBEACHUN SKOHOMUYECKUX MCCIEJOBAHUN U MO3BO-
JSIFOLETO OCOOEHHBIM 00Pa30M YUYHMTBHIBATh KOJIMYECTBEHHBIE U Ka4ECTBEH-
HBIC (paKTOPEI.

XapaKkTepuncTukm cucrembl BUgeHUA

Jns aHanwW3a BAMSIHUS CHCTEMbI L Ha MPOW3BOJBHBIM OOBEKT, pacroio-
JKCHHBIH Ha MOJCTHJIAIOIIEH IMOBEPXHOCTH, HEOOXOANMO MOCTPOUTH OTKIIUK
CUCTEMBI L Ha TOYCUYHBIH O-HUMITYJIbC — QYHKIHIO pa3MbITUs Touku (DPT):

L[3(x=x0,y = 0)] = h(x, %0, ) -

Cuctema Ha3blBaeTCS MHBApHAHTHOH K caBury [2—4], ecau cABUT BXOJ-
HOTO CHTHaJIa IPUBOJUT K PABHOMY CABUTY BBIXOJHOTO CHI'HAJNA!

L[S(x—xo,y—yo)]zh(x—xo,y—yo).
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[pousBonbHas GYHKIHA f(X,y) MOKET OBITH IPEICTAaBICHA KaK CYIEepIO-
3uUs (MHTErpall) TOYSYHBIX Macc

+00 400
SG,y)= J. J. S (%05 3)8(x = Xg, ¥ = ¥y ) dxody -
—00 —00
IToaTomMy BBIXOJHON cHUTHAN (M300pakeHHE MPOU3BOILHOTO OOBEKTA)
MPENICTABIIACT COO0I CBEPTKY MPOU3BOJILHOTO 00BhekTa i OPT:
+00 +00

gCo) = LLF ] = [ [ £ y9)h(x =g, = yp) dxodyy -

—00 —00

JBymepHoe npeobpazoBanre Pypbe HYHKIMN Pa3MBITHSA TOYKH Ha3bIBa-
eTcs onTudeckoi nepepatodHoi gpynkuueit (OI1D) cuctemsl U mpeacTaBis-
eT co00i XapaKTepUCTHKY CUCTEMbI BUJICHUS B YACTOTHOM 00IacTH:

400 +00
H(uv)= [ [ hEgne“"atdn.

—00 —00

Takum o0Opa3om, ISl CHCTEM, WHBAapHAHTHBIX K CABHTY, CIIPaBEUINBO
MIPOCTOE COOTHOILIEHHE:

G(u,v)=F(u,v)H(u,v).

3nmech F(u,v) — nByMepHOe nipeobpazoBanue Oypbe HCXOTHOTO 0OBEKTA.
OPT u OIlD gBASAIOTCS OCHOBHBIMH XapaKTEPUCTHUKAMH CHUCTEMbI BUJIE-
Hus. VX HCnonb3yroT AJs pelieHus 3a1a4 GopMHUpoBaHus U 00pabOTKH H30-
OpakeHHH B IIMPOKOM CMEBICTIE CIIOBA, IIPU MOCTPOCHUH PaJHalOHHBIX MO-
Jeled U T. 1.
B nannoit pabote peus noitner o ®PT st pasnuuHbIX yCIOBHH HAOIIO-
JEHUS.

Pe3yn bTaTbl CTAaTUCTNYECKOro MmogenvpoBaHna

OYHKIUU Pa3MBITHSI TOUYKH ObLTH TIOJTy4YeHbl MeTogoM MonTe-Kapio. Mx
o0ImIuit BUA IUIs1 pa3NUYHBIX YCIOBUI MpHUBEIEH Ha puc. 1.

Ha npakTuke mpuMeHEHHE CTaTHCTUYECKOTO MOJETUPOBAHHS HELENeco-
o0pazno. Ero nens 3akimrouaercs, B 4aCTHOCTH, B TOM, YTOOBI Ha OCHOBaHUH
PE3yIBTATOB MOJICITUPOBAHUS CO3JaTh OBICTPBIE U yHOOHBIC WH)KCHEPHEIE
METOJUKH JAJISl pacdeTa COOTBETCTBYIOIIMX XapaKTepucTUK. OJHUM U3 CHO-
COOOB CO3/IaHUS TAaKUX METOJHUK SBISETCS KOPPEISIMOHHO-PErPECCHOHHBIN
aHamm3. B cBomx mpenpimymmx paboTax MBI [TOKa3ajH, YTO MTOCTPOCHHBIC
perpeccuu 00JaAal0T HETIOXUM KaueCTBOM.
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MeToA $MKTUBHBIX MepeMeHHbIX

B Hacrosmieit pabote Mbl IPOJOHKAEM HCIIONIB30BATh ISl aHANU3a pe-
3yJbTaTOB MOJICIUPOBAHUS CTATHCTUYCCKHAE MPHUEMBI, OJTHUM W3 KOTOPBIX
SIBIISICTCS ammapar (GUKTHUBHBIX MEPEMEHHBIX. DTOT CTATUCTHUYECKUH TpHEM
3¢ (}EKTHBEH MPH PEIICHUH PA3TMYHBIX SKOHOMHUYECKUX 3a/1a4.

OneHnM ¢ ero MOMOIIBI0 BO3MOKHOCTh BBISIBIICHHSI HEKOTOPOTO MPU3HA-
Ka B MaccuBax gaHHbIX OPT.

ByneM BBISBIATH TakOW KayeCTBEHHBIN MPU3HAK, KaK THI MCTOYHUKA.
MonenupoBanue ObLIO MPOBEIEHO AJIS IBYX BApHAHTOB: JJaMOEPTOBCKOTO U
M30TPOIHOTO0. Paznuune Mexay HUMH 3aKIII0YaeTCsl B INIOTHOCTH BEPOSITHO-
CTH paclipe/ieTICHUs] Ha4aabHBIX HalpaBICHUH.

Beenem (uKTHBHYIO TepeMeHHYI0 D, IPUHUMAIOIIYIO CIEAYIOLIHe 3Ha-
YEHUS:

_ [0, ecnu ucmounux nambepmosckuil,

1, ecru ucmounux uU30MpPoOnHuIU.

Byznem cTpouTh ypaBHEHHE 3aBUCHUMOCTH SIPKOCTU y OT PACCTOSHUS X B
BHUJIE PETPECCHU!

P =byx".

Hcnonp3yem U3BECTHBIN IPUEM IPUBEAEHUS K JIMHEMTHOMY BUAY

Iny=Inb,+b1nx.
BBG)Z[GM 3aBUCHUMOCTB OT THIIAa UCTOYHHUKA:

Iny=Inb, +bInx+yD.

Byznem cTpouTh ypaBHEHHE PEFPECCUM B BUJE

y* =A+Bx +vD .
HekoTopble XxapakTepUCTUKU PEerpeccuy MpUBEIeHbI B Ta0. 1.

Tabonuma 1
PerpeccnoHHasi CTAaTHCTHKA

MHOKeCcTBEeHHBIH R 0.975123
R-xBazgpar 0.950864
HopmupoBansslii R-kBajpat 0.950455
CranmapTtHas onmbka 1.184742

B sTom ciydae ¢pyHknus y Oynet iMeTh BUJL

«_ A_b_yD
y=ex"e".
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Haiinem u olleHHM CTaTHCTHYECKYIO 3HAYUMOCTH KOI((GHUINEHTOB MOy~
YEHHON PErpeccHy, UCIOb3ys CTAHIAPTHHIN aJrOpUTM 3JIEKTPOHHBIX Tab-
JWIL, peau3yIonMid MEXaHU3M MIPOBEPKU CTATHCTHUCCKUX THUIOTE3. 3HAYH-
MOCTb KO3 PHIIHEHTa Y OYAET XapaKTepHU30BaTh 3HAYUMOCTh KAUeCTBEHHOTO
(hakropa.

B Ta6u. 2 nmpuBeneHsl 3HaueHUS KO3(D(HUIIMEHTOB M CTATUCTHUKH, Xapak-
TepU3YIOIIIe 3HAYUMOCTb.

Tabnunma 2
Kos¢pdummentsr | t-ctatuctuka | Hmxnue 95% | Bepxuaue 95%
Y-nepecedenue (4) —0.165 —0.759 —0.594 0.264
[epemennas X (B) —4.013 —68.066 —4.1293 -3.897
[Mepemennas D (y) 0.600 3.950 0.301 0.900
| t-noporosoe | 1.970 |

Ha puc. 2 npuBezieHbl JaHHbIE CPAaBHEHUS PE3YJIbTATOB YHUCIEHHOTO MO-
JIEITMPOBAHUS ¥ PErPECCUOHHBIX 3HAUEHUM.

102 g

100

102 ® HalGmronenus

104 ® Perpeccus

1076

108

“' $s
10-10 ...:. ® s ' ' ]
°e® e
L ° ]
10—12 L] e
0 50 100 150 200 250 300 350

Puc. 2. Pe3ynbTaTsl cpaBHEHHS
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3aKnoueHune

W3 npuBeIeHHBIX NAHHBIX CIEAYET, 9YTO KOA(PPHUIUEHT NMpH (PUKTUBHOMN
HepeMeHHOﬁ SBJIACTCA 3HAYHUMBIM. CHG}:[OBEITCHLHO, THUII UCTOYHHUKA — 3TO
(akTop, KOTOPBIN CIEAYET YUYUTHIBATH IPH MPOrHO3UPOBAHUU U KOPPEKIHH
H“300pakeHui.
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UccneoBanme npuHUMNOB NpUMeHeHUA Mmogeneil
MHOr03HauHOii NOTMKU B COBPeMEHHbIX NPUI0KeHUAX

AHTOH EcuH

MHcmumym npobnem ynpasneHus um. B. A. TpanesHukosa PAH, 2. Mockea, Poccus

[IpoBenén aHanu3 u MpeacTaBieH 0030p HECKOJIBKUX COBPEMEHHBIX MPH-
JIOKEHHH, T/Ie CO3/IaHHe TeTEPOTCHHBIX BEIYUCIHTEIBHBIX CHCTEM C HEOOIb-
[IMMHU BBYHCIATEIFHBIMA OJIOKAMH Ha OCHOBE TPEX3HAYHOU JIOTUKHU SIBIIS-
€TCsl MaTeMaTU4eCKU JIYULINM PELIeHHeM 110 CPaBHEHUIO ¢ OMHApHBIMU MO-
JCTISIMH.

W3BecTHO, 4TO yaenbHas IDIOTHOCTH 3alFCH MH()OpMAIUU OMICHIBACTCS
cnenyromei pyHkiueit [7]:

Iny(a) Ina

a a’

KOTOpasi IOCTUTaeT MakcuMyMa mpu a =e ~2.718 [7], T.e. MaTeMaTH4eCKn
TpoWuHas Joruka 6oiee 3¢pdexruBHa, uem aBouuHas [1, 2].

HccnenoBanus u pa3paboTKa alTOPUTMOB Ha OCHOBE TPEX3HAYHOMN JIOTH-
KM BHOBb aKTyaJbHBI [4], HampuMep, B TeleKOMMYHUKalusx [3], B obnactu
uckyccrBenHoro uHtemnekta (M) [1, 3], KBaHTOBBIX BBIYUCICHUIX, MEIU-
nuHe, Qusuke [5—7]. PaccMOTpUM HECKOJIBKO MPUMEPOB MPUIOKCHUH, TIe
MMOCTPOCHUE aJTOPUTMOB HA OCHOBE TPEX3HAUHOW JIOTMKU OOCCICUUBAET
00:1b11y10 3 (HEKTUBHOCTH M OKA3bIBACTCS NPEANOUYTUTENIbHEE B CPABHEHUH C
JIBY3HAYHOM.

Y(a)=

OueHKa HafEXXHOCTUN TeXHNYECKUX cucTem

MHoro3HayHas JIOTHKa MO3BOJISICT BBOJUT KaUeCTBEHHBIC (JIMHTBUCTHYC-
CKHE) NepEMEHHbIE BMECTO KOJUYECTBEHHbIX. KomnuecTBeHHbIE TOKa3aTeIn
((paxTopsl) AUCKPETU3UPYIOTCS IMIyTEM OTOOPAKEHUS B HEKOTOPYIO /M-HHTEP-
BaJIbHYIO LIKaJly. Takoi oaxoj I03BOJISIET COEAUHUTh B OJHOM MOJENU KO-
JIMYECTBEHHbIE U KaueCTBEHHBIE II0KA3aTENIM, YTO MO3BOJIAET IIPOBECTH aHa-
JM3 CTPYKTYPHBIX IIPOLIECCOB M OLEHKY BIMSHMSA (paKTOpOB Ha HAIEKHOCTD
TEXHUUECKHUX CUCTeM. Takoi MOAXOJ MO3BOMISIET COCAUHUTH B OJHON MOJENN
KOJIMYECTBEHHBIE U KaueCTBEHHbIE I10Ka3aTed U 3HAYUTEIBHO YIPOCTUTH
JOCTAaTOYHO CJIOKHBIE BEPOSITHOCTHBIE CXEMBbI OLIEHKH HaAEXHOCTH [8, 9].

PaccMoTpuM CTPYKTYpHYIO (YHKIMIO Tpolecca Ui OLEHKU KadecTBa
pabotsl cuctembl Wi-Fi-moctyna k cet Internet Ha OJBHXXHBIX 00bEKTax (B
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ABTOMOOWISAX, MOE31aX, Ha OOBEKTax TOPOACKOTO MAaCcCaKUPCKOTO TPaHC-
nopTa  T.1.). [Ipu mocTpoeHun JaHHOW CXeMBbI OBUTH MPOAaHAIM3UPOBAHBI U
0TOOpaHbl CIEAYIOLIME KIIOUYeBble BHYTPEHHHE W BHELIHWUE MapaMeTphbl,
BJIMSIONIME HA PACCMATPUBAEMBIH OPraHU3alUOHHBIA MPOIECC: KAYECTBO
CBsI3U (HAJMYHUE JOCTYIA KO BHEIIHEH CETH 10 OJJHOMY M3 TPEX KaHAIIOB CBS-
3M), Ka4eCTBO HCIOJIB3YEMOT0 TEIEKOMMYHUKAIIMOHHOTO 000pYI0BaHHMS,
CTaOMIIBHOCT 00ECTIeUeHNs IMEKTPOIHEPruu. [JIsl MOCTPOSHHUS CXeMbI ObLIH
0TOOpaHbI TOJNILKO OCHOBHBIC (akTOphI BiusHUS. CIHUCOK MOXHO CYIIECT-
BEHHO PAaCIIMPUTH 3a CYET yd€Ta JOINOIHUTEINBHBIX NapaMETPOB, HAIIPUMED
TaKHX, KaK: CKOPOCTh JIBHXEHHS 00BEKTa, yPOBEHb CHUTHANA CTAHLHUH COTO-
BOH CBsI3H, 00BEM HArpy3KH Ha CeTh (KOMHMYESCTBO MOJB30BaTeNei), EMKOCTh
KaHaja, BUAB Tpaduka U np. B sTom ciydae OyzmeT Bo3pacTaTh BBIYHCIHU-
TeNbHAs CIOKHOCTh CTPYKTYPHOH QYHKIHH.

[ yMEHbIICHNST BEIYUCIUTEIFHON CIIOKHOCTH CTPYKTYpHOU (DyHKIUU
NepeMEHHbBIC TPYNIUPYIOT MO MPU3HAKAM MPUHAISKHOCTH K KilaccaM: Ha-
pUMeEp JIMHUY CBSI3U (X11), CETEBOE 00OPYJIOBaHUE (X)2), H TIPOU3BOJAT pac-
4eT NPOMEKYTOUHBIX MEPEMEHHBIX HA OCHOBE JKCIEPTHOM 0a3bl MpaBHIL.
CxeMa MOCTPOCHUS CTPYKTYPHOU (DYHKIMH IPEICTaBICHA HA puUC. 1.

0 —
1 — S
2
0 —o
I —— X2 —1 X1 N
2 —
l —— x3 1 — Y
0 —
1—' x4 RO
2
X12 NEEN
0 —
1 — - ]
2 —

Puc. 1. Cxema cTpyKTypHOU (PyHKIHMH IPOIIECCa OLCHKH
KadecTBa pabOTHI CHCTEMBI JOCTyIa K ceTH Internet
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B Tabn. 1 mpuBeneHbI IEpeMEHHBIE U UX 3HAYCHUS, PE3yJIbTAThl PACUETOB
MIPOMEXXYTOYHBIX 3HAYEHUH MpeICTaBICHBI B Ta0. 2.
Tab6nauma 1

BxoaHble mapamMeTpsl AJIsl aHAJIU3a Ka4ecTBa paboThl
cucTeMbl AocTyna K cetu Internet

3HaueHue napaMeTpa U ero OnucaHue
[Tapametp cucrembl
0 1 2
Kanan cBsizu 1 . VYcroiiunBoe
He noctynen Cia0blii cursan
(%) CoeIMHeHHE
Kanan cBsizu 2 . VeroiunBoe
He nocrynen CnaOprii curaan
(x;) COC/IMHEHHUE
Kanau casizu 3 . VYeroitunBoe
He nocrynen Cnalblii curnan
(x3) COEIMHEHHE
o VYceroitunsoe
X He nocrynen Cnalblii curnan
COe/IMHEHHE
bnok nuranus Heycroitamast
He paboraer Paboraer
(x4) pabora
CocrostHuE MOZIEMa
(x5) He pabotaet Heomnpeneneno PaGotaer
5
Heycroitunpas
Xio He pabortaer Y PaGoraer
pabota
KagecTBo paboTst 5
Hecrabunbublit
CHCTCMBI B IICTIOM He paboraer Paboraer
(Y) JOCTYTI K CETH

Tabnuma 2
3HayeHMs BBIXOHOH QpyHKUUU Y

X 0 0 0 1 1 1 2 2 2
X 0 0 1 0 1
Y 0 0 1 2

BpemeHHOe MO enMpoBaHIe NPoLeccoB

Emé ogHuM npuMeEpOM peanbHOrO MPHUII0KEHUS MHOTO3HAYHOM JIOTHKH
SIBIISIETCS. BPEMEHHOE MOJIEIMPOBAHUE CIIOKHBIX CHUCTEM, KOTOPOE B CHCTE-
MaxX aBTOMAaTU3UPOBAHHOIO MOAEIMPOBAHMS 4aCTO Oa3UpyeTcs Ha MPUHIU-
nax Tp€X3Ha4yHOH JOruku [7, 5]. @yHKIMOHAIBHBIE 3JIEMEHThI CUCTEMBI IIPU
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MIOCTPOEHUHM MOJEIH MPEICTABISAIOTCS JIOTHYECKUMHU OJIOKaMHM, Ha BXojax/
BBIX0JIaX KOTOPBIX (DOPMHUPYIOTCS MHOTO3HAYHBIE CUTHAJIBI. B IOKJIajie OyIeT
paccMoTpeH npuMep (QYHKIHMK Ui pacuéTa 3alepXKu B ceTH. Hmxke B
Tabu. 3 mpuBenEH NpUMep BHIYUCICHUN 3HAYCHHN ISl CIICAYIOIIeH Pe3yIib-
TUpylomen GyHKINU:

f=m(m(X3my (X,5X7));4+2(X;)).

Tab6numa 3

Ta0auna 3HayeHUli pe3yJabTHpYIOLIeii QyHKUUHU f

f(4.B) 0 1 2 3
0 2 2 2 2
1 1 3 1 3
2 1 2 2 2
3 1 1 1 1

Hwxke Ha puc. 2 mpuBedeHa JOTHYECKas CXeMa MOCTPOCHHS JTaHHON
dhyHKIIUN.

X1 X2

l

Puc. 2. [Ipumep noctpoeHus
pe3ynbTupyromeit Gynkuuu f(4,8)
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3apauv aHanvsa AaHHbIX 1 NCKYCCTBEHHOIO NHTEJUJIeKTa

B Hacrosimiee BpeMsi HHCTpyMEHTapuii MHOTO3HAYHOW JIOTUKH HAaXOIUT
IOIMPOKOE MPHUMEHEHHE B 3a/adaX, CBS3aHHBIX C aHAIM30M JaHHBIX H I0-
CTPOCHHEM MOJIeJel UCKYCCTBEHHOTO WHTEIUIeKTa, HallpuMep B 3a/lauax ue-
PapXUYECKOM KIlaCTepU3aliy MPOU3BOJILHBIX HA0OPOB JaHHBIX [1, 3].

Teopust MHOTO3HAYHOH JIOTUKH HAJ TOJIEM KOMIUIEKCHBIX YUCET U TMOpo-
roBasi (yHKUMS MHOTO3HAYHOH JIOTUKU MPUMEHSIOTCSA NPU TOCTPOSHUU MO-
JIeld MHOT'O3HAYHOTO HeWpoHa. J[isi NTUCKPEeTHO3HAYHOTO MHOTO3HAYHOTO
HeipoHa oToOpa’keHHe BBO/IA / BEIBOAA BCETa OMICHIBACTCS HEKOTOPOU ITO-
poroBoil (yHKLIHEH MHOTO3HAYHOH JIOTUKHA. JTO NPUMEHSAETCS NpU pac-
CMOTPEHHHU HEMPEPHIBHOTO MHOTO3HAYHOTO HEHpPOHA W MOCTPOSHUH paslie-
JISFOTIEH THUTEPIIOCKOCTH B #-MEPHOM IIPOCTPAHCTBE, KOTOPAs OIpEeNsieT-
cs (pyHKIMEH aKTUBALMU TUCKPETHOTO MHOTO3HAYHOTO HEHpoHa. ITO MO-
3BOJISIET peliaTh 3aJaddl MHOTOKJIaccoBoi kiaccudukanuu [1]. H. AiizeH-
Geprom OBLIO MPEIIOKECHO PAcCMATPUBATH CICAyIOLIyl0 GyHKImMIO P(z),

KOTOpas 1 Ha3bIBaACTCA k-3Ha4HBIM IPCAUKATOM:
P(z)=CSIN(z)=¢}, 2nj/k <argz <2n(j+1)/k, (1)

rne z € C . JlanHas QyHKUMS, 110 CYTH, 331a€T JeJIeHHe KOMIUIEKCHON IIOC-
KOCTH HA k PaBHBIX CEKTOPOB JIMHISIMHU, IPOXOSIINMHA depe3 Hadaio Koop-
IMHAT, ¥ TOYKH Ha JUHUYHOH OKPYXHOCTH, COOTBETCTBYIOIINE KOPHAM k-if
CTCIICHHU U3 €AUHUIIbI.

Onpeneaenne 1 [1]. TloporoBoit ¢yHKIMeH k-3HaUHOW JNOTHKH (WIIH
MHOTO3HAYHOH IMOPOrOBOH (DYHKITHEH) HA3bIBACTCS (DYHKITHS

f(xyesx,):T>E; TCE],

€CIIU CYIIECTBYIOT (7 + 1) KOMIUICKCHBIC YHCIA Wy, W ,..., W, , TAKHE, YTO IS

ntoboro BekTopa (X,,...,x, ) €T
S (Xpseesx,) = P(Wy + WX, + .o+ WX, ),
rae P(z) — k-3Ha4Hblil Ipeaukart, onpeaemnsieMslit o gopmyie (1).

Bekrop W =(w;,W,,...,w, ) — BEKTOp BECOB s PyHKIMH f.

Taxum oOpa3om, BBeIEeHHE MHOTO3HAYHBIX (DYHKIIHMHA 3HAYUTEIHHO pac-
mupsieT Habop (YHKIHA, KOTOPEIE MOTYT OBITh MPEICTABICHBI C UCIIOIB30-
BaHHeM (n+1) BecoB ImyTeM H00ABJICHHsST MHOTO3HAYHBIX MOPOTOBBIX (yHK-

Uil K OyJIEBBIM IIOPOTOBEIM (DYHKITHSIM, a JOTHYECKas MOporoBas (GpyHKIHs
— 9TO YACTHBIM Cllydyall MHOTO3HAaYyHOW moporoBod (yHKuuH. B kauectse
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IIPOCTOTO MpUMepa TakoH (GYyHKIMH MOXKHO pacCMOTPETh (pyHKIHIO MaKCH-
MyMa U3 IBYX aprymMeHtoB [1]: f =max(x,x,).

JaHHas QyHKIMA ABIAETCS MOPOTOBOI (QyHKIMEH (Tak ke Kak, Hallpu-
mep, f =min(x,x,)). MHOro3Ha4yHble GyHKIHH HAX [OJEM KOMILIEKCHBIX

YHCeI CYIECTBEHHO PACIIUPSIOT HAOOP MOPOTOBBIX (DYHKIMHA M IIEPCIICKTH-
BbI B [TOPOTOBOH JIOTHKE, B HEHPOHHBIX CETSIX M B PEIICHUM 33734 MYJIbTH-
KJlaccoBoi kiaccn¢ukannu. Kak mpumep, MOKHO PaccMOTPeTh (DyHKIHIO
[locra f =max(x,x,) (moporosasi GyHKIWs TPEX3HAIHOI JIoTHKH) [1].
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TeopeTuyeckue acneKTbl
NOCTPOEHUA COBPEMEHHDIX CUCTEM YNpaBNeHus
Ha 6a3e MHOro3HayHo IOTUKK

AHTOH EcuH

WHcmumym npobnem ynpasneHus um. B. A. TpanesHukoea PAH, 2. Mockea, Poccus

Co3/anne TeTepOreHHBIX BEIYUCIUTENBHBIX CHCTEM C HEOONBIINMH TPO-
WYHBIMU BBIYUCITUTEIBHBIMU OJIOKAMHU SIBIIICTCS MAaTEMATHUYCCKH JTYHYIIHM
pemi€eHuEM IpHU MNOCTPOCHUU Y3KOCHCUUAINU3UPOBAHHBIX BBIYUCIUTCIBHBIX
CUCTEeM, 0COOCHHO ISl 3324 Tiepeaad, 00paOOTKH W 3alUTHI JaHHBIX, pac-
MO3HABaHUS M300pKEHUH, KBAHTOBBIC BHIYMCIICHHS, B TOM YHCIE JUIS IIPO-
BCJICHNS HAYYHBIX I/ICCHG,Z[OB&HI/Iﬁ B COBPEMCHHBIX 06J'[aCT$[X (l)I/I3I/IKI/I.

B olOmacti TenekoMMyHHUKAIMiA pelieHns Ha 0a3e TPEX3HAYHOM JIOTUKH
(axTHYECKH MOTYT 00ecTIednTh 1.5-KpaTHBIH POCT CKOPOCTH Hepenad daH-
HBIX (2 B EPCIIEKTUBE U SKCIIOHEHIMAIBHBIN). J[J1sl MPaKTHYECKOTo pelIeHuUs
JAHHOH 3214 HEOOXOAMMO PEaTN30BaTh CXEMBI H3 YUIIOB, pad0Ta KOTOPHIX
OCHOBaHa Ha TPEX3HAYHOHU JorHKe. [ BO3ZMOXKHOCTH pPeaM3allid TaKHX
CXeM J0JDKHA OBITh pellleHa MPUHIMIHAIBHO BaKHAS 3a7avya — 3a0aua noJ-
Hombl Knaccoe Qynkyuil mpéxsnaunoi nozuku. C NpakTUUECKON CTOPOHBI
ITOJTHOTA KJIACCOB TaKMX (PYHKIHI TapaHTHPYET, UYTO Ha 6a3e MPOU3BOIEHOTO
MHOKECTBA YUIICETOB MOXKHO IPOM3BECTH IUIATY C HYXHOW (YHKIIMOHAIb-
HOU cXeMOH.

B nmannoif paboTe paccMaTpHBAIOTCS OHEPAMOpsbl 3AMbIKAHUA HAa MHO-
KecTBe (DYHKIMIA TPEXZHAYHOHN JIOTUKY, SIBISIOIIUECS YCHICHUEM OOBIIHOTO
orepaTopa MOACTaHOBKM. MBI MOKa)XeM, YTO 3ajava MOJHOTHI I JTOrO
orneparopa UMECT PCIICHUE, MOXXHO BOCCTAHOBUTH MOAPCIICTKY 3aMKHYTBIX
KJIaCCOB B OOIEM CITydae 3aMbIKaHUS (PYHKIMHA OTHOCHTENHEHO KIaCCHIECKO-
ro omnepaTopa CyHEepIO3UIMi, YTO TO3BOJIUT ONTHMHU3UPOBATH BO3MOXKHOE
IMPOMU3BOJACTBO YUIIOB JJI1 HOBBIX (byHKHI/IOHaJ'H)HI)IX CXEeM [Jid 3a71a4 nepeaa-
9u, 00pabOTKH JaHHBIX.

JIrobGast W3 3a7ad MOCTPOCHHS HPUKIAIHBIX CHCTeM Ha 0a3e k-3HAYHOM
JIOTHKH CBOJHUTCS K ONPEICICHUIO ()aKTOPOB, BIMSIONIMX HA MPOIIECC, U pac-
CMOTPEHHUIO CYETHOI'O MHOXecTBa P3; cocTosHHU 3THX (akTopoB (Ir00oe
CYETHOE YUCIIO COCTOSIHUM MOXKHO aIMpOKCHMHUPOBATH J0 MPUHIIAIHAIBHO
Tpex coctosHuil) [2]: 0, 1, 2.

Jns mpuHATHS pemeHnss HeoOX0aUMO HaWTH 3HaYCHNE BBIXOIHOW (yHK-
i Y . COOTBETCTBEHHO MBI MOKEM TMPEACTABUTH BBHIXOTHYIO (QYHKIHIO Y
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KaKk KOMOWHAIWIO TIPEANKATOB Ha MHOXecTBe P3 [1]: mns sToro mel Oymem
paccMaTpuBaTh CIOXKHBIE MPEIUKAaThl W CYMEPIO3UIMH STHX MPEIUKATOB
Ha P 3.

[JaHHble mpeauKaThl IPaKTUYECKH MOTYT OBITh pealu30BaHbl KaK CXEMBI
Y3 YHUIOB, paboTa KOTOPBIX OCHOBaHA Ha TPEX3HAYHOH JIOTHKE.

J71s1 BO3SMOXKHOCTH peai3aliil TAKHX CXEM JOJDKHA OBITh pelleHa MpHH-
LUIHAIbHO BaXkKHas 3a7iaya — 3a0aua nOJAHOMbl K1acco8 (PYHKUuil mpéx-
3naunoii noeuxku [1]. C mpakTHYECKOW CTOPOHBI MOJHOTA KJIACCOB TaKUX
(hyHKIMIA TapaHTUpPYeT, 4TO Ha 0a3e MPOM3BOJIBLHOIO MHOXKECTBA YHUIICETOB
MOKHO TIPOM3BECTH IUIATY C HY)KHOW (PYHKIMOHAJIBHON cxemoit. Jlns nBy-
3HAYHOM JIOTMKH 3Ta 3ajava Obuia Takxe peuieHa I[locTom, 4Tto mpuBesno K
OypHOMY POCTY 3IEKTPOHHKH [4].

Knaccuueckas teopema Ilocta onuceiBaeT IsTh NPEANONHBIX KIacCOB B
MHOXecTBe OyJeBbIX (pyHKIui [4].

Jna cnyyast Tpéx3HayHOMN JOTHKH 3a1a4a Obuia pemena C.B. S6morckum
B 1958 1. [1, 2]. OH moka3ai, 4To Juid QYHKIWH TpEX3HAYHOM JIOTUKHU CYIIle-
cTByeT 18 mpeamonHbx kinaccoB. B paborax [1, 2] paccmarpuBanoch 3ambl-
KaHUE MHOXKECTBA (DYHKLIUH OTHOCUTENHFHO OlepaTropa MoJCTaHOBKH.

K coxanenuto, s TpEX3HAYHOHN JIOTUKH OBUIO JIOKa3aHO, YTO B OOIIEM
ciIydae 3Ta 3a/avya He MOXKeT ObITh peieHa [2]. Ecim B ciydae aBy3HaYHOM
JIOTHKH pelIéTka 3aMKHYTBIX KIJIACCOB CYETHAs, TO B Cllydyae TPEX3HAYHOU
JIOTHKY OHA SKCIIOHCHITUAIIbHASL.

OaHaKO MOXXHO pacCMaTpUBaTh ONEPAMOPbL 3AMbIKAHUA HA MHOXXECTBE
(hyHKIMIA TPEX3HAYHOU JIOTUKH, SIBJIAIOLINECS YCUIIEHHEM OOBIYHOTO omepa-
TOpa MOJCTAHOBKU. PerieHue A 3TOro HOBOTO olepaTopa 3aMbIKaHUsS 3a-
Jlad MOJIHOTHl U HaXOXKJIEHHE CTPYKTYphl PEIIETKH 3aMKHYTBIX KJIaccoB IO-
MOJKET HE TOJIBKO BOCCTAHOBUTH MOAPEIIETKY 3aMKHYTHIX KJIACCOB B 00IIEM
cilydae 3aMbIKaHHs (YHKIMHA OTHOCHTENBHO KJIACCHYECKOTrOo orepaTopa cy-
NEpIO3ULMM, HO U TO3BOJIUT ONTUMHU3UPOBATH BO3MOYKHOE INPOU3BOICTBO
YUIIOB AJ1s PYHKLIMOHAJIBHBIX CXEM JJIS PeIIeHHUs 3aa4, ONMCaHHBIX BBIIIIE.

UccnepoBaHne onepatopa 3aMblKaHVA N
onncaHve NnpeanosiHbiX KaccoB B P;

Iycts nano MHOXXecTBO M byHkuuit u3 P . Uepes R? (M) Gymem 060-

3HAa4YaTh PE3yJIbTaT 3aMbIKaHUS MHOXeCTBa (YHKIUH A OTHOCUTEIBHO
OTIepaIliy TIOJCTAHOBKM M TIEPEXoAa OT (YHKIMH g K DKBUBAJICHTHOM

¢yukuuu f ~ g, rae
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f g = (D) =2@)v (/D)@ 0nD & (x| =[x,
[ycts o €EY , a" =(qay,...,a,) , 06038a4nm O, (a"):|{ai |a; =2,ie{l,n}}|

— MOPSIIOK TBOMKHU Habopa o, .
Onpenenenue 2. [lna f € P, Takoro, 4ro |Xf| =n, cuutaeM feV,,

ecau it Kaxzaoro o, takoro, 4ro o' € Ey u O, (oc”) >0, BBINONHACTCS

f (a" ) =2 . Taxke cYMTaeM, 4TO BCE KOHCTAHTBI COAEPkKATCA B V,

MosxHo moka3ath [3], uTo OyJeT UMETh MECTO

Teopema 1. (Ilosmmorer) CymecTByeT IATH R, -IPEINONHBIX KIACCOB
Ty, Ty,, TV, Py(x).

/Jlokazamenscmeo nony4aeM U3 CIEAYIOUINX TPEX JTEMM.

Jlemma 1. MuoxecTBO V, ABIgeTCs R, -3aMKHYTBIM.

Jlokazamenscmeo. O4eBUIHO, B CHITy ONPEICIICHUS 3aMbIKAHUS, YTO TIe-
pexoa K (GyHKIMH, HaXOASIIEHCS B OTHOIIEHUH SKBUBAIIGHTHOCTH, HE BBIBO-
JUT MHOKECTBO 3a Ipeaensl V,

Ocranocs m0Ka3aTh, YTO V,-3aMKHYTOE OTHOCUTENBHO ONEpalMy MOA-
cranoBku. Ilycts f €V, . OdeBuiHO, 4TO mOCHIE MOACTAHOBKH KOHCTAHT
BMECTO OJHOW (MJIM HECKOJIBKMX) MepeMeHHBIX GpyHKIMU [ OHa HE moTeps-
€T CBOMCTBO MPUHAATIEKHOCTH Kiaccy V,. Eciu jxe MBI BMECTO BCEX CyIIE-

CTBEHHBIX MMEPEMEHHBIX MOJICTABUM KOHCTAHTHI, TO MOJTYYHUM KOHCTAHTY, KO-
TOpasi, B CBOIO 04Yepenb, Takke JexutT B V, . Ilycts feV,,a g,, i=1,...,n,

nmubo mepeMeHHbIe, mbo g, €V, . Bosemem h= f(g,,....g,). be3 orpann-

YEeHUS OOIMHOCTH CYMTAEM, YTO /i CYIICCTBEHHO 3aBHCHUT OT BCEX CBOHX Iie-
PEMEHHBIX, TaK KakK eclid 3TO He TakK, To OepeM /'=h , omydeHHYIO OTOpa-
chiBaHHeM (UKTHBHBIX NepemeHHbIX. Ilycts |X,|=k. Eciu Ha Bxom h

nozaercst Habop v, =(¢;,...,¢; ) , ¥ AT HEKOTOPOTO [ BBIIOIHSACTCS C; =2,

TOrJa 3Ta 2-Ka MOoNaJeT Ha BXOA K ofgHoU u3 g;. Ho ecnun g, — mepemenHas,
TO MOJIy4aeM, YTO Ha BXOJ K f mojgomia 2-ka, a f €V, , 3Ha4uT, h(yk ) =2.
Ecmu xe g; €V, , To Ha BeIXoJe g; OyAeM MMETh 2, KOTOpas TaKKe UIET Ha

Bxox f,Ho f €V,,3Ha4uT, h(y" ) =2, cuenoBarenbHo heV,
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Jlemma 2. Kitace P, (x) siBisiercst R, -IIpE/ITIOIHBIM.

Hokazamenscmeo. R, -3aMKHYTOCTB Ki1acca P (x) criemyer u3 TOro, 9T0

2

[P (x)]=PB(x) u mo onpeneneHuio u3 f ~ g BBITEKACT, UYTO |Xf| = |Xg
T.e. PaCIIMPCHHE He BBIAJCT 3a mpenensl B (x).
JokaxkeM, 410 R, (P3 (x) uf%(x)) =P,. lycrs g (x)=x+2, g,(x)=x.

[Ipsimast mpoBepKa oIpeseseHuii KJIacCOB U3 MHOYKECTBA MIPEIOIHBIX KiIac-
COB OTHOCHUTEJIBHO OIlepaTopa MOACTaHOBKH ITOKA3bIBAET, UTO

g €M} UM UM; UTy UTh, UT,, OTy UT, UT, U
VHyUH, OH, OT_ UT 5 VT 50, 8 €LUS,,.

U3 onpenenenus S/ Bemonusiercs Py (x) < SI.

IMTokaxem, 4to R, (P3 (x)uf%(x)) =P, Ecmu fPW e8I, 10, B cuny
Teopemb! Clyriewkoro, Bee gokasano. Iycts f = 3 e Sl te. fe P (x),
f €Sl . Iycrp |Xf| = n . PaccmoTpum Bektop 3HaueHnit [ =(f,,..., f3, ). [0
ompenenenuto f muoxectBo {0,1,2} He comepxurcs B {f,..., f3,}, cemo-
BaTEJIBHO, CYIIECTBYeT emuHCTBeHHOe a €{0,1}, Takoe, uro f; €{a,2},
i=1,.,3. Ilyctp Oe3 orpanudenus oOmHOCTH @ =0. B0O3MOXHBI TpHU
ciydast:

a) [lycts O, (f")S 3"-2, Te. wumewTcs 0, 05, TaKHe, 9YTO
f(ocf ) = f(ocg)z 0. epeiinem Kk GyHKIHU g, TAKOH, UTO f ~g U g COB-

majaer ¢ f Ha BceX Habopax, KpoMe o , Ha KOTOPOM g(ocl” ) =1. B cuny

Toro, uro 1¢{f,..., f,} , pacliupeHne KOPPeKTHO (T.e. |Xf| = |X, ). 3ame-

TUM, 9TO g & S/.

b) ITycts Temeps O, ( " ) <3" -1, T.e. UMeeTCs CAMHCTBCHHOE O , YTO
f(af ) =0. 3amernm, uto cymectByer g € B (x), g=(2,2,0)" . Paccmor-
pum yukumo i =g'(f) . OueBuaHo, 4TO |X f| =|X,,|. Taxxe 3amernm, uto
ecmu h" =(hy,...h,,), 10 h, €{0,2}, i=1,..3n,u O, (h")zl <3" -2, Ta-

KUM 00pa30M IyHKT b) CBOJMTCS K IYHKTY a).
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¢) Ecn O, ( I ) =0, To ¢ momousio GpyHKIMK X +1(mod3) MoxkHO mo-
crpouts  f'(¥)= f(%)+1(mod3). Ilpu stom f'€R, (P3 (x)uf%(x)) , U
Ui ' BBITOTHEHO JIHOO YCIIOBHE a), INOO ycIoBHE b), a, 3HAUUT, HalaeTCs
¥ eRr, (P3 (o f 1)3(’“)) , CIleioBaTenbHO, P (Xx) — R, -IIpeImoIHbIi Ki1acc.

Jlemma 3. Ecniu nociie 3aMeHBl B BEKTOpe PyHKUUHU |, |X f| >1 Hyns Ha
€IMHUIy WIA eIWHUIly Ha HOJb IONy4yWicid BeKTOp (QYHKUMH g,
|X g| < |X f| , TO C TIOMOIIBIO TTOJICTAHOBKH KOHCTAHT B (OYHKIHUIO f MOXHO

noiyauTs GyHKImo s e P, (x).

Hoxaszamenvcmeo. 1lycts nocne nepexojga oT f K g IepeMeHHas X;
CcTalla HECYLIECTBEHHOM, TOr/la CyIeCTBYIOT HaOOPBI

o =(al,...,al-fl,a},am,...,an) , Oy =(al,...,aifl,aiz,am,...,an),

o =(al,...,aifl,af,am,...,an) ,

YTO CYHIECTBYET MEPECTaHOBKA G €S , G(al.j )= Jj, npu je k5. 3amernm,
4TO f(ocf)~f((x’2’)~f(oc'3’) u f(ocf),f(a;),f(a’;)eEz, npH4eM
cyumectByloT /,meE;, uto f (ocf’);t f (oczi). IMony4aeM, 41O GYHKIHS

h(x)=f(ay,...,a; |,X,0;,,....a,) OyAET yHOBIECTBOPATH BCEM TPeOyEeMbIM
YCIIOBHSIM.

Takum 00pa3om, [is onepatopa R, JOKa3aHo, 4To NpU k =3 CyIlIecTBY-
€T 5 PETONHBIX KIACCOB.
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MaTtemaTuyeckoe n KomnbloTepHOe MOAENMPOBaHKe
CUCTeMbl COrNacoBaHNA MaTepuanbHoro 6anaxca
B HedTenepepaboTke u HepTexumMUN

BAauecnas KyBblknH, Makcnum bpioxaHoB

Huxezopodckuli 2ocydapcmaeeHHeil yHUsepcumem
um. H.W.Jlobayesckozo, 2. HuxHul Hoszopod, Poccus
000 «BamcoH», 2. HuxHul Hogzopod, Poccus

Pa3paborana KOHIENIHMS aBTOMATH3AI[MH COTJIACOBAHHS MAaTEPHUAIBLHOTO
OanaHca, IOCTPOCHUS MMOTOYHON CXeMbI HedTemepepadaThIBaIOLIETO 3aBOA
C KOMIIBIOTEPHON BU3yalHM3aI[eil MMOTOYHOW CXEMBI, aBTOMATUYECKOTO TI0-
CTPOSHHS MOJEIH MAaTepUAIBHBIX TTOTOKOB C NPUMCHEHHEM IaKeTa CHM-
BOJIBHBIX BbIUuCIeHUH. [y cornacoBanus OanaHca MCIOJIb30BaHa JOTIOIHU-
TeNbHas MH(OPMAIHH 110 KauyecTBY IOTOKOB. [IpuBeieHbI pe3ynbTaThl Mpak-
THYECKOTO TPUMEHEHHUSI PE3yNIbTATOB KOMIBIOTEPHOT'O MOICTHPOBAHUS IS
HedTenepepadaThIBaIOIIEro 3aBO/A.

BBepgeHmne

Baxxnoli 3amaueil UPpPOBU3ALMK IPOU3BOACTB SBJISIOTCS BOIPOCHI CO-
IJIACOBAaHHUS MaTepUAILHOTO OanaHca, KOTOPble BOSHUKAIOT B PAa3IUYHBIX OT-
paciiix coBpeMeHHoro mnpousBojactBa [1-3]. OmgHolt U3 mpobieM sBiseTCS
0oJ1bLIas Pa3MEPHOCTh MOZETH PEalbHOTO MPOU3BOJCTBA, HACUUTHIBAIOLIETO
HECKOJIBKO ThICSIY IMOTOKOB. AKTyalbHOM 3ajjadyed SIBISIETCSl OIpejesieHue
«Y3KUX MECT» IO OCHAIICHUIO HpH60paMI/I yd€Ta 1 nepexo] K aBToOMaTH4C-
CKOMY CBelleHMIO OajlaHca B cucTeMax OosbLIONW pa3MepHOCTH. bomblioe
BHUMaHHE YJENeTCsl CBEJCHHUI0 OallaHca TMOCTYIUICHHs YTJIEBOJAOPOAHOTO
CBIPbS M BEIPaOOTKHU MPOAYKINK B HeTenepepaboTke [4, 5].

MaTtemaTnuyeckasa mogenb

Ilycte X — BEKTOp, ONMCHIBAIOMIMN MacCy MaTCpPHAIBHBIX IIOTOKOB,
OCTAaTKH TIPOAYKIIMH B pe3epByapax, a Xo — U3MECPCHHBIC 3HAUCHUS] MacChl.
B kadecTBe KpuTepus ONTHMHU3ALUU pacCMaTpPUBAETCd MUHUMU3ALUS Lieie-
BO (pyHKIMH J(X), IpeacTaBisioneil co6oii cyMMy KBaJpaToB OTKIOHCHHUH,
M3MEPEHHBIX U TIOyYaeMbIX B pe3ynbrate pemieHus [1]

X =argmin{J (x)=(x—x0)TK71(x—x0) | xeR"} (1)

394



C YCIIOBUEM

Bx=0, )
riae B — marpuia 6anaHcoOBBIX YpaBHEHHE pazmepHocTd mxn, K — marpuia
BECOBBIX KO3(p(UIMEHTOB, XapaKTepPH3YIOIINX IIOTPEIIHOCTH COOTBETCT-
BYIOILIHMX H3MepeHuii [1].

Ecnu u3MepsiroTcs KauecTBEHHbIE XapaKTEPUCTUKH IOTOKOB, HaNpUMep,
MIPU TIOMOIIY MTOTOYHBIX aHAIM3aTOPOB, TO HHPOPMAIIUIO MOXKHO HCIIOJIB30-
BaTh JUUISI CBEJICHUSI MaTepHanbHoro Oanmanca. B manHoi paborte mpeamnaraet-
Cs1 BKITIOYUTH KaYECTBEHHBIC TIOKA3aTEH TIOTOKOB U IOTIONHUTH cuctemy (2)
ypaBHEHHEM

F(x,y)= 0. 3)

31ech y — XapaKTEepUCTUKU KauecTBa, F — (DyHKIMs, ONUCHIBAIOLIasl CBA3b
KaueCTBEHHBIX XapaKTePUCTUK MaTepHaiabHbIX MoTokoB. Kpurepwmii (1) mo-
TOJIHACTCA yCJIOBUEM MUHUMU3AIIUU KBAaJApaTOB OTKJIOHCHUH NU3MCPCHHBIX U
COIVIACOBAHHBIX 3HAYEHUH IO KaueCTBY, KOTOPHIE XapaKTEPU3YIOTCS BEKTO-
poM y. B 3Toli pacmmpeHHOW MOIETH YUCIIO IPUOOPOB JUTSI H3MEPEHHS Mac-
Cbl MO’KHO YMEHBIINTh U COOTBETCTBEHHO COKPATHThb Pacxojbl Ha AOPOro-
CTOSIILINE CPEJICTBA U3MEPEHHUS.

MopenupoBaHune n npumMepbl pacyeTa

Jnsa penieHus 3amaum pasMelieHus MpuOopoB U ceeleHus Oanmanca (1),
(2) pa3paborana mporpamma ¢ rpauYecKUM MOJIb30BATEILCKUM HHTEp ek -
com GUI (Graphical User Interface), peanu3oBannas Ha si3pike C# ¢ HCITOJTB-
3oBanueM miaT@opmel .Net Framework. Jlerko naTepnpeTHpyeMbIii HHTEP-
¢eiic GUI maeT BO3MOXXHOCTH OBICTPO CO3/1aBaTh aKTyalbHbIE CXEMBbI MOTO-
KOB, PaclpeIeIUTh YYaCTKH 110 CO3aHUI0 (PParMEeHTOB MOTOYHBIX CXEM Me-
KTy TPYIIAMU CICIHATMUCTOB. AHAIN3 MATEMATHIECKON MOJICTTH OCYIIIECTB-
JeTCsl ¢ TPUMEHEHHWEM CHMBOJBHBIX pacderoB. [locTpoeHme moTodHON
CXEMBI TIPOM3BOACTBA, MOJENU OajlaHca M ONTHMHU3AINS Pa3MENICHUs MIpHU-
00pOB 00OBETMHEHBI B €IMHON HMH(POPMAIIMOHHON CHCTEME.

BerpoeHHBIN pefakTop MO3BOJSIET CO31aTh Tpaduueckoe M300paxKeHUe
00BEKTOB MOJIENH, BUJ paboyero okHa MpuBeeH Ha puc.l. BusyansHas cpe-
Ja TO3BOJISICT MHTECPAKTUBHO MAaHUITYJIMPOBATH O6’LCKT3MI/I u cBsa3saMu. Cuc-
TeMa OasaHCOBBIX ypaBHeHHH (1) MokeT OBITH BEIBe/ICHA HA dKpaH. Pacuer
quciia MPUOOPOB MPOU3BOJUTCS B CUMBOJIBHOM (hopme.
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[TycTs moTouHas cxeMa TakoBa, YTO MaTpHIa KOI(P(PHUIIMEHTOB CHCTEMBI
ypaBHEHUH (2) mpeacTaBieHa B BUJIE

-1 0 1 1 1 0 0 000
0 -1 0 0 0 I 1 00O
B=0 0 -1 0 0 O O 1 O O “)
0o 0 0 -1 0 -1 0 010
0o 0 0 0 -1 0 -1 0 01

Ha puc. 1 npencrasnen uaTepdeiic mporpaMMbl Ui MOJIENA CMEIICHHS.
[lo moTo4HOI cxXeme aBTOMAaTHUYECKH CTeHEpHpPOBaHBI ypaBHEHHs OamaHca,
Matpuna (4). PacdeT moka3siBaer, 4To LI MOCTPOCHUS OaaHca JOCTaATOYHO
5 mpubopos. [IpencTaBieHo aHATUTUYECKOE PeLIeHUE 3a/1a4ui O pa3MeIleHu!
MHUHUMAIILHOTO KOJMYECTBA M3MEPUTEILHBIX NMPUOOPOB JUIS CBeleHUs Oa-
JIAHCA M YCTAHOBKH HEIOCTAIOIIUX IIPHOOPOB.

° ResultDislogView il
X1 X2 X3 X4 X5 X6 X7 XB X9 XIO const

“fofrfifiofofolofo
0 o1 |
ofof-1]ofoo]o
ofofo-1]o |-1]0
ofofolof-1]o |1

BIEEE
=lo

STolole

Slelelele

X14X3+X4+X5=0
X2+X6+X7=0

0 X34x8-0
o] X4-X6+X9=0

X5-X7+X10=0

&

[Update measured values] [Update adjusted values

Puc. 1. UnTepdeiic mporpaMMbl pacyeTa HEOOXOIUMOTO KOJIMYECTBAa IPUOOPOB
U COTJIACOBAHUsI MaTEPHAIBHOTO OanaHca

IpemnaraemMasi METOMOIOTHS IPUMEHSIIACH TIPH MOJAEPHH3AIMHA MaTeMa-
TUYECKOH MOJENHM CMEHICHUs TeMHbIX HedrenmpomykroB na HII3 OOO
«JTYKOMJI-Hueroponuedreopreuntes». s onucanus kadectsa (3) mc-
[0JIb30BaHa MOjielib BanbTepa, KOTopast Mo3BOJISIET MPOU3BECTH PACUET BSI3-
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KOCTH He(hTEPOAYKTOB MPH BBIOOpE SIMITUPHUCCKUX KOIDDHUITUESHTOB Ha OC-
HOBAHUH 3KCIEPUMEHTAIbHBIX TaHHBIX [6]:

x;p; glg(y; +0) =Y xp; lglg(y, +¢)=0. )

3nmech MHICKC j OTHOCUTCS K CMECH, | — K KOMIIOHEHTaM, y;, p; — KHHEMAaTH-
qecKasl BI3KOCTh M INIOTHOCTH i-TO ITOTOKa COOTBCTCTBCHHO, ¢ — SMIIUPHUYIC-
CKuit K03 (HUITHEHT.

3aKniouyeHune

TpeuioxkeHa KOHIIEMIHS COrJIaCOBaHKs OAlaHCa U ABTOMATH3AIUH pacye-
TOB MUHHMAJILHOTO KOJIMYECTBa MPUOOPOB ydeTa ¢ HCIOJIb30BaHueM HHDOP-
MaI[OHHBIX CHCTEM CHMBOJIbHBIX BBIUHCIICHUH. B crcTeMy ypaBHEHHMi Marte-
MAaTHYECKOTO MPOrPaMMHPOBAHUS BKIFOUYEHBI MEPEMEHHBIC, OIMHCHIBAIOIINE
Ka4eCcTBO MOTOKOB, YTO JTA€T BO3MOXKHOCTb TIOBBICHTH JOCTOBEPHOCTD OanaHca
¥ CHU3UTH TPeOOBAHMUS 110 KOJIMIECTBY NPHOOPOB N3MEPEHHSI MACCHI.

IpeanoxxeHHass METOMKA M KOMITBIOTEPHBIC MPOIPaMMbI MOTYT MpUMeE-
HATBCSI IS pa3pabOTKH IUIaHa TOOCHAMICHHUS U3MEPUTEIBHBIMU IIPHOOPAMH U
corjacoBaHus OajgaHca ¢ yIeTOM KauyecTBa MaTepHasIbHBIX MIOTOKOB B He(Te-
repepadaThiBaroliel, HePTCXUMUYECKOW W TasorepepadaThiBaronield Mpo-
MBIILICHHOCTH.
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NapameTpuyeckuit aHanu3 maTemaTuyeckux mogenei
ONTUMaNbHOro NNAHMPOBaHNA HedTenepepaboTKK
W KOMNbIOTEPHOE MOAeNUPOBaHMe

Bauecnas KyBbikun', Aptem Konnakos?, EneHa Konnakosa?

" HuxxezopoOckuli 2ocydapcmeeHHbil yHUgepcumem
umeHu H.1.Jlobauyesckozo, 2. HuxHul Hoszopood, Poccusa
2[1AO «JTYKOWJ1», 2. Mockea, Poccus
3 000 «JTIYKOWT-Huxez0podHedmeopacuHmes», 2. Kcmoso, Poccus

PaccmaTpuBatoTcsi MHHOBAI[MOHHBIE PELIEHHS MO YIYUIIEHHUI0 MaTeMa-
TUYECKUX MOJIeNIell ONTUMAIIbHOTO IUIAHUPOBAaHUS HeTenepepaboTKu u
Heprexumun. OAWH U3 TOAXOIOB K aKTyalbHOW B IEpHOJ KpH3Wca 3a1ade
ONTUMU3ALMM [TPOU3BOJACTBA CBA3aH C HMCIOJIb30BaHUEM clienuanbHbiX [T-
MporpaMM MaKCUMH3AIMH MapKUHATBHON npuObutu. Llenb paboTel cocToUT
B pa3pabOTKe METOJIOB OLICHKH BIUSHUS MapaMeTPOB MOJICIH Ha pElICHUE
3alaud MaTeMaTHYecKOro IMporpaMMupoBaHus. JlaHbl peKOMEHAALUU 110
VIIYYIICHUIO COMPOBOXKICHUSI MaTeMaTHUECKUX MOJEJIei pealbHOrO MPOU3-
BOJICTBA JIJIS YJIy4IIeHHsI OM3HEC-TIPOIeCCOB B He(pTera3oBoii odmacTy.

B mepron peskoro nmageHus 1eH Ha HepTh BO3HUKACT aKTyallbHAs 3aqada
ONTUMU3AINH TPOU3BOJACTBA. Il ONTHMAJIbHOTO IJIAHMPOBAHUS IIUPOKO
UCTIONB3YIOTCS CIEUAIBHBIE TPOTPAMMBI, KOTOPBIE OMHUPAIOTCS Ha 3aJa4yu
MaTeMaTUYECKOr0 MporpaMMHUpOBaHua. Mojaenu MpOU3BOJACTBA XapaKTepU-
3yI0TCSl OOJIBILION Pa3MEPHOCTBIO U I PELICHUS 3a1a4i ONTUMH3ALUU Pa3-
paboTaHbl crielMaibHbIE BHIYUCIUTENFHBIMA METObl. BakHBIM 3J€MEHTOM
MIPaKTUYECKOTO HCIIOIb30BAHUS MAaTeMaTHYECKUX MOJelNel sBIsfeTcs mapa-
MEeTpUYeCKHil aHanu3 3anayu [ 1, 2]. Jlns 3amay auHEHHOTO IporpaMMUpOBa-
HUS TOJYYeHBI YCIOBHSI YCTOHYMBOCTH PELICHHS MPU U3MEHEHUH MapaMeT-
poB cucrtemsl [1]. s mapaMeTpruaeckoro mporpaMMHUpPOBAaHMSI B HACTOSIIIEE
BpEMs HE CYIIIECTBYET OOIINX METOOB perieHus [3].

3ajaud HETMHEWHOro MPOrPaMMHPOBAHUS LIUPOKO HCHOJIB3YIOTCA B
He(Tera3oBOi OTPaciM MPH ONTUMAILHOM IUIAHUPOBAHUW IIPOU3BOJICTBA
[4, 5]. B 3amayax mpoOWM3BOJCTBEHHOTO IUTAHUPOBaHUS KOA(M(GHUITUCHTHI MPH
MEePEMEHHBIX CUUTAIOTCA MOCTOSAHHBIMU. OTMETUM, YTO IapaMeTphl B pealib-
HBIX YCIIOBHSAX IMOJBEP>KEHBl M3MEHCHUIO IMOJ JCHCTBHEM CIy4YailHBIX (ax-
TOPOB M HUKOT/Ia HE MOTYT OBITH TOUHO 3a7aHbl. B pabotax [4, 5] ObuI0 TIOA-
YEPKHYTO, YTO MaTeMaThyeckas MOJIEIb MOXKET PEe3KO MEHATh CBOE MOBEe-
HHUE MPH MAJIOM M3MEHEHHUH MapaMeTpOB M HE OTpaxkaeT peaslbHbIX Mpoliec-
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coB. B mpakTHyecKux NpUIIOKEHUSIX Takas MOZAENb TpeOyeT NOMOJIHUTENb-
HOTO WCCIIEIOBaHMs O TPaHMIAX €€ MPUMEHEHHs OO0 BKIIOYECHHUS B CBOM
cocTaB 0oJiee CIOKHBIX AUHAMUYECKUX IporieccoB. [IpnyeM moaMHOKECTBO
napaMeTpoB, IpU KOTOPOM MPOUCXOAMUT pa3pbIB MEPBOrO poja MaKCUMyMa
LeneBol (pyHKIUM MpH WM3MEHEHHHM NapaMeTpoB, Hanboliee CYIIECTBEHHO
BIIUSICT HA 9KOHOMHUKY U MPEJICTABIISICT HECOMHEHHBIN HHTEPEC.

MaTtemaTnuyeckasa mogenb

3agady ONTHMaIBHOTO IUTAHHPOBAHMS IMPOU3BOACTBA HedrenepepabaThl-
BAIOLIEro 3aBoJa MOXHO paccMaTpuBaTh Kak 3a/Jady HEeJIMHEHHOro Mpo-
rpaMMUPOBAHUS AJISL 1 IEPEMEHHBIX (X[, X2, ..., X,), KOTOpPbIE JOCTABISIN Obl
MaKCHMYM II€TICBOH (DyHKIUH

max L(x,x,,...,X,) (1)
U YIOBIICTBOPSUIH ObI CUCTEME U3 7 OTPaHHUYCHUIN
g:(x,%y,...,x,)<b,,i=12,....m, 2)

rae nepemenssie x;=> 0, j = 1,2,...,n; b; — KOHCTaHTHI; @ MO0 L(X1, X2, ..., Xy),
100 XoTs OBl 0JTHA U3 GYHKIHHU g(Xx1, X7, ..., X,) — HeMHEHHas. [y BekTopa
X = (x1, X2, ..., X;) € R" MHOKECTBO JIONYCTUMBIX PELICHHUH 3aauk 0003HAYNM
H={X | g(X)=0,i=1,...,m}. Ilycts ontumansHOe pemeHue 3a1aun X,eH
max L(X)=L (X)). 3
max L(X) = L,,(X,) 3

[Ipennonoxum, 4To UMeeTCs k mapaMeTpoB A, BBejeMm MoHsSTHE yCTOM-
YHBOCTU B CMBICJIE KIIOYEBBIX MapaMeTpoB. bymem cuuTarh, 4TO pelicHue
L, (M) cuctembl HenmuHENHHEIX ypasHeHuii (1) (2) ¢ mapameTpoMm A;. ¥ Hadalb-
HBIMH YCIOBUSIMH Ay YCTOHUYHBO B CMBICIIE KITIOUEBBIX ITapaMETPOB, €CIU
Ut ro6oro € > 0 Halaercs uncio & = d(g)>0, Takoe, 4To eciu || hor—Ax || <9,
TO ||Lp(7»0k)f L,(M) || < € JUIA BCEeX 3HA4YEHU# A B mMpoTHUBHOM citydae pelie-
Hue L,(Ar) Ha30BEM HEYCTONUMBBIM.

JlOonOTHUTEBHO TPEAION0KAM, YTO HEYCTOHYNBOCTE CBsI3aHA CO CKad-
kamu Qynkuun L,(Ay) IpU M3MEHEHHH NTApAMETPOB M HA30BEM €€ HEYCTOM-
YUBOCTHIO IO KJIFOUEBBIM MapaMeTpaM. 3HaUCHUE Agy, IPU KOTOPOM HapyIIa-
€TCsl YCIIOBUE YCTOHYMBOCTH, HA30BEM KPHUTHYECKUM 3HAYCHUEM KITIOUECBOTO
mapamerpa, a caM IapaMmeTp Ao — KIIOYEBBIM IapaMeTpoM 3amauu. [lo-
CKOJIbKY MPH MaJIOM U3MEHEHHHU KJIFOUEBBIX MMapaMeTpoOB M3MEHEHUE MaKCH-
MyMa 1eieBoi GyHKIHHU (3) IPOUCXOJUT CKAYKOM, TO 3TO 0OCTOSITEIHCTBO
MOJKET MPUBECTU K CEPHEZHBIM IKOHOMHUYECKHM MPOCYETAM M HEHOIIOTyYCH-
HOW NpuObUIH. B oT/IMYMe OT U3BECTHBIX PadOT MO YCTOWYMBOCTH PEIICHUS
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3aja4 JIMHEWHOTO porpaMMupoBanus [1] B paboTe M3ydaeTcs MOIMHOKECT-
BO 33134, CBSI3aHHOE JIUIIb C pa3pbiBaMU NIEPBOTO pojia MAaKCUMyMa IEIeBOI
(YHKIUH IPU H3MEHEHNH ITapaMeTPOB.

[MponutrocTpupyeM ckazanHoe jaBymsi mpumepamu. [Iposemen pacuer
ONTHMANBHOro miaHa npoussojactBa 000 «JIYKOMJI-Huxeropoasedre-
oprcuHTe3» (IIEHBI MPHU pacdyere yciioBHBI). HedrenepedarpiBaromuii 3aBoj
SIBIISIETCSL OAHUM W3 KpynHeHmux B PO ¢ MOIIHOCTBIO MO NEPBUYHOM Iepe-
paborke Hedtu 17 maH T. J{ns pacdera ucmonb3oBasack cucremMa RPMS
(Honeywell). OtmeruM, uyto B cucteMe RPMS paccunThIiBaloTCS TEHEBBIC
neHbl. CkauykooOpa3HbIe N3MEHEHUS TCHEBBIX IIEH IIPU U3MCHEHHH MapaMeT-
POB MTOMOTAIOT OTIPENIEUTh 00ACTh KIIOUEBBIX MTaPaMETPOB.

[TepBEBIit IpuUMeEp CBSI3aH C MPOM3BOACTBOM aBTOOCH3WHOB C OKTAHOBEHIM
guciaoM 100, B BBITyCKE KOTOPOTO HIKETOPOICKHIA 3aBOJ SIBISCTCS JIHIC-
poM. UucneHHO paccuMTaHa 3aBUCUMOCTh MaKCUMyMa LieJeBOi (YyHKIHMU U
TEHEBOM IIEHBI OT OKTAHOBOTO YKCIa Ay OJHOTO U3 KOMIIOHEHTOB CMEIICHUS
(karanuzaTa ycTaHOBKU pH(opMupoBaHus 6eH3uHOB). O603HaUMM Oe3pas-
MEpHYIO 1eJieBYI0 (GYHKIHIO U 0e3pasMepHyI0 TeHEBYIO LieHy L,, U S,, COOT-
BETCTBCHHO

L,=L,/L,S,=S,/S,,

rne Lo u Sy — XapakTepHble 3HAYCHUS Map>KUHAJIBHOM NPHOBLIN U TEHEBOU
[ICHBI.

Pe3yspTaThl KOMIBIOTEPHOTO MOJCIMPOBAHUS MPEACTABICHBI HA Tpadu-
ke (puc. 1). IIpu 3HaueHun napamerpa A, = 101.5 mpoucxoanuT cKkavyoKk Makx-
CUMyMa IIeJIeBOW ()YHKIIMH U TCHEBOH IICHBI.

B ynpaBneHun NmpowW3BOJACTBEHHBIM IPOIECCOM, MOCKOJIBKY OKTaHOBOE
YHUCIIO HEMOCTOSHHO, CIEAyeT MOJJICPKUBATh TEXHOJOTUYECKHN DPEXUM C
3aIacoM I10 OTHOIICHHIO K 3HAYEHHIO KITI0YEBOTO MapaMeTpa Ay, . OKOHOMHU-
YeCcKH HelleJecoo0pa3Ho, KaK CleAyeT U3 MPUBEJIEHHBIX pacueToB, IIPOU3BO-
JUTh KOMITOHEHTHI C OOJNBIINM 3HaY€HHEM OKTaHOBOTO YHWCIIA, TOCKOJIBKY
Map>KWHallbHas MPHOBLIL HE BO3PACTAET C POCTOM Aq,  MPH ATOM H3HOC Ka-
Tanuzaropa ysenuuuBaercs. C Apyroil CTOPOHBI, IPU 3HAUEHUX MapaMeTpa,
MEHBIIUX KIFOYEBOT0 3HAYEHHS, BOZHUKAIOT PUCKH CYIIECTBEHHBIX MOTEPh
OTIEPAIMOHHOTO JOX0/Ia.

Kaxk cnenyer w3 mpencraBieHHoro Ha puc. | rpadmuka, Ipu YUCICHHOM
pacuete cienyeTr oOpaTUTHCS K aHAJIU3y TEHEBBIX LIEH AJIS MACHTH(QHUKAIUN
KITFOYEBBIX 3HAYCHUH napameTpoB 3aiadu. [Ipu oOHapykeHnH ckauykooOpas-
HOTO M3MEHEHUsI TEHEBBIX IICH I11eJIeCO00pPa3HO PacCMOTPETh TIOBEJCHHE Pe-
[IeHUA 3a]a4H.
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1.04 1

1.00 + o=
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Puc. 1. 3aBucumocts MakcumyMma LeiaeBoid GyHkimu L, (@) u
TEHEBOH LEeHHI S, (O) OT OKTAaHOBOT'O YKCIA OAHOTO U3 KOMIIO-
HEHTOB CMEIICHUS A

Bropotii mpuMep cBs3aH ¢ pacueToM KHHEMaTHIECKOH BSI3KOCTH CMECH 10
U3BECTHBIM BSI3KOCTSIM KOMIIOHEHTOB. 3a/iadya TEOPETHIECKHU JI0 CUX HOp HE
MIOJIACTCSl PEUICHUIO M NPHMEHSIOTCS dMIupuaeckue Gpopmyisl. Ha puc. 2
MIPUBEACHBI PE3YNBTATHl KOMIBIOTEPHOTO MOJCIHPOBAHHS IIPOU3BOJCTBA
He(TEIPOIYKTOB MMPH U3MEHEHUH mapameTpa B popmyie Bamprepa mis pac-
yeTa BSI3KOCTH cMecH [6]. TlokazaHbl 3aBUCUMOCTH MaKCHMaJIbHOM MapiKu-
HAJIBHOW MPHOBLIN U ONITUMAIBHOTO 00beMa MPOU3BOJICTBA OT MapaMeTpa A;.
MakcuManpHOE 3HAYCHUE 1IEIeBOH (DYHKIIMU HENPEPHIBHO 3aBHUCHUT OT A, a
ONTUMAJIEHBIA 00beM TepepaboTKi MEHSETCS CKauyKoOOpa3HO NpU H3MEHe-

Ly
1.000 §

0.996 1

0.994 1
0.992 + + + + + + 4
0.7 1.1 1.5 1.9 Ao

Fig. 2. 3aBucuMOCTh MakcUMyMa LiesieBOil GpyHKuuu L,, (@) u
obbema nepepaboTku M, (©) OoT mapameTpa A, IpU pacuere
KHHEMAaTHUYECKO#l BA3KOCTH
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HHHW TlapaMmeTpa. TeHeBhIE IIEHbl HE U3MEHA0TCA. B maHHOM IpuMepe Heyc-
TOWYUBOCTH T10 KJIIFOUEBOMY TIapamMeTpy He OOHapyKeHa.

Bo3HukHOBEHNE HEYCTOWIMBOCTH IPH M3MEHEHUH ITapaMeTpoB Oe3 pas-
PBIBOB MaKCHMyMa IeNIeBOH (PYHKIMH pEIICHHs 3aadd MaTeMaTH4ecKOro
MPOrpaMMHUPOBAaHUSI MO’KHO Ha3BaTh MATKON MapaMeTpUYecKON HEyCTONYH-
BOCTBIO, TIPH CKAYKOOOpPa3HOM M3MEHEHHH MAaKCHMyMa LIeJIeBOH (QYHKIMU —
JKECTKOUM MapaMeTPUIECKOl HEYCTOMUNBOCTBIO.

3aKknuyeHue

HccnenoBanbl OCHOBHBIE 3aKOHOMEPHOCTH IOBEIEHHS ONTHUMAabHOIO
pelieHus 3a7a4d B 3aBUCUMOCTH OT NTapaMeTPOB MOJENH. 3a1auil MaTeMaTH-
YECKOT'0 MPOrpaMMHUPOBAHHS MOTYT 00J1aaTh OCOOCHHOCTSAMH, KpaiiHe He-
MPUATHBIMU Ui 1oJib30BaTens. [loka3aHo, 4To CyIIeCTBYIOT KJIIOUEBBIE 3HA-
YEeHHs MapaMeTpoB, B KOTOPBIX MaKCUMYM LieJIeBOM (PYyHKIIUM UMEET pasphl-
BHI TIepBOro pona. MIMeHHO B TOYKax pa3pbiBa TpeOyeTcs MPOBECTH aHAJH3
aJIeKBaTHOCTU MaTeMaTH4ECKON MOJEeNH, MOCKOJIbKY CYILIECTBEHHO HM3MEHS-
€TCsl 5KOHOMUYECKHI MPOrHO3 M BO3HUKAIOT MPOOJIEeMbl YUCIEHHBIX pacue-
TOB. Pe3ynbraTel paboThl MOTYT OBITH MCIOJB30BAHBI MPH pazpaboTKe Mpo-
rpaMMHBIX KOMIDJICKCOB, MpEJHAa3HAYCHHBIX JUIS ONTHMH3AIWK OH3HEC-
MIPOLIECCOB.
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KomnbloTepHoe MoaenupoBaHue
noKanusauuu gedpopmauum cbinyyeii cpepbl
B CX0/iALLeMcA KaHane

Onbra KysosaTtoBa

Cubupckuli hedepansHeili yHusepcumem, 2. KpacHospck, Poccus

PaccmatpuBaercs crienuaigbHas MaTeMaTudeckas MOAeNb, 0000Imaromast
TEOPHUIO YIPYTOCTH Ha cly4ail MaTepuala, Mo-pa3HOMY CONPOTUBIISIOIETO-
Csl pacTsDKeHUI0 U ckaThio. OCHOBHBIM METOJOM HCCIIEIOBAaHHS SBISETCS
METOJI KOHEUHBIX 3JEMEHTOB. Pa3paboTaH alropuTM YHCICHHOTO PEIICHHUS
3aJ1auM O JBMXKEHUH ChITy4el Cpelibl B CXOIAIIEeMCs KaHalle.

MaTtemaTnueckasa mogenb

OpHo!t W3 (yHIaMECHTANBHBIX 3a/ad TCOMEXaHWKH SBILICTCS 3ajada o
JIBHYKEHUH TeOMaTepHalioB B CXOAIINXCS KaHanax. K reomarepuaiaM oTHO-
CATCSl pa3iIU4HbIE TOPHBIE MOPOJBI, CHITyYHE MaTepHallbl, CYXUE U BOJOHA-
CBIIIEHHbIE T'PYHTBHl. AHaNIM3 TOBEJIEHUS T'€OMAaTEpHUAJIOB MMEET 3HAUCHUE
Ipy T0OBIYE TIOJIE3HBIX HCKOMAEMBIX, CTPOUTEIHCTBE WH)KEHEPHBIX COOpPY-
)kenwii [1, 2].

B nmannoif paboTe paccMaTpuBaeTCs MOAETHh CPEAbl C IUIACTHICCKUMH
CBSA3SIMU, KOTOpas OIMCHIBAET HAIPsHKEHHO-Ae()OpMUPOBAHHOE COCTOSHUE
CBIITy4Yell cpenbl KaK pa3HONpoyHoro martepuana [3, 4]. Takas cpena He ne-
(dhopMmupyercs Npu YCIOBHUHM ACUCTBUS CKUMAIOIIUX HIN PACTATUBAIOIINX
HaNpsDKEHUH, MEHBIINX Ko3(¢HunneHTa cueruieHus. [Ipu qocTmxeHnn mpe-
JieTla TIPOYHOCTH Ae(opMaIisl pa3BUBACTCS B COOTBETCTBUU C TEOPHEH JIH-
HEWHOr0 YIIPOYHEHHUS.

Ha puc. 1 npencrasnena peojgorudeckasl cxema ©
JaHHOM Moxenu. Beenem crnenyromue oOo3Have- Gj_— c®
HUS: G — TEH30p MOJHBIX HANpPSHKCHHH, G° — TeH- H o’ E
30p HANPSKEHUH B KOHTAKTE, G — TEH30p CIeIlIe- L
Hus, 6° = E:€ — TEH30p yIpPYTHX HANpPSDKECHUM, € ©
— TeH3op Aedopmaiuif, E — cuMMeTpUuHBIf mo-  Puc. 1. Peonornueckas
JIOKUTENIFHO OIPE/CNICHHBI TEH30p MOAYJeH yII- cxema
PYTOCTH.
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B pamkax naHHO# CXeMbl IMEEM
c=0"+c"+0°.
Tenzop ¢ yAOBIETBOPSET BAPUALIMOHHOMY HEPABEHCTBY
c:(£-¢)<0, e,€eC, €))

rae C — koHyc fomycTuMbix aedopmanii, a mmenno, C ={e| ky(g)<0(e)};
K —mapamerp wiatancud; Y(e)=+2¢':¢’ — HHTCHCHBHOCTH CIBHTa;
¢'=¢—08/3 — nesuarop nedopmaunmii; 0(g)=¢:8 — nedopmauns oobema;
& — cumBon Kponekepa.

Taxum 06pa3zom, BaprallmoHHOE HepaBeHCTBO (1) nmeeT BUA

(E:s—c5+co):(§—8)20, eeeC.

OT0 03HAYaeT, 4TO
-1 0
8=TEC[E (c—cs )],

e 7 — omeparop npoekuuu Ha konyc C 1o Hopme |e|=Ve: E €.
IMycte ©Q — mmockast obmacth, 0Q =1 — ee rpanuna. PaccmoTtpum aie-
MEHT KOHCTPYKIIMU U3 Pa3HOMPOYHOTO Marepuana, 3anumaronmii . [Ipex-

nonoxum, yro I'=T, U, tak uto 'y "', =&. Ha I', orcyrcrByror
nepeMemeHus, Ha ' 3a7an BEKTOp pacnpeleleHHON Harpy3ku p . B aTom

Clly4a€ YpaBHCHUA PAaBHOBECHUS U T'PAHUYHBIC YCIIOBUA UMCIOT BU/

[(V-o+f)(i-u)d=0; )
Q
u=u=0mnal,, oon=p HaT,, 3)

3amada (2), (3) cBoauTCs K 3aqa4e 0 MuHuMyme minJ (i) =J (u), rae
J(u)zj(la:E:a+8:00 —f~ude— _[ p-udl,
2
) r
Ue={ueH'(Q)| ul. =0, e(u)eC}.
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Hecnoxxuble BBIKIAIKN IIOKa3bIBaKOT, YTO

J(s(ﬁ):co —f~ﬁ)dQ— .[ p-udl

J(u) =—-max ° - - Lo +
ford st(u):E:S(u)dQ
)
z, z20,
e 7o, z<o.

ITone nepemeneHnil TOXXIECTBEHHO PaBHO HYJIO B TOM U TOJIBKO B TOM
cllydae, eciu
[(s(@):0° - f-i)dQ~ [ p-#dT <0, ViieU,. (4)
Q r

G

Harpyska (f,p) HassBaercs GesomacHoi, ecnu u=0. [lycte p=0,

0 *
f=m-f", tne m — napamerp HarpyxeHus. O003HaunM depe3 m KodI(D-

¢umment 3amaca. M3 (4) cieqyet, 4To Harpys3ka sBisieTcs 0€30IacHO Mpu
M3MEHEHWH apaMeTpa m OT HyJIsl 10 ero MPeAeIbHOrO 3HAUCHHUSL:

Is(ﬁ) :6%dQ
m =min2 (5)
uel,
20 jf.ng
Q +

OTO yTBepKIOCHHE €CTh (HOPMYNHPOBKA KHHEMATHUECKOH TEOPEMBI
0 TIpeIeIbHOM paBHOBecHH [5].

PaccmoTrpuM 3aady o MJIOCKOM TEUEHHHU TMOJ AEWCTBUEM COOCTBEHHOTO
Beca CBHIMydYed cpelpl B CXOJIIEMCs KaHaile, Npeamosiaras, 4ro o >3

(puc. 2).
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Jlokanmmzamust nedopManv MPOCTOTO CHBHUTA C JUJIATAHCHUEH MPOHUCXO-
JIUT B Y3KOH JIMHEHHOW 30HE TOJIIIUHBI /4 , HAKIIOHEHHON TIOJT yTIIOM ( .

Koaddunuent 3anaca (5) B 3ToM cirydae IpUHAMAET BUJT

e ] 1
Kpga sina (vsina —cosa)

1 30HA JIOKaJIM3allun [Le(bopMaupm HampasJieHa o4 YIioM

. 1
¢ =0 —aresin———, (6)
v +1

IJle T, — OpesieN TEKYUECTH U V = /x> -4/3.

YucneHHoe mogenmpoBaHue

BbIuuCIUTENBHBIN AITOPUTM HCIOIb3YET KOHEYHO-3IEMEHTHYIO allIIpOK-
CHMAIMIO MOJIENU. 3ajaua ONpeAEieHHs MOl MepeMeIeHUI B pa3HOIpoU-
HOHM cpejie CBOJUTCA K PEIIEHHIO MOCIEJ0BAaTEIbHOCTH CTATUYECKUX 3a1ad
JUMHEWHOW yNpyrocTd ¢ HadajJbHBIMU HANpsDKEHUSAMH. 3a HAayaJlbHOE IIPU-
OIMKEeHHEe UTEPaLllMOHHOTO Mpoliecca MPUHUMAETCS pellleHue ynpyroi 3aaa-
gy, Onpeaensonye ypaBHeHHsI

1
c=F:e——mn(F:e-0,),
1+ A ( 0)
rae A = const > 0, 3aMEHSIOTCS HTEPALMOHHON popmyinoit (n=1,2,3,...)

1 =

c'"=E:g"———mn|E:e" —05,).
1+A ( 0)

3nech T — onepatop npoenny Ha kouyc K 1o Hopme |o|, =Vo:E ' :o .

VYcnoBue 3aBeplIeHUs] HTEPALIMOHHOTO IpOoIEcca 3aKIII0YaeTCsl B TOM, YTO
HOpMa Pa3HOCTHU JABYX IOCIIEJOBATENbHBIX PEHICHUH J0JKHA OBITH MEHBIIIE
0,0001.

[TapameTp BHYTpEHHEro TpEeHHs Pa3HONPOYHON Cpelasl K BhIOHpaics
paBabiM 0.3 1 ZEMOHCTpanuu pe3ynbTara. PacdeTsl ObUIM MPOBEICHBI U

mpu Apyrux 3HadeHusax 0 <k < @/ 2 . He3nauuTenbHOE U3MEHEHUE 3Haye-
HUS K BJIeYET HE3HAUUTENIbHOEe MU3MEHHE yria ¢ coryiacHo ¢opmyne (6).

ITapamerp perynspuzanuun A =0.0001. Ilporpamma HamucaHa Ha s3bIKE
Borland C++.
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[pencraBuM rpadguIecKyr0 HHTEPIPETAIHIO PE3YIBTATOB BBEIYHCIHTEIb-
(7

1

O0603HaYMM Yepe3
* 2'[5
S =mpg= : : :
ka sino(vsino —cosa)

Hpu f < f,, nokammsamus nedopmanuy ve npoucxonut. [lpu f > f, . cpe-
Ja BUKeTcs. B aToM cirydae noimkHa OBITh BUAHA 30HA MTPOCKATb3BIBAHUS.

HOT'O 3KCIIEpUMEHTA JJIsl paccMaTpuBaeMoii 3a1auu (puc. 2)

Ha puc. 3, a npencraBieHo MONEpPeYHOE CEUYEHHE HECHUMMETPHUYHOIO

cxopsIerocst kaHama: o =76.2°, B=35°, a=2 m. Ha puc. 3, 6 xoHe4dHO-
3JIeMEHTHas ceTka obpasna cocrout u3 1035 y3mos u 1922 snemenrtos. Xa-
PaKTepHBIN pa3Mep CTOpoHbI TpeyroasHuka (.18 M mpu miomagu obpasna

30.92 m>. Ha ocHose (7) momyuum pr =0.06t,, cnenoBaTtenbHO, N0 (6)

@ =58.49°.

A TN A AN AV AT e
A‘"M"N"“%‘yﬂ““iﬂ’ NN ‘%"%ﬁnﬁ' 5
ATV Ya TSRy TRNAAN IS 5 S YA
P D SR R
o S A A o o O K R T
ey N P e S WA S P v L N
o R A s A S e
A e R R SR A AR
R R R A A R A
A A P T N A ) A PO P A o)
AT e AN RN Py SRaVav S gl
D i A VA VA i VAV i A g COAVAAT o FVar,
% S SRAY e A va AT hﬁﬁhv‘vmmﬂ'ﬂ%num‘
O O S YAV AAY ey . vy VRN A LAV
S AN U g ey G e oYY e
SETAYAY AR P it Py
AT N g e o P
OO RVE S5 SN ) SO
PR RS ]
PO SRR
AT by oo i S
R B N e
KRR
RANAIA o Py
AR
Y
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Ha puc. 4, a npencraBineHo noje MHTEHCUBHOCTH CIBUTA, IIOJIYYEHHOE Ha
OCHOBE KJIACCHYECKOH TEOPHH YIPYTOCTH, HA pHC. 4, 6 — HA OCHOBE MOJIEITH
pasHonpouyHoOH cpenpl. [IpsMoil YyepHOro mBeTa W300paKEHO HAIPaBIICHHE
JoKanu3anuu AehopManuil Mo yriaoM ¢ .

Puc. 4. luTteHcuBHOCTH AedopManyu caBura

B xauecTBe OCHOBHOTO BBIBOJA PAaOOTHI MOXKHO CKa3aTh, YTO BBIYHCIIHU-
TENbHBII AKCIEPUMEHT (AJIS1 pacCMaTpPUBAEMOM 3aiaur) MOATBEPKAAET Ha-
JUYHE JIMHEHHBIX 30H JIOKATU3aluu JeGopMaruii Mo YyIiIoM ¢ U COOTBET-

CTBYET puc. 2.
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Peanusayua mexaHusma cobopa n 06paboTku
CTaTUCTUYECKUX faHHbIX NOTOKOB 3aABOK
B CUCTeMe UMUTaLMOHHOro moaenupoBaHusa ODIS

Mapwusa WkneHHUK, AnekcaHap Mowcees

HayuoHaneHsil uccnedosamensckuli
Tomckut 2ocyoapcmaeHHsbil yHusepcumem, 2. Tomck, Poccus

IIporpammusiii kommuiekc ODIS [1, 2], koTopslit pa3pabaThiBaeTCs U HC-
MOJIb3YETCA TPYIION y4eHbIX TOMCKOro rocyJapCTBEHHOTO YHUBEPCUTETA,
IpeAHa3HAYCH I MMHTAIIMOHHOTO MOJICTUPOBAHIS CHCTEM U ceTeil Macco-
BOro obcykuBaHus. OCHOBHBIMH 3aMepSieMBIMH BO BPEMsI IMHUTAIIMU TIOKa-
3aTes MM B JJaHHON CHUCTEME SIBJISIETCS YMCIO 3asiBOK, NPUCYTCTBYIOLIUX B
Omoke oOcnmyXUBaHUA, B odepean, Ha opoute u T.n. OJHAKO B TEOPUH Mac-
COBOT'0 OOCITY>KHBAaHUS YaCTO BO3HHUKAIOT 33/1a4H, KOTIa TpeOyeTcst 3aMepsTh
ITOKa3aTeNd TIOTOKOB BHYTPH CHCTEMEI [3] W CETH, HAIPUMEP YHCIO 3asi-
BOK, IIOCTYNIMBIINX Ha BTOPYIO (ha3y oOCIyXHMBaHHUs B MHOTO(ha3HOH cucre-
Me 3a OIpEe/ISICHHBIA IPOMEKYTOK BpeMeHH [4] Ui Ha OJIOK 00CITy)KHBaHUS
B CHUCTeMax ¢ oOpaTHOW CBs3biO [5, 6]. B mampHeimemM coOpaHHbBIC JaHHBIC
JIOJDKHBI OBITh MOJBEP)KEHBI CTATUCTHYECKOW 00paboTKe C LENbI0 IOIyde-
HUSI SMIIUPUYECKUX XapaKTEPHUCTHK, B TOM YHCIIE IMITUPUIESCKOTO pacipesie-
JICHUSI BEPOSTHOCTEH (ITOCTPOCHUS IOJMTOHA 9acToT). Kpome Toro, Heco-
MHEHHBIH MHTEpEeC MPEACTABIAIOT U JUIMHBI HHTEPBAIOB MEXIY IOCIe0Ba-
TENBHBIMH TOCTYIJICHHSIMU 3asBOK B TaKMX IMOTOKaX, TaK KaK MX CTATUCTH-
YeCcKHH aHaJ M3 MOXKET OKa3aThCs IICHHBIM ISl IOHUMAaHUs THIA TOTOKa U
OLIEHKHU €T0 MapaMeTpoB.

Taxum obpazom, Obu1a chopMynpoBaHa 3aja4a pearn3oBaTh B CUCTEME
UMHUTAIOHHOTO0 MozenupoBanust ODIS KOMIIOHEHTHI, HEOOXOIUMEIEC LIS
cOopa 1 00pabOTKH CTATUCTUIECKOW MH(POPMAIMU TOTOKOB 3aBOK BHYTPHU
MOJICTIHPYEMBIX CHCTEM U CETEH.

HakonneHue n 06paboTKa cTaTUCTUUYECKON MHPOPMaLUN

Jus  pemieHWss TOCTaBICHHOW 3a7add  OBUT  peajM30BaH  KJIAce
StreamStatistics (puc. 1), yHaclnemoBaHHBIH OT aOCTPAaKTHOTO Kiacca
StatisticsAccumulator cuctemsl ODIS, KoTOpBIH SBISETCS OOIIUM IS pas-
HBIX KOHKPETHBIX KJIACCOB cOOpa CTAaTUCTHKHU B JaHHOU cucteme [7, 8] (Ha
JquarpaMMe i [POCTOTHI TMPEJCTABJICHHS OIYIICHBI ONEpaly Kiacca
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StatisticsAccumulator, KOTOpBIE HE MPEJCTABIAIOT MHTEpEC AJIS LieJied Ha-
el pabdoThl, a TAKXKE UX IEepeoIpeiesieHNe B KIIacCe-MOTOMKE).

StatisticsAccumulator
GetMarginalDistributions(): TimeStatistic[*]

1

StreamStatistics

SimpleGeneration
addPoint(time: Real, nodeNumber: Integer) . {numbered} + data: Real[']
GetMarginalDistributions(): TimeStatistic[*] ,

GetTimeStatistics(): SimpleGeneration[*] + add(value: Real)

Puc. 1. Pa3paborannslii kinace StreamStatistics
Jutst c6opa 1 06pabOTKH CTaTHCTUKH OTOKOB 3asiBOK

OO6s13aHHOCTBIO U cnienM(uKoi Kiacca StreamStatistics sSBJIsIeTCS HAKOII-
JeHne U 00paboTKa CTaTUCTUYECKOW MH(POPMAILIMK TI0 TIOTOKaM 3asiBOK, TMO-
CTYHAIONINX Ha pasHbIe Y376l MOJICIHPYEMOH CETH MacCcOBOTO OOCIYKHBa-
HUsI (MHOTO(A3HBIE U OJHO(A3HBIE CUCTEMBI 3ECh TAKXKE MPEICTABISIOTCS
Kak ceTb oOcmyxuBaHus croenuduueckoil koHourypauuum). Meroq
addPoint(...) oTBedaeT 3a mobOaBjeHUE B )KypHAI MOMEHTA time MmocTyIuie-
HUs 3as8BKU B y3ea nodeNumber. Ota uHOpManus GukcHpyeTcs BO BIIO-
KEHHOM 00BbekTe Kiacca SimpleGeneration, COOTBETCTBYIOIIEM Y3IIy C HO-
mepom nodeNumber. Knacc SimpleGeneration nipejicTaBieH Ha Auarpamme B
VIPOIEHHOM BHJIE, a OCTaJbHBIC METOIbI Kiacca StreamStatistics OymyT
OIMCAHBI HIKE.

s BO3MOKHOCTH cOOMpaTh W XPaHUTh HAKOIJICHHYIO CTATUCTHYECKYIO
WH(POPMAIIHIO BO BpeMs TpoIiecca MOJICITHPOBAHUS K II00aTbHOMY 00BEKTY
SimulationModel (cM. [7, 8]) Obu1 m0GaBIIEH aTpUOYT IS XPAaHSHUS IK3EMII-
Jsipa knacca StreamStatistics, KOTOPBIN HHAITHATH3UPYETCS KaXIbIi pa3 mpu
3aIycKe Iporecca MoaenupoBanus. st cOopa CTaTUCTHKH MMOTOKOB OBLIH
BHECEHBI U3MEHEHUs B MeTo] accept(...) kiacca ServerBlock (puc. 2). k-
3eMIUIsip knacca ServerBlock mpeacraBmsier co0oit y3en ceTH, a ero MeTon
accept(...) BBI3BIBACTCS KaKIBIM pa3 NMpH MOCTYIUIGHHH 3asBKH B ITAHHBIN
y3en (moapo6Hee cM. [8]). B maHHbBIN MeTO Ha BXOJEe U BbIXoJie (OCTaNIbHas
4acTh METO/a Ha auarpamme oOoO3HaueHa Kak B3amMojencTtBue «Process
receiving a call») ObITH T0OABICHBI BBI30BBI CIECIHATIBHO CO3JITAHHBIX METO-
noB collectStatisticsBeforeEnter() u collectStatisticsAfterEnter(), koTopsie
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MTO3BOJIAIOT (PUKCHPOBATH COCTOSTHHE y371a U COOMpPATh CTATHCTHYCCKHUE TaH-
HBIE COOTBETCTBEHHO B MOMEHTHI HEMIOCPECTBEHHO J0 MOCTYIJICHUS 3asBKU
B y3en U cpasy nocie. B yactHocTH, BbI30B onepanuu addPoint(...) kimacca
StreamStatistics st perucrpanuy MOMEHTa HOCTYIJICHHUS 3asiBKU MBI J10-
6asnsieM B Metoz collectStatisticsBeforeEnter(), Tak xak HaM BakHO (DUKCH-
poBath caM (PaKT MOCTYIUICHUS HE3aBHCUMO OT JIAJBHEHIIIEr0 Pa3BUTHS CO-
ObITHii (OBLTA JIK 3asBKa MPHHATA Y3JIOM WX HeT). B npyrux cmydasx moies-
HBIM OKaxkeTcst MeTox collectStatisticsAfterEnter(), koTopblil T03BOIUT PUK-
CUpPOBATh COCTOSIHUE y3JIa B 3aBUCHUMOCTH OT JaJbHEUIIEr0 Pa3BUTUS COObI-
TUH HEMOCPEICTBEHHO OCIIE MOCTYIJICHUS 3aBKH B 3TOT y3€Jl.

sd ServerBlock.accept(call, sourcey

| :ServerBlock | buffer: Buffer

T
—

» | collectStatisticsBeforeEnter()

ref )

Process receiving a call

collectStatisticsAfterEnter()

Puc. 2. Monudukanus peanusanuu Mmetozaa accept(...) kinacca ServerBlock

AHaornyHpIM 00pa3zoMm ObiT MoauduiupoBaH MetoJ processEvent(...)
knacca ServerBlock, oTBedaronuii 3a 00pabOTKy COOBITHI, BO3ZHUKAIOIIHX
BHYTpU y3J1a (Hampumep, IPH OKOHYAHUH BPEMEHH OOCITYy)KUBAHUS 3asIBKH).
,Z[.HS{ 9TOT'O B HEro Ha BXOAC U BBIXOIC I[O6aBJ'IeHI)I BBI3OBbI METO0B
collectStatisticsBeforeEvent(...) u collectStatisticsAfterEvent(...), koTopbie
COOTBETCTBEHHO 3aHUMAIOTCSI COOPOM CTAaTUCTHYECKUX IaHHBIX HEIOCpE.-
CTBEHHO 110 00pabOTKH cOOBITUS U cpa3y mocine. [ ueneld Hameil paboTbl
9TH METOZBI HE UIPAIOT POJH (TaK Kak HaM BaXKHO (PUKCHPOBATH TOJBKO ITO-
CTYILICHHE 3asSBOK B Y3JIbl), HO HX BBEIICHHE MO3BOIIIET, BO-TIEPBBIX, YHH(U-
[UPOBATH TOAXOJ K pealu3alid MEXaHH3MOB cOOpa CTATHCTUYCCKON HWH-
(dopmarnyu B cucteme ODIS, a Bo-BTOpBIX, 00eceunTs Oosiee THOKYIO ee Ha-
CTPOIIKY.
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B wrore mo OKOHYAHWH TIpOIlecCa MOJACIUPOBAHHS B DK3EMIULIPE
StreamStatistics moTyyaeM HaKOIUIEHHYIO MH(POPMALUIO 10 MOMEHTaM IOCTY-
TUICHUS 3asBOK B KXIBIM y3en MojenupyeMoi cetu. [ u3Biedenus, oopa-
0OTKM W BHU3YAIBHOTO IPEACTABICHHUS COOTBETCTBYIOMICH CTATHCTHICCKON
nHbOpPMAIIMK UCTIONB3yeM cTaHaapTHbIM Mmeron GetMarginalDistributions()
uHTepdeiica StatisticsAccumulator, 4TO MO3BOJIIET KIMEHTCKOMY KOy
eMHO00pa3HO paboTaTh C IEIOYHCICHHBIMU BEIMYMHAMU (B JAHHOM CITy-
yae — C YUCJIOM 3asBOK, IMOCTYMHUBIIUX B KaXKIbIA y3eN 3a 3aJaHHBIA WH-
TepBaJ BpeMeHH). A BOT JUIsSl TTOJNy4eHUsT HHPOpMAITUU 00 WHTEpBallaXx Me-
KTy TOCIEIOBATENbHBIMH ITOCTYIUICHUSMH 3asSBOK B KaXKIBIH y3el MpH-
LUIOCh peanu3oBaTh crneunanbHbld Meton GetTimeStatistics(), Bo3Bpa-
IIAOITNH MAaCCHUBBI U3 JJIMH HHTEPBAJIOB MEXy MOCTYIUIEHHUEM 3asIBOK IS
KaXIOTO y3J1a. DTH MAaCCHBBI NPENCTABISIOT COOOH IK3EMIUIIPHI BCTPOCH-
Horo B ODIS kmacca SimpleGeneration u MOryT OBITH 00paOOTaHBI CTaH-
JAPTHBIMH CPEJICTBAMHU CUCTEMBI, IPEAHA3HAYCHHBIMH JJIsl CTATUCTHYECKO-
ro aHajJu3a Pe3yJbTaTOB MMHUTAIMOHHOTO MOJEIHPOBAHUS HEIPEPHIBHBIX
CIIy9aliHBIX BEIMYUH (IOCTPOCHHE THCTOIPaMMBI YacTOT, CPaBHECHHE C
pacrpeeneHueM 1 T.1.)

Cucrema ODIS peanmnzoBana Ha tuiatdopme .NET Framework, a Bech ee
HCXOJHBIA KOJ HamucaH Ha s3bIke mporpammupoBanust C#. [lostomy Bce
OMUCaHHbIE B pab0Te U3MEHEHHsI 1 HOBOBBEJICHUS OBbUIM TaKKe PeaTn30BaHbI
Ha 9TOM SI3bIKE TPOTPAMMHUPOBAHUS U TIPOIILIH YCIICITHBIE HCIILITAHUS.

3aknouyeHue

Takum 00pa3oM, B pe3ynbTaTe MpoJieIaHHONW paboThl OBLI CIPOEKTHPO-
BaH W pealli30BaH MEXaHH3M cOopa U 00pabOTKH CTATHCTUYCCKHX JTaHHBIX
MIOTOKOB 3a5BOK B CHCTEME MMHTalMOHHOro MonenupoBanus ODIS, peanu-
30BaHHBIN B BUJIE CIENMAJIbHOTO Kiacca StreamStatistics B uepapxuu Kiac-
COB, NPeIHAa3HAYCHHBIX JJIs HAKOIUIEHUS U 00pabOTKM CTaTHCTHYECKOH HH-
¢dopmaru B maHHO# cucteme. Kpome Toro, ObUIM BHECEHBI M3MEHCHUS B
cymecTByromuii knacc ServerBlock, nmpencraBnsiomuit y3en MoaeIupyemMoit
CEeTH MaccoBOro oOciyxuBaHusA, u kinacc SimulationModel, npeacrasmusto-
MAH MOACIHPYEMYIO CHCTEMY B LEIOM. OTH W3MCHEHHS ITO3BOJHIIA HE
TOJIBKO PEIINTh IOCTaBJICHHYIO 33/1ady, HO W C/eNlaTh BCIO CHCTeMy Oouiee
THOKOH M YCTOIUMBOM K M3MEHEHHSIM, KacaloIUMCs criocobam cOopa craTu-
CTHYECKOW WH(POPMAIIHH.
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WHTEJUIEKTYANIbHbIA AHANTN3 AAHHbIX
N BU3YAJIN3ALUUA

INTELLIGENT DATA ANALYSIS
AND VISUALIZATION

Methods of spelling correction
in information retrieval systems

Alyona Borisovskaya

Russian University of Transport (MIIT), Moscow, Russia

This paper deals with basic spelling errors correction algorithms in full-
text information retrieval systems.

The main purpose of information retrieval system is to process big array
of strings to find set of words or character sequence to satisfy user’s
information need more. This includes word or character sequences to be
expressed as search query. The main relevance criteria are precision
(proportion of relevant results among those returned by the system) and
recall (proportion of returned results among all relevant) [1].

The methods of spelling correction are applied widely in typographical
error robust systems [2] and systems with noisy data channels[3].

Problem statement

Incorrect query is a query containing typographical errors like letter
transposition, missed or added letters. The main purpose of retrieval in that
case is to find the most relevant term q' in vocabulary V based on misspelled
user’s query.

There are two approaches to solve the problem of spelling correction:
isolated-term correction and context-sensitive correction. In this paper we
will focus on isolated-term correction, which is to correct spelling errors in
one term at each moment, even if query contains several terms.

The problem is being solved in two stages: the first one is based on
editing distance, the second one — on k-gram overlap. The first step is to
select the «nearesty alternative term spelling; the concept of distance
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between terms will be introduced below. Then, if two correctly spelled terms
are tied, the most common is selected. As a criterion of the term frequency,
the number of occurrences of the term in the dictionary or the frequency of
its occurrence in the queries of other users can be used.

Edit distance (Damerau-Levenstein edit distance)

The edit distance between two strings S; and S, is a minimal amount of
editing operations necessary to transform S; to S..

Editing operations include:

1) Single letter insertion.

2) Single letter deletion.

3) Replacing one character with another.

4) Adjacent characters transposition.

Damerau-Levenstein editing distance [4] is an editing distance in the case
of the above editing operations. It is calculated by the following recurrent
formula:

d(SI’SZ)zD(MaN)a (4)
0, i=0,j=0,
i,  j=0,i>0,
Jo 1=0,7>0,
min{
h D@, j)=
where D(, j) DG, j—1)+1, (5)
D@i-1,j)+1, j>0,i>0,
D(i -1, j =1 +m(S[i],S,[i])
5>

where M, N — the length of each string; S;[7], Sz[i] — character with an ordinar
number i in each string; m(S:[7], S>[i]) = 0, if S1[i] = Sy[{], otherwise m(S:[],
S[i]) = 1.

The calculation of edit distance is performed by Wagner—Fisher dynamic
programming method. The complexity of this algorithm is O(M * N).

Heuristic «nearest» string searching algorithms

Since analysis of all terms in the dictionary in order to find «nearest»
strings 1is expensive, in practice, different heuristic algorithms are
successfully applied [5].
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The simplest method is to search terms in restricted part of the dictionary
consists of terms beginning with the same letter as the query term. Most
often spelling errors do not occur in the first character of the query. Another,
more complex variant is to use permuterm index in which the end of line
symbol «$» is excluded. For each rotation r from the set of all rotations in
query string on each step in B-tree of permuterm index the algorithm should
retrieve terms that have a rotation beginning with r. As a modification on this
algorithm a suffix of / characters can be omitted.

Jaro-Winkler distance

Jaro—Winkler distance [6] between strings can be calculated as the
minimal amount of edit operations, but besides it uses scaling coefficient p
due to which strings with the same prefix of length / have higher score.

The result is normalized, therefore, the minimal Jaro—Winkler distance d,,
is 0, the maximal is 1.

Jaro—Winkler distance can be calculated by the following formulas:

Jaro distance:

0, m=0,
d.(5,8,)= 6
(81, 8) = 1(m+m+m_) otherwise, ©
3IM N m

where M, N — the length of each string, m — the amount of matching symbols,
t — the half of the total number of transpositions.
Jaro—Winkler distance:

d,,(81,8,)=d (8, 8,)+(Up (1-d (S, 5,)) (7

where di(S), S») — Jaro distance for strings S, and S,; / — the length of
common prefix; p — scaling coefficient, necessary to increase the rating of
the terms with common prefixes (<0.25).

K-gram overlap. Jaccard coefficient

K-gram is the sequence of k£ symbols. In k-gram index dictionary contains
all k-grams that appear in dictionary terms. Each k-gram is assigned with
linked list of terms from dictionary in which it is contained.

In fact, the k-gram index is used to retrieve dictionary terms that have
much in common with the query k-grams [7]. Linear set overlap can be
modified with the Jaccard coefficient, which measures the intersection of two
sets of the query and the dictionary term k-grams. It can be calculated as
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|4 B|/|AUB|. While proceeding from one dictionary term to the next,

Jaccard coefficient is dynamically calculated as ratio between ¢ and ¢. If the
coefficient riches the set value, t is added to search result, otherwise the next
word is analyzed.

Elasticsearch implementation

Elasticsearch is distributed full-text search engine with web interface and
JSON documents. Recently, the Elasticsearch system has been very popular
due to its compatibility with the main tools for monitoring and visualizing
the state of a distributed system (Elasticsearch, Logstash, Kibana stack),
modern flexible API, and serialization using schema-free JSON documents.
Starting from version 0.90.0 Betal, Elasticsearch allows us to use the suggest
API to correct user spelling mistakes. The term suggester suggests terms
based on edit distance. The provided suggest text is analyzed before terms
are suggested. The suggested terms are provided per analyzed suggest text
token. The term suggester doesn’t take the query into account that is part of
request. HTTP JSON request allows to define parameters such as:

size The maximum corrections to be returned per suggest text token
max_edits The maximum edit distance candidate suggestions can have in
order to be considered as a suggestion. Can only be a value
between 1 and 2. Any other value results in a bad request error
being thrown. Defaults to 2.
prefix length |The number of minimal prefix characters that must match in
order be a candidate for suggestions. Defaults to 1. Increasing
this number improves spellcheck performance. Usually
misspellings don’t occur in the beginning of terms. (Old name
"prefix_len" is deprecated)
string_distance | Which string distance implementation to use for comparing how
similar suggested terms are. Five possible values can be
specified:
- internal: The default based on damerau_levenshtein but
highly optimized for comparing string distance for terms inside
the index.
- damerau_levenshtein: String distance algorithm based
on Damerau—Levenshtein algorithm.
- levenshtein: String distance algorithm based on
Levenshtein edit distance algorithm.
- jaro_winkler: String distance algorithm based on Jaro—
Winkler algorithm.
- ngram: String distance algorithm based on character n-grams.
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End of Table

sort Defines how suggestions should be sorted per suggest text term.
Two possible values:

- score: Sort by score first, then document frequency and
then the term itself.

- frequency: Sort by document frequency first, then
similarity score and then the term itself.

Conclusions

In this paper we considered the problem of spelling correction in user’s
queries in full-text information retrieval systems as well as main approaches
to its solution. Each algorithm measures the distance between query and
dictionary term strings can be implemented in the well-known modern search
engine Elasticsearch by specifying a special parameter in REST HTTP

query.
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There are a large number of methods and tools to analyze the quality
indicators of natural gas [1]. The most promising direction in the field is the
correlation methods that use statistical models, in particular, neural networks.
This is because it is possible to train these models. As a result, it is possible
to get a clearer definition of the relationship between the model input and
output parameters and to determine subsequently the required target
parameters of natural gas.

Currently lacks a general algorithm to determine the architecture and
parameters of neural network models. Therefore, a comparative analysis of
various models was previously carried out to solve the problem. Based on the
results of such analysis, it was concluded that recurrent neural networks are
main statistical models in this problem. But in contrast to the study
mentioned above, this paper considers a recurrent neural network with a
more complex architecture, namely, a network with a controlled recurrent
block.

Proposed recurrent neural network

Based on the results of correlation analysis and neural network models
investigated in previous works [3, 4], we choose the speed of sound, thermal
conductivity coefficient and concentration of carbon dioxide as the model
input parameters. As the output parameters, we choose the concentrations of
the components included in the investigated gas mixture. The Levenberg—
Marquardt algorithm was chosen to train the model.

To solve this problem, we use a recurrent neural network with a gated
recurrent unit [5] to model our system. Gated recurrent units are a specialized
gate mechanism for recurrent neural networks.

The structure of a gated recurrent unit is shown on Fig. 1. The structure of
a neural network with this block is similar to the previously presented simple
recurrent network [4].
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Fig. 1. The architecture of gated recurrent unit

This neural network architecture includes an update gate, a reset gate and
a current memory container. Both gates are functions of the input vector and
the state of the hidden layer on the previous step. The update gate determines
the amount of information from the previous state of the hidden layer that
should affect its current state. The reset gate determines the part of
information from the previous state that will not be taken into account when
we calculate the current state. The current memory container is used to store
the relevant information from the previous state and depends on the reset
gate.

Let us investigate how the gated recurrent unit operates. When the vector
x; is fed to the block, the vector is multiplied by the vector of weights 7, of
the update gate. The vector of the previous state of the hidden layer #4; ,, that
stores information about the previous i—1 steps, is multiplied by the vector of
weights U, of the update gate. Then the two products are added and fed to the
sigmoidal activation function . As a result, the output value of the update
gate z; is calculated as

z; =cW_,x, +U,h_,) . (1)

The formula to calculate the output value of the reset gate r; is similar to
the formula for the update gate, except for the weight vectors W, and U,:

n=o(W.x +U.h ). )
We use the value of the reset gate to calculate the current value of the

memory container. First, the corresponding vectors of the weights W and U.
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multiply the input vector and the previous state vector of the hidden layer
Then the Hadamard product (*) of the state reset filter value and the Uh;
value is calculated. This is necessary to determine the amount of information
from the previous steps we do not consider. Then, we sum up the two
previously obtained terms and apply the nonlinear hyperbolic tangent
activation function (tanh) to obtain the value of the current memory

container #; :
hy = tanh(Wx, +r, *Uh, ) . (3)

If the value of the reset gate is close to one, then the memory container
saves information from the previous hidden state. If the value of the reset
gate is close to zero, then the memory container does not take into account
the previous hidden state.

At the final stage of the block, the vector 4; is calculated; the vector
contains the information about the current state of the hidden layer and is
transmitted to the next layer of the neural network. For this procedure, we
use an update gate; the filter determines how much information to take from
the current memory container and from the previous state of the hidden layer.
To do this, the Hadamard product of the update gate value and the vector of
the previous state of the hidden layer, and the Hadamard product of the value
of the current memory container and the value (1—z;) are calculated. Finally,
we sum up the results of the two products to get the block output value:

hy=z,%h_ +(1—z)*%h, (4)

If the update gate value is close to one, then the current memory container
is not taken into account, and the block output equals the previous value of
the hidden layer. If the update gate value is close to zero, then the previous
state of the hidden layer is not taken into account, and the block output
depends only on the current memory container.

The main advantage of a managed recurrent block is the ability to store
and filter information using update and reset gates. Such system has no
vanishing gradients as the model stores the relevant information and passes
the information on to the next time steps of the network.

Testing of neural network model

Based on the results of this study, we obtain a neural network model with
a gated recurrent unit to analyze the quality of natural gas by measured
physical parameters. To determine if the proposed neural network model is
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adequate, we studied a test sample of data. The results and accuracy of our
model are shown in Table. The ranges of gas mixtures for the test sample
were as follows: 85—-100% for methane, 0-5% for propane, nitrogen and
carbon dioxide. We took the concentration of carbon dioxide to be zero,
since this parameter is an input for the model and is considered a known

value.

Accuracy of our RNN model, tested of the gas component composition

Max absolute Average Mean square | Determination
Component .. absolute L .
deviation, % L deviation coefficient
deviation, %
Methane 0.73 0.33 0.32 0.9999
Propane 0.21 0.12 0.13 0.9999
Nitrogen 0.19 0.08 0.10 0.9999

Conclusions

Proposed neural network model with a gated recurrent unit determines the
quality of natural gas by the values of the gas measured parameters. Our
model is adequate to determine accurately the composition of the gas for the
specified problem. In further research, we plan to test the developed model
on the real measurement data of gas mixture parameters and to study how
reliable the indicators of the developed system are to analyze the quality of
natural gas.
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based on vector Wiener process
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The object of research in this work is one of the most important parts of
an integrated system for analyzing the quality of natural gas — a system of
sensors of individual gas components. Failure of any sensor is a difficultly
detected event and its failure actually does not lead to the termination of the
system operation, but to the incorrect determination of the components in the
gas composition (which, in terms of consequences, is much more critical
than an explicit failure). Therefore, the reliability of the sensor system in this
work will be considered from the point of view of ensuring the specified
measurement accuracy of the components included in the composition of the
gas mixture.

To measure each individual component, two independent sensors are
used, the readings from which are fed into the system at discrete times. We
will assume that if the sensors are operating normally, then the readings from
the sensors will give approximately the same result. We will observe a
discrete sequence of some random values: {&;}, i=0,1,2..., which we will
interpret as the modulus of the difference between the readings of two
independent sensors: {|&" — £|}, i=0,1,2 .... It is natural to assume that if
the readings of the sensors approximately coincide, then the values of this
sequence will fluctuate around zero. If the values deviate from 0, then
obviously there is some anomaly in the system. At the same time, one-time
deviations, after which the system returns to normal functioning, can be
considered insignificant, but a systematically repeated error will already
indicate regular systemic violations. Therefore, it is more convenient
to consider the accumulated sum of errors X(k) = &; + ... + &, and the refusal
to record when the sum is reached by the sum of a certain critical level 4
(Fig. 1). Some substantiation of the transition from the discrete to the
continuous model will be given below.

This approach is new and differs significantly from the generally
accepted schemes for calculating structural reliability. The work will give
some new definitions of reliability for gas analysis systems and propose new
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models for its assessment. A similar approach was used in constructing a
model and solving an optimization problem for a system of sensors in [1-3].
We propose a similar reliability model for a sensor system based on a vector
wine process [3].

Determining the reliability of the sensor system

Methods for calculating structural reliability based on failure rate data are
well known. Examples of building and optimizing similar models for
distributed computing systems and network management systems can be
found, for example, in [4—7]. However, as applied to the problem of gas
analysis, this approach has drawbacks: the concept of structural reliability as
«the ability of a system to perform specified functions for a given time
interval» in a gas analysis problem is too general and requires the
specification of which functions are important in this case.

The first priority is the function of detecting N components that make up
natural gas, while characterization of this function of the system through the
discrete finite space of the state of the system (for example, «works» / «does
not work») does not allow building a model of the system applicable for
practical use. since the concept of measurement accuracy is a characteristic
that changes continuously, and can vary depending on the task. If the failure
of the system for collecting, processing and analyzing information can be
detected explicitly (this is, in fact, a failure of the computer), then with
sensors this cannot be detected immediately. If the sensors fail, then there
may be no obvious external signs of this phenomenon. In this way. this
phenomenon is unobservable, and we can only judge about it by the output
data [3]. Let's introduce the following definitions:
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Definition 1. By the reliability of a measuring system we mean its ability
to perform specified functions during a given time interval. In this case, the
«given function of the system» will be considered its ability to measure gas
components with a given accuracy.

Definition 2. A measurement for the i-th component will be considered
accurate if the difference between the values obtained from the first and
second sensors lies in a certain preselected range (—4;, 4;). In the case when
it is necessary to determine N components, then we will deal with a vector of
positive values:

A= (4, ...,4Ay),4;>0Vi=1, .., N,
those, for each i-th sensor, a certain range of permissible values (—4;, 4;) is set.

Definition 3. By system failure, we mean the accuracy indicator going
beyond the permissible limits. At the same time, in practice, the concept of
failure must be clarified each time when solving a specific problem: for
example, in the case of a N-component mixture, failure will mean going
beyond the specified measurement accuracy for £ sensors from N, where k
can take values from 1 to NV (depending on operating conditions and others,
for example, economic factors, operating conditions of the system, customer
requirements, etc.). In the case k=1, the most stringent requirements are
imposed on the sensor subsystem, i.e. the impossibility to measure exactly at
least one component is already considered a failure, in the case k= N for the
operability of the sensor subsystem it is sufficient to be able to measure at
least one component. In this report, we present the results for these two
extreme scenarios.

Mathematical model and main results

Consider a random process in continuous time X(¢), which can be
described by a simple stochastic differential equation [9]:
dX(t)=pdt+cdW(t). (D)
This approach can also be interpreted in the following way: the error
(difference) can be modeled by a one-dimensional Brownian motion
X(t) = W(¢), or, formally, dX(¢) = dW(f). Generally,
dX(t)=0o(t, X (t))dW (1),
where the coefficient ¢ in the general case may not be a constant, but depend
on the state of the system. Those. we assume that there is some randomness
in our measurements, so the error can both increase and decrease. In
addition, we assume that the sensor is worn out over time, so the error grows
on average at a certain rate p. Those. at the intuitive level, the model for
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changing the error X is described by a random walk, which, when the time
step tends to zero, will tend to the process determined by equation (1).
Further, without loss of generality, we will assume that ¢ and p are some
positive constants. Now, suppose that a certain permissible range of values
(-4, A), A > 0 is set for the sensor, the scope of which determines the normal
functioning of the system [2].

Definition. The system is operational if X(f)e(—4,4).

Definition. A system failure is understood as an event — the exit of the
process X(#) to the boundary of the sets: X(¢) < —A4 or X(¢) > A.

Definition. MTBF is the first moment of reaching level A4:

ta=1nf{t >0 :|X(¢)| = 4} = 1.
Definition. The system reliability function (in the general case) is defined as
R() =P{t>1t}.

Definition. The distribution function of the operating time of the system

(in the general case):
F(6)y=1-R(t)=P{t<t}.

Theorem 1. The distribution function of the operating time of the
subsystem F(¢) for the scenario when the system fails when all subsystems
fail (Fig. 2) is found by the following formula:

Fl(t):ﬁl[(l—q)(%j+exp{2ui;4}(D(_It\;;uitn. (2)

[TTT T T T o s s ) [ ‘I asystem failures
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Fig. 2. The function of distributing the operating time of a subsystem
for a scenario, when a system failure occurs when all subsystems fail
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Theorem 2. The distribution function of the operating time of the
subsystem F,(?), the reliability function and the mean time to failure for the
scenario when the system fails when at least one of the subsystems fails
(Fig. 3), is found by the following formulas:

" A -t 2, — A\ (A -t
Fz(”:ml‘q’( bt j“”‘p{ g }q’( i~ D

Ry () =1=F (1), 3)
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Fig. 3. The function of distributing the operating time of a subsystem for a scenario
when a system failure occurs when at least one of the subsystems fails

Conclusions

The paper gives a definition of reliability for the investigated gas analysis
system in the problem under consideration, and proposes a model based on
the vector Wiener process to assess the reliability of the sensor subsystem.
The approach developed in the report has not been previously applied for this
class of target systems. Its application in the design of systems for
determining the component composition of natural gas will make it possible
to evaluate the reliability characteristics without carrying out full-scale and
semi-natural tests, based solely on the results of modeling. Analytical
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assessments of the average operating time of the sensor until the moment of
its replacement allow us to determine the required number of sensors (and
their replacements) during a given period of system operation, determine the
required amount of spare sensors for a certain period, draw up an operational
plan for servicing and replacing the system, which in turn will optimize the
performance of the system.
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The article discusses the business processes of construction and operation
of linearly extended sections of highways and analyzes the geographic
information system (GIS) of Avtodor state company (developer «Indor-Soft»,
Tomsk). The main tasks assigned to the GIS of the Avtodor are listed on the
site https://avtodor-eng.ru/services/arenda-spetstekhniki/geoinformatsionnye-
sistemy. The primary task is to use the GIS of Avtodor group for the purpose
of operation and maintenance of transport infrastructure facilities on linearly
extended sections of highways. The object of the study is the construction of
the Far Western bypass of Krasnodar project (FWBK) and its
implementation by means of BIM modeling.

The main components of the digital transformation of the road industry
are: mobility; safety; efficiency; use of information modeling when building
models of linear-extended road sections [1]. Issues of standardization and
creation of a database of information models in urban planning and road
construction are currently priority areas in the Russian Federation. The
international non-profit organization buildingSMART based on the NAICS
Association, has been dealing with these tasks since 2017 in Russia. National
BIM standards have not yet been fully developed and there is a lack of
software compatibility in the road sector, as not only domestic developers
say [2]. The development of a regulatory framework is essential and should
contribute to the successful implementation of BIM information modeling in
Russia. The use of digital building models at various stages of the life cycle
of the capital construction object is regulated by the decree N 1431 of
September 15, 2020 «On approval of the rules for forming and maintaining
the information model of the capital construction object, the composition of
information, documents and materials included in the information model of
the capital construction object and presented in the form of electronic
documents, and the requirements for the form of these electronic documents,
as well as on making changes to item 6 regulations on performing
engineering surveys for the preparation of project documentation,
construction, and reconstruction of capital construction projects», signed by
Mikhail Mishustin, Chairman of the government of the Russian Federation
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(see https://ipbd.ru/doc/0001202009220002/). A number of road organiza-
tions are also working on the use of BIM tools: road information models,
databases, and automated systems for processing road data banks, including
on the Web.

Let's list the differences between the information models of capital
construction objects and linear-extended transport infrastructure objects. In
the life cycle of a road object, there are the following stages:

1. Investment and territorial planning.

2. The layout of the territories.

3. Design.

4. Construction.

5. Operation.

6. Reconstruction.

In [3], a more detailed description of the options for the road life cycle
and the role of GIS, CAD, and database technologies at different stages is
presented. For transport objects, design and construction is carried out in
separate sections that allow for different implementation periods, i.e. they are
at different stages of the life cycle at the same time (for example,
construction, operation and repair can be performed on the same road
simultaneously), and the project itself is usually performed by several
contractors. Therefore, it is optimal to use GIS at the operational stage of a
complete BIM model of a highway [4].

At the same time, it is necessary to take into account the requirements of
current regulatory documents regarding import substitution and the gradual
transition to the preferential use of domestic software. Avtodor state
company business processes and software products have significant potential
in optimizing and automating production activities at the stage of
construction and operation of highways (action plan of December 18, 2017 in
the direction of "Formation of research competencies and technological
reserves "of the Digital economy of the Russian Federation program), Event
03.00.000.001.18.11-Creation of a software package for instrumental
monitoring of the diagnostic state of roads, intended for collecting,
accumulating, storing, consolidating, analyzing and interactive visual
representation of data on the state of roads received from various measuring
and control equipment, management bodies and the population
(https://www.sbras.ru/files/news/docs/tex_zadely_d_e_plan.pdf)). The appro-
ach to the formation of GIS of Avtodor state company serves as an example
of interaction between the state and business and will allow developing
common standards and regulations for information exchange.
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BIM modeling in research and design

Transport infrastructure is an object designed for safe and comfortable
movement of its users. One of the main conditions for the formation of
transport infrastructure is its digitalization [5]. Obviously, with a common data
environment (CDE), BIM designers will develop project documentation much
faster and at a lower cost. To manage transport infrastructure objects, GIS such
as ESRI's ArcGIS, MapInfo of MapInfo Corp., Indorroad of IndorSoft, freely
distributed QGIS, DorGIS of Intelnova and others are used [4]. Avtodor state
company develops its own approach to the use of BIM modeling and GIS
technologies in the provision of construction control services.

Geo-information systems (GIS) are tools for managing the state of
transport infrastructure objects at the operational stage: Building Information
Modeling (BIM-modeling) and GIS are interrelated, since they are based on
an information model and CDE. The need for the exchange of 2D and 3D
information between computer-aided design (CAD) systems has existed for a
long time, as well as in a standard that records changes in an infrastructure
object throughout all stages of its life cycle [6].

The use of BIM tools in the implementation of transport infrastructure
development projects will significantly save time and money when planning
and implementing activities at the stage of facility operation. The main
functionality and examples of using of the Avtodor state company IndorRoad
GIS for data entry, accounting and analysis are disclosed in [7], to solve
practical problems of road maintenance.

GIS of Avtodor state company keeps records and certification of the road
netorwk, as well as management of operation and maintenance of the life
cycle of highways. Currently, this company is implementing a project for the
construction of the FWBK highway, which is part of the «North-South»
transport corridor. The analysis of business processes of Avtodor state
company was made taking into account the use of GIS for the purposes of
operation and maintenance of objects of the transport infrastructure of
FWBK.

Namely, the following are considered:

« ability to use GIS functionality on the site;

» asynchronous editing, and selecting data without access to the Internet;

e an appropriate set of object data;

» updating the database.

To justify the investment in the project, a consolidated model of FWBK
was created (Project model 2108018 dop_attributes.nwd) in the Autodesk
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Navisworks environment, using the NWD file format, which is a data
exchange format for summary models. This format is static, meaning that the
data contained in the file cannot be changed and used to create 2D drawings.

The individual models that make up the BIM summary model correspond
to different sections of the project and are integrated using different formats
(including dwg, dwf and fbx). Not all of these formats allow you to load
feature attribute data into a BIM model.

The geometric parameters of the information model elements are
completely correct (see Fig.1). The level of detail of objects is very high.

Fig. 1. Section of the BIM model on a road section

Common data environment for project implementation

CDE and the BIM model at the operational stage are described in [8]. An
information model in GIS is generated for roads that are being operated using
CDE during surveys, routine diagnostics, and engineering surveys. A BIM
model is formed for roads under construction and under design. These
processes will continue to develop in parallel for quite a long time due to the
significant length of the road network. Thus, only the use of CDE will allow
avoiding contradictions and ensuring the reliability of the information model
data in both cases. The description of aspects of the organization of CDE is
given in the UK BIM standard [9]. In [4], we present evidence — based
arguments that the GIS of highways is at the same time CDE and BIM model
of roads at the stage of operation.
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Unfortunately, at the moment, there are certain problems associated with
the lack of powerful domestic CAD systems that allow you to automate the
execution of design and survey work. These systems should be the source of
the main data set for building full-fledged BIM models of highways. If in the
field of industrial and civil construction, the element base is significantly
developed, then in the field of road construction, such developments are
quite small. The designer often has to redraw and calculate the same standard
structures without using the capabilities of computer-aided design.

Another problem with using BIM modeling is working out the
requirements for detailing the information model at the stage of developing
working documentation. On the one hand, the detail of the information
model should not be excessive, i.e. it should not have elements that will not
be used at the construction and operation stages. On the other hand, the
details of the information model should be sufficient to perform construction
and installation works, carry out construction control and acceptance of such
works, as well as subsequent operation of the object.

When planning a project using BIM tools and 3D coordination with the
subsequent transfer of the necessary information, the basic levels of detail of
information model elements are determined, the so-called Level of
Development (LOD). Each of the LOD levels contains information about the
execution of project tasks that correspond to a particular level of detail. In
[10] the attributes of five LOD levels of detail are presented as the project
develops: LOD100, LOD200, LOD300, LOD400, and LOD500. An analysis
of the business processes of construction and operation of linear sections of
highways shows that LODS500 is the most optimal for making reasonable and
clearly formulated customer requirements for information models. It is also
optimal in the sense of minimum requirements for information saturation of
model elements by the project team before starting the project. This level of
model development is intended for further transmission to the maintenance
service, and therefore the LOD 500 model is the most complete with all the
actual dimensions, clear links, and bindings, and has the most complete data
for all its elements (see Fig. 2).

As a rule, BIM models are developed for the design stage, and therefore
they should not be used for the purpose of operation and maintenance of the
highway. Since the model intended for use by the operating organization
should reflect the actual constructed object. In the current state, BIM models
can be used to get an idea of construction and installation works and
structures under construction. However, they contain a large amount of
3D data and very little attribute data, which makes it impossible to use
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Fig. 2. LOD levels in detail as the project is developed

the project BIM model in its current state for operation and maintenance
tasks. In the end, the BIM model should be filled with information at the
entire stage of the project life cycle and the need for its re-development in
certain sections of the object due to insufficient detail should be minimized.
Based on the initially designed BIM model, a CIM model for optimizing
construction and installation works should be created through the integration
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of the financing and execution schedule, and, subsequently, an operational
AIM model supplemented with data on the design characteristics of the
performance and wear of structural elements and installed equipment. These
works can also be done using GIS technologies.

Applying these BIM tools in the road industry will not only expand them,
but also form a common approach to the structure and industry library of
elements of the digital road model. This means that the road GIS reaches the
highest level of maturity (in the British classification) — iBIM [4] and
demonstrates the capabilities of BIM modeling in practical application in
road infrastructure.

The use of the web-based general data environment (geoportal) GIS
allows online use of a digital terrain model with sub-metric accuracy for
unmanned vehicles. The development of unmanned vehicles and "convoys"
technology for transport trains requires interaction between the road
infrastructure, on-Board computers and car computer vision: Avtodor state
company prepares GIS and CDE interfaces for interaction with such vehicles
based on V2I (Vehicle to Infrastructure-vehicle to infrastructure) [7].

Domestic experts develop competitive software solutions that bring road
activities to the new environment of economic development. In 2020,
specialists of JSC "Institute Stroyproekt" implemented a BIM model of
FWBK in the C-INFO environment (https://sinfo.tech/ru/portfolio/dalnij-
zapadnyj-obhod-krasnodara). Experts determine whether this model is
suitable for breaking down construction and installation work into stages and
getting a general idea of the implementation of construction and installation
work. They also specify to what extent it can be used for the operation and
maintenance of infrastructure facilities. In the current state, the BIM model
can be used to get an idea of construction and installation works and
structures under construction, update data on the volume of earthworks and
control geodetic works.

A digital model of the site with an orthophoto would be an additional
advantage. However, using this model without developing C-INFO to divide
construction and installation work into stages is more difficult, even
impossible. A breakdown of the work into stages usually involves the
separation of the original objects. It is not possible to perform a repeated
breakdown of the selected pavement structure (see Fig. 3).

If you plan to build a roadbed in two stages, you will not be able to
display only part of the selected element. Using the model to break down
construction and installation work into stages requires access to the source
models of each element. Temporary structures were not modeled, which
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Fig. 3. View of the model. The roadway area is highlighted in blue

made it impossible to control their influence on the boundaries of other
structures. A large amount of data must be loaded into the data model
associated with objects, mainly design and construction data, and earth
structures (depressions and embankments) must be modeled.

Let's take a closer look at the functional part of the GIS of Avtodor state
company and its use on the object under consideration. The saturation of the
GIS of Avtodor state company can be judged by the number of objects
entered in the database and the quality of data entry (indivisible polygons, at
first glance). It contains a large number of photos of infrastructure objects
with a 360° view (see Fig. 4).

The navigation interface in photos with a 360° view is very fast, which
allows you to significantly improve your work efficiency. For more effective
management of road facilities, CDE is needed. This resource is designed to
provide reliable and timely information [6], namely:

o Consolidation of data on the current situation on the roads on a single
resource;

 Storage of databases on the state of roads and mobile objects for the
preparation of analytical reports and forecasts;

e Prompt provision of up-to-date information about road conditions to a
wide range of consumers;

e Receive feedback from road users about an emergency situation, the
state of the roadway, and other important information.
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Fig. 4. Screenshot of the screen with the navigation interface
in photographs with a 360° overview

The object information access portal has an adaptive web interface that is
optimized for display on your computer and mobile devices. Elements
contained in the GIS database are requested by selecting a multi-level menu
or selecting objects on the map and going to the section of the desired object.
There are also a number of disadvantages:

1. Since it is difficult to select elements on the map using the cursor when
navigating on mobile devices, it is necessary to provide an interface that is
more adapted to mobile devices and configured to meet the needs of the
specialist working on the site.

2. It is not possible to enter information online (perhaps this is due to
access rights granted by governmental to audit). Obviously, if data is to be
uploaded on the site, it is important to ensure that the person who creates the
data can enter it.

3. 3G/4G network Coverage is not available in all areas where specialists
work on the site. Having only the web version restricts the use of the system.
Therefore, you should consider a solution for extracting data for a specific
work area. In addition, if data must be entered on an object in a zone without
Internet access, asynchronous database operation will be required.
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4. Attribute Tables contain a fairly large set of data (more than 250
unique properties of database objects, in addition to geometric characteristics
and symbols). However, there is a lack of data for using GIS to obtain
information about current and future construction projects or as a basis for
the operation and maintenance of infrastructure facilities. First, there is no
information about the validity of the data: the data source, the corresponding
accuracy, and so on. For example, it is not possible to know whether the
position of a pipe crossing a road was determined during design or by
surveying. Secondly, the number of documents on artificial structures is quite
limited and often only photos are available.

5. Finally, no data on technical surveys of structures is often available. If
there is data, it is contained in a PDF file corresponding to a specific
structure, and not presented as object metadata.

Thus, it is not possible to use the database to determine the number of
objects that need to be maintained and maintained in X years. It is
recommended to change the data management for accounting for
maintenance and maintenance of structures.

Updating the database must be performed using a special program.
IndorRoad currently implements the iFC data exchange format for
integrating data from BIM models. This function is necessary in the future
for both new construction projects and infrastructure reconstruction projects.
To update plans and network schedules, the ETL (Extract Transform Load)
program can be used when connecting directly to the CDE without using
IndorRoad. This issue should be addressed in order to limit human
intervention in data entry.

Thus, BIM model of the FWBK is a project that does not implement all
BIM processes. the creation of a data center follows parallel paths:

- a GIS («operational BIM») is formed for the transport infrastructure in
operation, which reflects the actual state of the object and does not require
significant costs for its updating and filling;

- for all road construction projects starting from 2021, a BIM model is
formed that covers the entire life cycle of the road.

However, currently there are domestic software solutions only for the
design stage, since the construction stage requires a compulsory decision of
the state customer to apply BIM and CDE by all participants in the process
(the designer, contractor and construction control) with the choice of specific
software solutions.

Upon completion of the construction phase of the FWBK, it is planned to
conduct acceptance diagnostics using unmanned aerial vehicles (UAVs) and
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mobile laboratories of the 5th generation equipped with lidars and mobile
laser scanning systems (LOD400). The integrated laboratory allows you to
create 3D models of roads in a cross-section. Data is obtained using the
scanner at speeds up to 100 km/h from a seven-meter-wide road surface, as
well as from a depth of seven meters below the surface level. The collected
data is automatically processed using special software and uploaded to the
CDE. From there, interested organizations and individuals will be able to
draw information for the design, construction, maintenance and repair of the
Russian transport network. Not only engineers and specially trained
operators can join the process of recording information, but also motorists.
Any violations on the roads — holes, bumps, incorrect signs-can be
photographed and sent to the General database via a special app on your
smartphone. The project involves the accumulation of huge amounts of
information-hundreds of terabytes.

The considered BIM model of the FWBK was developed for the design
and development stages of working documentation. For the purposes of
operation and maintenance of the highway, it will require significant
changes, since the information model intended for use by the operating
organization describes the actual built object. Updating of original models is
required. It is necessary to provide for new modeling in areas where
significant changes were made to the project during the construction and
installation stage. Such developments are among the priority areas for the
development of the information society, as evidenced by presidential decree
N 203 of may 9, 2017 «On the information society development strategy in
the Russian Federation for 2017-2030» and support national sovereignty
over information flows in the transport sector of the Russian Federation.

Conclusions

At this stage of road digitalization in our country, the practical application
of BIM modeling for road infrastructure objects plays an important role. The
tools and software products that are used and developed for road diagnostics
make up the information base that can be integrated with intelligent transport
systems. The use of BIM tools in the implementation of transport
infrastructure development projects will significantly save time and money
when planning and implementing activities at the stage of facility operation.

GIS of Avtodor state company is an example of the experience of
interaction between the state and business, which will allow you to establish
not only legally significant data on transport infrastructure and vehicles, but
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also help to develop common standards and regulations for information
exchange. This is another advantage of using BIM modeling in the design of
transport infrastructure. When implementing projects for the development of
transport infrastructure, the main tasks set for the road area are solved —
optimization of time and money when planning and implementing measures
at the stage of operation of infrastructure facilities, as well as a high level of
maintenance of highways and the safety of the existing road network.

10.
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"pMMEHEHMe MeToAa ABYAO0JIbHbIX MHOXECTB Co6bITHI
B 3ala4ax perpecCMoOHHOro aHajausa
MHOIoOMepHbIX Pa3HOTUNHDbIX AaHHDbIX

WpwnHa bapaHoBa

Cubupckuli hedepansHeili yHusepcumem, 2. KpacHospck, Poccus

Hccnenyercs 3aBUCHMOCTb MEXKIY MHOTOMEPHBIMH CIy4aiHBIMH BEJIU-
YMHAMH, NPEJCTaBISIOMKUMU COO0H BEKTOPHI INPU3HAKOB, KOTOPHIE MOTYT
IPUHUMATh YUCIIOBBIE, KAa4ECTBEHHBbIE WJIM MHOXXECTBEHHBIC 3HAUCHMS.
3ajaua BBISBICHUS 3aBUCHMOCTH MEXAY MOJOOHBIMU JJAHHBIMU SBISIETCS
OUCHb BaXXKHOH U aKkTyandbHOH. Bo MHOrHX 001acTsX COBpeMEHHON Hay4dHOI
U NPaKTUYECKOMN AEATEIbHOCTH IPU NMPOBEACHUU Pa3IUYHBIX UCCIEJOBAHUN
JOBOJIFHO YacTO BO3HHKAET HEOOXOIMMOCTh aHAIN3a MHOTOMEpPHBIX Pa3HO-
THUITHBIX JaHHBIX, Y4CTh KOTOPBIX IPMHUMAET YUCIIOBBIE 3HAYCHUS, 4 YaCTh —
HEUYUCIIOBbIE (KAUeCTBEHHBIE MM MHOXECTBEHHbIE 3HaueHus1). K umcmy
Takux objacTeil AesTeNbHOCTH MOXHO OTHECTH 3[paBOOXPAaHEHUE, HKOHO-
MHKY, (PUHAHCBI, COLIMOJIOTHIO, OMOJOTUIO, JUHTBUCTHKY, IMENArOTUKy U
IpyTHE.

Jlis BBIABIEHHS XapaKTepa CBSA3U MEXKIy PacCMAaTPUBAEMBIMH BEJINYH-
Hamu OyZeT MCIONb30BaThes perpeccus. Kak n3BectHo, perpeccus sBiseTcs
OJHUM M3 OCHOBHBIX MOHSATUH TEOPUM BEPOATHOCTEH U MaTEMaTHUECKOM
CTATUCTUKU U BBIPAXKACT 3aBUCUMOCTb CPEAHEr0 3HAUCHUS CllyyalHON Benu-
YMHBI OT 3HAUEHMS APYTroi CIydaifHOI BETMYMHBI WK OT HECKOJIBKUX CITy-
YalHBIX BEJIMYHUH.

B pabotax [1, 2] aBTOpOM OBUI MPENJIOKESH METOJI, TIO3BOJISIFOIIUN yC-
MIEIHO peIIaTh 33/1a4d aHalW3a pa3sHOTUIHBIX TaHHBIX. JlaHHBIN MeTox Oa-
3UpYyeTCcs Ha MOHATUM JBYJONBHOIO MHOXECTBA coOBITHH. IToa 1By JONBHBIM
MHO>XECTBOM COOBITUI MOHUMAETCsI 0ObEIUHEHUE IBYX MHOXKECTB COOBITHI,
nepBas J0Jsl KOTOPOro ONpPEAEIeTCs CIy4aliHbIMUA BEIUYUHAMMY, a BTOpas —
Clly4aliHBIMU MHOKECTBaMM. {1 UCCIIEOBaHU 3aBHUCHMOCTU MEXAy pas-
HOTHITHBIMU JIaHHBIMH, KJIACCHYECKAss MHOKECTBEHHAS! PEIPECCUS HE TIO/XO0-
JUT, TIOCKOJBKY pedb MJET O BBISBIECHHU CBSI3U HE TOJIBKO MEXIY CIIydaii-
HBIMH BEIMYMHAMHU, HO U MEXKAY MHOXKECTBAMHU, KOTOPBIE MOTYT COCTOSITh U3
1r000r0 KOJMUUYECTBA CIyYalHBIX BEIWYMH U CIydailHbIX MHOXecTB. IloaTo-
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MYy B JJaHHOI paboTe mpeanaraeTcss HOBOE MOHATHE CTATHCTHIECKOH perpec-
CHM MEX]y JBYJIOJIbHBIMU MHOXECTBAMU COOBITHH U IEMOHCTPUPYETCS BUJ
(YHKIUH perpeccum.

AByAo0NbHOE MHOXECTBO CllyYailHbIX COObITUIA

[TycTh 3a7aHO BEpOSITHOCTHOE MpOocTpaHcTBO (), F,P), rne F — anrebpa
COOBITHI, COOBITUS X,y € F — 3JIEMEHTHI anredps! COOBITUIM, Ha KOTOPOIt oI-
peneneHa BeposATHOCTh P. MHOXECTBO H30paHHBIX COOBITUH X € F.

Cry4aiiHoe MHOKECTBO COOBITHI TOA X OIpedersieTcs] Kak U3MEpPHMOe
0TOOpakeHue

K:(Q,F,P)—>(2X,22X), (1)

rie 2 — MHOXECTBO BeeX MOIMHOXKECTB MHOXKecTBa X [1].

MHOXeCTBO cIy4aiiHbIX 3JI€MEHTOB {&, K}, mpeacTaBuMoe B BUJE 00be-
JOVHEHUS IByX MHOXKECTB: MHOJKECTBA CITy4alHBIX BEIMYUH & WM MHOXKECTBA
K ciry4ailHBIX COOBITHH, OyA€M Ha3bIBaTb O6Y0OIbHbIM MHOJCECHIEOM CILy-
YAlHBIX DTIEMEHMO8E:

{&.K}=€UK ={§,,ae4,Ky.BeB}. (2)

3aecb A — MHOXECTBO MHJIEKCOB CITyYailHBIX BEJIWYWH, B — MHOKECTBO HH-
JICKCOB CITYYallHBIX MHOKECTB COOBITHI, A+B = m.

Jleyoonvhoe mHodcecmeo cayualinblx cobOblmuill TIPENCTABIIET COOOM
00beIMHEHHE IBYX MHOXECTB — MHOXECTBa COOBITUI, KOTOPOE OIpeesiseT-
sl CIIy4allHBIMU BEIMYMHAMU, U MHOXECTBa COOBITUH, KOTOPOE OIpe/essieT-
Csl CITyJaiiHBIMHA MHOKECTBAaMH COOBITHH:

Z={Y.X}={Y,.Xs,ac ABeB}. (3)
[TycTh 3amaHO ABYJOJIBHOE MHOXKECTBO CIYYAHHBIX COOBITHH S, SIBIISIO-
1eecs! IMOJMHOKECTBOM JIBYJIOJILHOTO MHOXECTBA COOBITHN Z:
s={Y, . X, .kycAkycBlcZ, (4)
IJe KakJI0€ MHOYKECTBO COOBITHH SBJISETCS IOJMHOKECTBOM COOTBETCT-
BYIOIIETO MHOXECTBa U30paHHBIX COOBITHI YkA cY, mm X K, S X,.

B pabote [1] Obl1 mosydeH BUA pacipeesieHus] BEpOITHOCTEH COOBITHIA
JIBY TOJTLHOTO MHOYECTBA .
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YcnoBHoOe ABYZA0/IbHOE MHOXKECTBO COObITUI
1 YCNOBHble BEPOATHOCTU ABYAONbHOIO MHOXeCTBa COObITui

Ilycte 3amaHO NBYAOJIBHOE MHOXECTBO cOObITHH s Z. Cobwvimue-
meppacka 08y00IbHO20 MHONICECMEA cobbimull s TIPEACTaBRIIeT co00i Ha-
00p HemepeceKarUUXCcss COOBITHH, MPUYEM KaK0€ €ro COOBITHE SIBIIICTCS
MOJIMHOXECTBOM COOTBETCTBYIOIIETO MHOXKECTBA COOBITHI Y, orX, B

ter(s) = {Yu X, } = ﬂ ter(Y, )ﬁﬂ ter(Xﬁ) =

aesy
— C
=N%EN] w5} 5)
aes Besp XBEXB xﬁgXé
rae s, A, sy B, r,eR,, XeX; 3nech MHOKeCTBO R, — KOHEYHOC

MHOYKECTBO BO3MOKHBIX 3HAUYEHMH CIIy4ailHON BEJTMYMHEL &, :

fRaz{r r }CR.

@2ttt AN,

Venosnoe 08ydonvroe mHodxcecmeo cobvimuil s | x TpeacTaBisieT coOoi

COOBITHE, 03HAYAIOIIEE, YTO HACTYIJIEHHE COOBITHIA U3 IBYIOJIBHOTO MHOKE-
CTBa § IMPOMCXOAUT NP YCIOBUH, YTO BBIIOJIHIIOCH COOBITHE X (COOBITHE
xeY, nm xe Xp).

Yenosnas eepoamnocms nacmynienusi 08Y00IbHO20 MHONCECMBA CO-
Ovimuil (BEpOSITHOCTb HACTYIUICHHS YCIOBHOTO JIBYZOJIBHOTO MHOXKECTBA
COOBITHH s | x ) MOXET OBITh 33/1aHa cieaytouel GopMyIIoi:
P(ter(s)Nx)

P(x)

rae fer(s) HaXOIWTCS IO BEIIEIPUBENeHHON Gopmye (5).

P(ter(s)| x)= p, (ter(s)) = (6)

Ilyctb s,¢t — ABYIOJIBHBIE MHOXKECTBA COOBITHIA, SBISIOUINECS MOJAMHO-
JKECTBAaMU JIBYIOJIBHOTO MHOKECTBa coObITHIA Z (T.€. s,t C Z):

s={Y, .X, .s,c 4 s, B}, t={Y, X, .t, S Aty B}

VYenosnoe osyoonvroe muoscecmeo cobvimuii t|s TPENCTaBIsSET coOOi

COOBITHE, 0O3HAUAIOIEEe HACTYMJICHUE COOBITHH U3 ABYAOIBLHOIO MHOXECTBA
¢ TIpU YCJIOBHM HACTYIUICHMS BCEX COOBITHH M3 (PMKCHPOBAHHOIO JBYIOJb-
HOT'O MHOJKECTBA & .
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Yenosuyro eeposmuocms nacmynienuss 08y001bHO20 MHONMCECMEA COObI-
muti (BEpOSITHOCTh HACTYIUICHUS YCIOBHOTO JIBYIOJIBHOTO MHOXECTBA COOBI-
THH ¢ | s ) MOXHO OIPEEIIUTh CIASAYIONIMM 00pa3oM:

P(ter(t)|ter(s))= Prentsy (ter (1)) = P(ter(t) Nter(s))

p(ter(s))
rue p(ter(s))= z P(2),

ter(s)ngZ

()

a ter(t) u ter(s) Haxomsrcs o gopmyie (5).

Perpeccusa mexxgy ABYAONbHBIMU MHOXKECTBaMM COGbITUI

B pa6ote [3] O.FO. BopobbeB npemioxui GopMyy dBEHTOIOTHUSCKOM
perpeccuu OJHOTO MHOXeCTBa COOBITUH Ha Jpyroe MHOXecTBO. JlaHHas
perpeccusi MeXIy MHOXKECTBOM COOBITHIA X U MHOKECTBOM COOBITUH Y, CBfI-
3BIBAfOMIas COOBITHSA-TEPPACKH MEPBOIO MHOXKECTBA C COOBITHSAMH-TEppac-
KaMH BTOPOTO, BEITJISIIUT CIICAYIOIIIM 00pa3oM:

ter(Y) =o(ter(X)). (8)

O06001MM gaHHOE OmpeeieHre Ha Oosiee CIOXHBIA Ciiydail perpecchu
JBYIOJBHBIX MHOXKECTB COOBITHIA.
Peepeccueii 08yoonvroco muocecmea cobvimuti s € Z Ha Opyzoe 08y-

00/IbHOe MHOJICecmB80o cobvimuii t C 7., CBS3BIBAIOIICH COOBITUS-TEPPACKU
ter(s), s<Z c coObITUsMU-TEppacKaMu fer(t), t  Z, Ha3bIBAeTCs CTaTH-
cTUYeCKast PyHKIHI CIIEMYIOIIETO BUIA:

ter(t)=o(ter(s)), s c Z. )

[ToctaBuM 3apady CTaTUCTHUYECKOW OICHKH (YHKIMH TEOPETHYCCKON
perpeccun Ha ypoBHE ., 3HAYE€HHE KOTOPOTO OINPEAENACTCS KaK YCIOBHBIH
0L -KBaHTUJIb ABYAOJBHOIO MHOXKECTBA £ .

Ioz yCIOBHBIM O -KBAHTHJIEM [BYAOJIBHOTO MHOXECTBa CIYyYaiHBIX CO-
OBITHI ¢ IPU HACTYIUICHUH COOBITHI W3 JBYAOJBHOTO MHOXECTBa s OyJer
MIOHUMAThCS TAKOE MHOXECTBO COOBITHI M3 JIBYIOJILHOTO MHOXECTBa ¢ (TO
ecTb COOBITHA-TEPPAcKH fer(t)), YCIOBHBIC BEPOSITHOCTH KOTOPBIX OOJIbIIE
3a7aHHOTO 3HAYCHHS O

O, (t | ter(s)) ={ter (t) = Z:P(ter(t)|ter(s)) = a}. (10)

TaxuM o0pas3oM, (QYHKIUS TEOPETHUECKON PETpeccun MEXIy ABYIOJb-
HBIM MHOXXECTBOM COOBITHH §C Z ¥ ABYIOIBHBIM MHOXKECTBOM COOBITHH
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t € Z mpepacTaBiseT co0oi oToOpakeHHe COOBITUI MHOXKECTBA S HA MHOXKE-
cTBO ¢. UTOOBI ONpeeNnuTh, KaKHe JIEMEHTHI fer(¢) NpUHAJIEKAT 00JaCTH

3HaYEeHHUH (QYHKIMU PErpeccuy, HEOOXOMMMO HANWTH COOBITHS, BXOJSIINE B
YCIIOBHBIHA O-KBAHTUIIb JBYIOJBHOTO MHOKECTBA CIyYaWHBIX COOBITHIA IO
BBIIICTIpUBEIeHHOI popmyite (10). YcnoBusie BepositHOCTH P(fer ()| ter(s))

U3 OMpeJIeeHHs YCIOBHOTO O -KBAHTHIIS JIBYIOJBHOIO MHOMKECTBA CITydaii-
HBIX COOBITHI OYAYT BRIYHCIATHCA TT0 hopmyiie (7).

st oueHUBaHUs 3HAYCHHN (DYHKIMHM TEOPETHYECKON PErpeccHu IBY-
JOJIEHBIX MHOECTB COOBITHH HEOOXOIMMO UMETh CTATUCTHKY JJIsI OIICHKH
BEpOATHOCTEH TiepecedeHuil coObIThi (M3 yuciutens Gopmysl (7)) U Bepo-
sATHOCTeH pacnpenenenus p(ter(s)) (u3 3HameHaTens Gpopmyist (7)). Ilocie

CpaBHEHHs] HaWIEHHBIX OLICHOK YCJIOBHBIX BEPOSITHOCTEH C IMOPSIIKOM YcC-
JIOBHOTO 0. -KBAHTHJISI MOKHO ITOJIYYHUTh OIICHKH MHOXKECTB-3HAUCHUIA (PYyHK-
MY 3BEHTOJIOTHYECKOH PerpeccHu I KaKI0ro COObITHS ter(t), t S Z .

Ha puc. 1 mokazaH rpaguk (QyHKIUU TEOPETHUECKOW PETPECCUH JBY-
JOJIBHBIX MHOXKECTB COOBITHH JJIs1 JIEMEHTApPHOTO Cilydas, KOrja JIBYAOJb-
HBIA HA0Op COOBITHIA COCTOUT TOJBKO M3 OJHOW MHOXKECTBEHHOH dacTu. Ha
rpaduke Kpy>KKaMH 00O3HAYEHBI COOBITHS, MOMABIIHE B TpaduK (QyHKIHN
TEOPETUYECKON PErPECCHH.

IIpenoxeHHblii WHCTPYMEHT MOXKET ObITh 3((EeKTUBHO MPUMEHEH JIs
pCLICHUS MIMPOKOTO KPyra MPakTHYECKU BaXKHBIX 3a/1a4 aHAIN3a JAaHHBIX, B
TOM YHCIIE B KJIACTEPHOM aHAaJH3€, KJIACCH(UKAIWH, KOBAPHALMOHHOM U
(hakTOpHOM aHaNM3E.

ter(t), °
tcZ °

ter(s), scZ

Puc. 1. I'paduk GyHKINHU TEOPETUUECKON perpeccuu
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3aKknuyeHune

[Ipemraraercss HOBOE MOHATHE CTATUCTUYCCKON PErPECCHU MEXIY IBY-
JOJbHBIMH MHOXKECTBAMH COOBITUH M JEMOHCTPHPYETCS BHJ (DYHKIUH
perpeccun. Taxxke pacCMOTPEHBI IOHATHS YCIOBHOM BEPOSTHOCTH ABYIOb-
HOT'O MHOXECTBaA CO6I)ITI/II>i 158 CO6BITI/I$I—TeppaCKI/I llByHOIILHOFO MHOKECTBaA
COOBITHH.
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Al'lfOpI/ITM penpe3eHTalun KactToMU3npoBaHHbIX
AuaNeKToNornyeckmux Kopnycos gns CapaToscxoro
ANANEKTOJIOrn4yeCcKoro Kopmnyca pycckoro A3blka

NHHa baTpaeBa, AnekcaHapa KptoukoBa

Capamoeckuli HaUuoHaNbHbIl ucciedogamesnsckuli
yHusepcumem umeru H.I. YepHeiwesckozo, 2. Capamos, Poccus

B Hacrosiiiee BpeMsi BecbMa OrpaHU4€HO NPEICTaBICHbI MyJIbTUMEINIHbIE
JMHTBOKYJIBTYPOJIOTHYECKHE KOPITyCa PYCCKOW JIMaIeKTHOW pedH, TOJHO pe-
MPE3EHTUPYIOIINE YaCTHBIC JJMAJICKTHBIE CCTEMBI 1 OCHOBHBIE THITBI PYCCKOH
JIUaJIeKTHON peun. BeneacTBie MHTEHCUBHOIO PAa3BUTHUS TEXHOJIOTHM U METO-
JOJIOTUH KOPITYCHBIX JIMHTBUCTUYECKUX MCCIIEIOBAHUI CO3MaHUE SJIEKTPOH-
HBIX HCCIIEIOBATENLCKUX KOPIYCOB JAUANIEKTHOH KOMMYHHUKAIIWH, MTPEAOCTaB-
JSFOIUX PENPE3CHTATUBHBIN MaTeprall Ui MHOTOCTOPOHHETO U3yUYCeHHUS CIie-
IUGHUKH JUATCKTHBIX TTOJICHCTEM, SIBJISICTCS aKTyalbHOM 3amadeii [ 1, 2].

CaparoBckuii auanextonorunyeckuit kopnyc (Cap/IK) paspabareiBaercs
KaK 3JIEKTPOHHO-UCCIIEZ0BATENLCKUI JAUATIEKTONIOTUYECKH KOPITYC PYCCKO-
TO sI3BIKA COTPYTHHKAMHU Kagenpbl TEOPUH, UCTOPUH S3bIKA W TIPHKIAIHON
JMHTBUCTHKH W Kadenpbl TexHomorud mporpammupoBanmst CIY wume-
uu H.I'. Yepnbiuesckoro. Kopryc-MeHemxep MNpenocTaBiseT MOJIb30BaTe-
JISIM MHCTPYMEHTHI ISl BeZIeHUsI (DYHKIIMOHANBHBIX KOPITYCHBIX HCCIIE0Ba-
HUH JWAJICKTHON peYr, MHOTOKPUTEPHAIHLHONH 00pabOTKH U pa3HOCTOPOHHE-
ro MCCJIEe0BaHUS TOBOPOB, a TAaKXKe 00ECIIeYuBAeT MOJCIUPOBAHIE MYJIbTH-
MEAUUHBIX DJIEKTPOHHBIX IHAIEKTOJIOTHYECKUX TOJKOPIYCOB, COMPOBOXK-
JaeMBIX ayTUOBH3YaIbHBIMH MaTepUallaMu.

Kopmyc-menemxkep Cap/IK paspaboran B BUae BEO-NPHIIOKEHHUS C HC-
MoJIb30BaHKEeM Bo3MoxkHocTell (peiimBopka ASP.NET MVC 5. JlanHas
miatdopMa MO3BONAET CO3JaBaTh KIMEHT-CEPBEPHOE MPUIIOKEHHE HA OCHO-
Be mabnona «Mopenb — IIpeacrasienune — Konrpomnep» (MVC). I'maBHbBIM
MIPEUMYIIECTBOM HCIoNb30BaHus mabnona MVC sBusercs obecnedeHne
YpOBHS a0CTpaKLUK, TP KOTOPOM CIIOU OM3HEC-TOTHKH M TOCTYII K TaHHBIM
HE 3aBHCAT OT MPECTaBICHUS, YTO MO3BOJISET MEPEUCTIONIB30BATh UX B X0JI€
paspabotku. st peanu3zanuu npencraBieHuil ObL1 BbIOpaH nBMXOK Razor
4.0.0, Tak KakK JaHHBIH WHCTPYMEHT TMO3BONIsieT TenepupoBath HTML-
aneMeHTsl nocpeactsoMm HTML-xennepoB, a Takke MCHOJIb30BATh YIPaB-
JISOUIME KOHCTPYKIMK Ha si3bike C# As BBIBOJA AaHHBIX U DJIEMEHTOB Ha
CTpaHUILY, YTO CYIIECTBEHHO YCKOpPSET pa3paboTKy HpriiokeHus. B xaugect-

447



Be (¢peliMBOpKa Al pabOThl C JAHHBIMH B TMPHIOXKEHHH HCIOIH30BAJICS
Entity Framework. IlpenmymiectBo maHHOTO (hpeiiMBOpKa 3aKiIO4acTcs B
BO3MO)KHOCTH HCIIOJB30BaHMS €r0 KaK 00BhEKTHO-PEIIIIIOHHOTO MOTYJIS CO-
MOCTaBJIEHUs, TO3BOJISIONIETO padoTaTh ¢ 0a30i1 TaHHBIX C MOMOIIBIO OOBEK-
toB .NET 1 ycTpansromero Heo0XoIuMOCTh B HAIMCaHUM KOJa, TpeOyeMoro
JUTS ocTyma K qaHHbM. B kadectBe CYB/] ObII0 pemeHo ucmnonp3oBars MS
SQL Server 2014. [lanHas cucteMa obecriednBaeT HHTerpanuio b1 B mpoekt
ASP.NET MVC 5.0 ¢ ucnons3oBanuem ADO.NET. ADO.NET no3Bonser
MIPOrpaMMHUPOBATh HA OCHOBE KOHLIENTYyaIbHBIX Mozeneit EDM.

YHUKaTBHOH (YyHKIMOHAIBFHOCTBIO KOPIyCa, OTIMYAIOUIET0 €ro OT Cy-
LIECTBYIOIIMX KOPIYyCOB AMAJIEKTHOH peuu, SBISETCS BO3MOXHOCTbH CO3/a-
HUS TIOJKOPITYCOB JAJIsi aBTOPU30BAaHHBIX TOJb3oBareneld. JlaHHBIH MOIyIb
SIBJIIETCS] BaXKHEUIIIeW 0a30i1 A7l MPOBEACHUS TMHTBUCTHUECKUX HCCIIEeI0BA-
HUH, MMOCKOJIBKY MCCIIE0BATENIM MOTYT ()OPMHPOBATH IICJICBBIC TIOJIKOPITyCa
10 CJIEeIYIOIUM KPUTEPUSIM:

1) o roBopy;

2) 10 XapaKTepUCTUKAM HMHTEPBBIOMPYEMBIX (II0JI, YPOBEHb 00pa30oBaHus,
TOJI POKICHUS, TOJT 3aITUCH);

3) o teme;

4) o xaHpy.

Taroke ToJB30BaTEIh MOXKET 3a/laTh ONPEACTICHHBIH WAMOJIEKT, TO €CTh
MOKOJIIEKIUIO, IIPECTABIAIOIIYI0 COBOKYITHOCTh CEMaHTUYECKUX U CTUIIU-
CTHYIECKUX 0OCOOCHHOCTEH pedr OIpeesICHHOT0 HH()OPMAaHTa.

Pemnpesenrtanus nojp30BaTeIbCKOrO MOAKOPIyca 00eCIeunBaeTcs apXu-
TEKTypoil Mojzienu 0a3bl NaHHBIX, YUUTHIBAIOIIEH KaK JIEKCUKO-TPaMMaTH-
YeCcKHe XapaKTEPUCTHUKU TEKCTOB, TaK M MeTajJaHHble 00 mHpopmaHTax [3].
Bbrnaromapsi XpaHeHHIO 3aBUCUMOCTEHl HHTEPBBIOMPYEMOI'O U JIMHIBOKYJIb-
TYpHBIMHU MaTepHajaMu, UCCIeI0BaTeIN UMEIOT BO3SMOXKHOCTh (POPMUPOBATH
[IeJIeBbIE MTOJAKOPITyCa.

AJropuTM OpraHu3alui NOJKOJJIEKIIMH COCTOUT M3 HECKOJIBKHX JTaIoB.
Ha nepBoM sTamne u3 Bcex MaTepUalIOB KOpITyca BbIOMPAIOTCS TOKYMEHTHI,
COOTBETCTBYIOIINE BEIOpaHHOMY ToBOpY. Eciu maHHbIN kpuTepuil He ykazaH
MoJIb30BaTENIeM, TO BO BHUMaHUe OepyTcs Bce marepuaibl Kopimyca. [locie
U3 TOJYYHBIIETOCS MHOKECTBA BBIOMPAIOTCS TONBKO T€ TEKCTHI, KOTOpHIC
MPUHAAIEKAT UCKOMBIM HH(POpPMaHTaM, TO €CTh COOTBETCTBYIOT HabOpy Me-
TaNpPU3HAKOB: TOJI, TOJ POXKIEHHUSI, TOJl 3alKUCH, 00pa3oBaHUe. YKa3aHHE Me-
TaJlaHHBIX 00 MH(POPMAHTAX HE SBIETCS 00s3aTENbHBIM, IOATOMY B CIIydae
IPOIYCKa JaHHBIX KPUTEPUEB paccMaTpUBaeMas KOJUIEKLHs OCTaeTcs Heu3-
MeHHOM. [lanee copMupoBaHHAS KOJICKIHS (PUIBTPYETCS B COOTBETCTBHU
¢ BBIOpaHHBIMH TeMO# u/miu xaHpoM. CTOUT OTMETHTb, YTO JKaHPOBas pas-
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HOBHUJIHOCTh U TeMaTH4ecKas MPHHAJJICKHOCTh HE TPEOYIOT 003aTeIHHOTIO
3aroyiHeHUs. Ecnu monb3oBareh MPOMYyCTHI TAaHHBIE TOJIS, TO CPOPMHPO-
BaHHas TEKCTOBasl KOJUIEKLHMS Ha MpeablIylIuX Llarax OCTaeTcsl HeU3MEeH-
Hoi. HeoOxomuMo mog4epKHyTh, YTO TOJBKO PE3yJIbTUPYIOIIEee MHOXKECTBO
MaTepUaJiOB Y4acTBYET B JIEKCMKO-TPAMMATHUYECKOM IIOMCKE, IOMCKE 10
paccTosHIIO, Macke, TOUHBIM (popmam, paboTe co cloBapeM, TOKYMEHTaMH H
ayJuoMaTepuanaMu.

Br160op uanosiexTa, mo COBOKYMHOCTH CEMAaHTHUECKUX U CTHIIMCTHYECKUX
0COOEHHOCTEH Peur U TEKCTOB OTAEIHHOTO HOCUTEINS NaHHOTO SI3bIKa, OTpe-
JISJIEHHOTO MH(OpMaHTa OCYIIECTBISICTCS ClieayrommM odpazom. CHauana
HEOOXOOMMO BBIOpaTh TOBOP — JAHHBIM IIATr SBISETCS OOS3aTENBHBIM LIS
BBIITOJIHEHUS. 3aTEM MOJb30BaTeN0 OyIeT AOCTyINeH BbIOOp HH(pOpMaHTa U3
crucka. Ecnm 3ToT mar OyaeT mpomylneH, cucTeMa BBIBEACT HMpPEAyIpek-
Jaroriee cooOuieHue. B mporecce cocTaBIeHHS WAWONIEKTA IOJIb30BATEINb
MOJKET MPOCMOTPETh CBEIEHUSA O IuayiekToHocurene. [lomyueHHble cBele-
HUus 00 uH(popmaHTe OyAyT AOCTYNHBI TOJNBKO i yTeHud. [locie 3Toro
MO>KHO 33J1aTh TEMY W/UIIH JKaHpP TEKCTOB.

Janneni anroputm ObDT pa3paboTaH € WCIIONB30BAaHHEM BO3MOXKHOCTEH
LINQ u neneraroB Predicate<T>. [TocnemHue mo3BoNIIOT 00ECIICUUTh Oecriepe-
00itHy10 00pPabOTKY KaK 3aroJIHEHHBIX MoJeH (JOPMBI, TaK U MPOMYILIEHHBIX.

B xopmnyce nmeercs orpaHuueHus npu padote ¢ moakosuieKuusmu. Mc-
CJIEZIOBATENIb MOXKET 3aJaTh TOJBKO OJMH MOAKOPIYC U yAanuTh ero. Ilocie
CO3/1aHUs M0JIb30BATEIBCKOTO KOPIyca BCE MOMCKOBbIE MEXaHU3MBbI, CJIOBAPh
U TOKYMEHTBI C ayiuoMarepualaMu paboTaroT TOIbKO B ero pamkax. Chop-
MHPOBAHHBIN MOJIKOPITYC 3aKPEIUISIETCS 3a MOIb30BATEIEM TOJIBKO B TEUEHUE
onHON ceccuu. Eciin monp3oBaTenb BBILIENT U3 CUCTEMBI, TO CO3JaHHBIA UM
MOJIKOPITYC aBTOMAaTUYECKH yAaIUTCS.

IIpensioxxeHHbIE METOJ MOCTPOECHHUS KaCTOMHU3HPOBAHHBIX IMOJKOPIIYCOB
U ero peanu3anysi MOKeT OBbITh JIETKO MOAU(MHUITUPOBAHBI B cllydae H3MEHe-
HUS MHOXKECTBA KPUTEPHUEB COCTABJICHUS.
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Mporxo3upoBaHKe YacTHbIX NoKa3aTenei
WHJEeKCa aKTUBHOTO 0ONToneTns

CeeTtnaHa larapuHa’', lOpui larapumn?

" Kanyxckul eocyoapcmeeHHsiti yHusepcumem um. K.3. Ljuonkoeckozo, 2. Kanyaa, Poccus,
2Kanyxckut punuan MITY um. H.3. baymara, 2. Kanyaa, Poccus

IIpobiema crapeHusi HacelneHHUs SBIASETCS TNIOOAIBHBIM JeMorpagude-
CKUM BBI30BOM COBPEMEHHOI'O 3Tala pa3BUTHUS U XapaKTEpU3yeTCsl HOBbIILIe-
HUEM MEJMAaHHOIO BO3pacTa M YAEIbHOIO Beca JMI[ CTapIIMX BO3PACTHBIX
TpynI B 001Iei YNCIEHHOCTH HACeNIeH!sI, HE TOJBKO Pa3BUTHIX, HO M Pa3BH-
Baroluxcst cTpad [2]. B Hacrosiee BpeMs B 34 crpaHax mMupa oxupaemas
MPOIOJDKUTEILHOCTD JKU3HU cocTaBisieT 80 jer u 6onee [5].

Hna Poccuu xapaktepHbl MUPOBBIE Jemorpadudeckue TeHaeHuuu. Ilo
JaHHBIM oduIansHol ctaTcTUKU Ha | stHBaps 2020 rojga Kakaplid MATHINA
pOCCHUSHUH HaxoauTcs B Bo3pacte 60 yeT m Gonee (32806 Thic. 4en. WiH
22.4% wwurteneil cTpaHbl). YUCIEHHOCTh TaHHOW BO3PACTHOM IpYMIIBI 3a If-
TWIEeTHUM nepuon ysenuuunach Ha 3012 Teic. uen. wnu Ha 2.1%. Oxxunaemas
MPOIOJDKUTENBHOCTE XKU3HU 1pu poxkaeHnu B 2019 1. cocraBuna 73.34 rona
[4]. B 2T0ii CBS3M BaXKHBIM NPUOPUTETOM JUISI OPraHOB TOCYAAapCTBEHHOM
BJIACTH SIBJISIETCS pa3paboTKa M peanu3aiusl MOJIUTHKA aKTUBHOTO JIOJroJie-
tus B Poccuiickont @enepanuu.

s aHanmM3a 1 MOHUTOPHMHIA COLIMAIEHO-3KOHOMHYECKUX SIBIIEHUH U IIPO-
LIECCOB IIMPOKO HMCIIOJIb3YETCS WHAEKCHBI METOM, KOTOpPBIA oOecreunBaeT
KOMIUTEKCHBIN nogxon [2]. B pamkax EBpocoroza ¢ 2012 rona paccuutsiBaeT-
Csl MHJIEKC aKTUBHOTo Joiroserus. C Lenbio IpOBEICHUS] MEXXCTPAHOBBIX CO-
MOCTaBIICHUH, C yYETOM IOJIOKEHUI PYKOBOJICTBA MO M3MepeHuto MHaekca
AaKTUBHOTO JOJTOJIETHs, W3JaHHOTO TOJ 3rujoi EBpomneiickoit skoHOMHYe-
ckoit komuccuu OOH, B 2019 roxy ®enepanbHoii ciry>k00# TOCY1apCTBEHHON
CTaTUCTUKU pa3paboTaHa METOIUKa pacdeTa JaHHOro mHaekca B Poccum Ha
OCHOBE JIaHHBIX O(DUIMATBHON CTaTHCTHUECKON nHpopmaru [1].

AHanu3 TeKylled CUTyaluH IO pealn3aliy MOJIUTUKU aKTHBHOIO AO0JITO-
JIeTUS SIBIISIETCS OCHOBOM JIJIsI ONIPEeNICHUs TIEPCIIEKTUB Pa3BUTHS, TOCKOJBKY,
KaK M3BECTHO, YIIPaBJIEHUE Ha BCEX YPOBHAX TpeOyeT HAYIHOTO MPEIBHICHNUS
Ha OCHOBE COBPEMEHHBIX TEXHOJIOTHI, B Y4aCTHOCTH IIPOrHO3UPOBAHUSL.

" Uccnenosanus npoBeCHbI NpH (GUHAHCOBOM moaaepxkke Poccuiickoro ¢ouna dynma-
MEHTaNbHBIX nccaenoBanuii (mpoekt Ne 18-010-00672A).
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B nporHo3upoBaHUM 3KOHOMUYECKHX IOKa3aTeNeil MIMPOKO HCIOJb3Y-
IOTCS. METOABl MAaTEMaTHUYECKOM CTaTUCTUKM, HAIPUMEP PErpecCUOHHBIH
aHanmu3. Mcmons3oBaHre MeToaa HanMeHbIux kBaaparoB (MHK), mpu ore-
HUBAHUU MMApaMeTPOB (YHKIIMOHAIBHBIX 3aBHCUMOCTEH, MPEAIoIaraet, 9To
apryMeHThl SBJIAIOTCS J€TEPMUHUPOBAHHBIMH 3HadeHUAMH. [Ipu HaxoxIe-
HHUH OIICHOK ITapaMeTpoB (GPYHKIMH NMEETCSI PSA ITOAX0A0B, B KOTOPHIX YUH-
TBIBACTCSl CIyYaHHBIX XapaKTep apryMEHTOB (YKHIMOHAJIBHBIX 3aBUCHMO-
creif. [Ipu croxacTUYecKMX HMCXOIHBIX JaHHBIX OIEHHBAHHE MapaMETPOB
SKOHOMHUYECKHAX MOJIEJICH NpeiaraeTcsl OCyIIeCTBIATh METOJaMHU KOHQITIO-
SHTHOTO aHanmm3a [3].

MaTtemaTnueckasa mogenb

PaccmorpuM 3amady HaxoXKIEHHs MPOTHO3HBIX 3HAYEHUH MOJENH Clie-
JOyrouero Buna: y = a + bx. [Iporno3usie 3HaueHus1 OyAeM ONpeneisTh ABY-
Ms crocobaMu: B MEPBOM OIICHWBAaHUE MApaMETPOB d U b OCYIIECTBIIAETCS
TpanuuuoHHbIM MeTtooM — MHK, Bo BropoMm — BocCIONIb3yeMcsS METOAAMU
KOH(IFOOHTHOTO aHaW3a, T.e. OyJeM YYUTHIBaTh MOTPEITHOCTH X, y. Ilpm
TaKOM IOJIXOJIe MOJIENIb OLIEHUBAHHS MAapaMeTPOB JTMHEWHOU (QYyHKIIMHU UMe-
€T BUJ

y;=a+b§, +e, . —
B 1= sna
x;, =&, +9;

rae € U O; —OmMOKY 3HaYeHUH y; U X;; & — TOUHbIE (HEH3BECTHBIE) 3HA-

i
YEHHS X;.

[Ipn omneHMBaHNK MTApaMETPOB METOAAMH KOH(IIIOSHTHOTO aHAIN3a BBEIEM
TPEIITONIOKEHHE, YTO OMMOKA M3MEPeHHN € U O, SABIAIOTCS HOPMAJbHO pac-

MPEAEICHHBIMU CIIyYallHBIMM BEJTMUMHAMHU C HYJIEBBIMU CPEIHUMH 3HAUYCHUSI-
MH, C UCTIEPCHAMU o%( y;) R o’ (x;) u xo3ddurerTOM KOppemsmun p; =0 .
MuHUMH3MpYEeMBIi (DYHKIIMOHAI JJIs HAXOXKJIEHHs OIICHOK IapameTpoB
JIMHEITHON MOJIEJI NMEET BHUI
I —a—bxi)z
2i56% (y,)+b%" (x) .

HensBectHble 3HaYeHNA &; ompenemnstoTcs GopMynon

_ o® (3,)x +bo” (x,)(y, —a) '

ST R ()b ()
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B kadecTBe MCXOIHBIX HaHHBIX UCIIONB3yeM O(GHUIMATBHYIO CTaTUCTHYC-
CKy10 MHGOPMAIHIO O AMHAMUKE YPOBHS 3aHSATOCTH HACEICHHs B BO3pacTe
ot 60 o 64 ner 3a mepuoa 2013—-2018 rr. [6]. B Tabn. 1 npuBeaeHs UCxo1-
HBIC W pacueTHble naHHBIC. CTonben 1 COOTBETCTBYET MOPSAKOMY HOMEPY
rojia uCcIeyeMoro nepuoa (mepeMeHHast x ), CTONI0eI] 2 — YPOBHIO 3aHSATO-
CTH HaceJieHus (mepeMeHHas ) ), cToyioen 3 — 3Ha4eHUs ) , MONydYeHHBIS

MHK, cronben 4 — 3HaueHUs] y , MOJyYCHHBIE METOJAMH KOH(IIIOIHTHOTO

aHaIMn3a.
Tabnuna 1
HcxomaHble 1 pacyeTHbIE JaHHBIE
wovenropm (1) | nacencwn % (o) | ¥ MHK |y - sou awams
1 2 3 4
1 35 3.56 3.52
2 3.7 3.69 3.67
3 3.9 3.82 3.82
4 4.0 3.95 3.97
5 4.0 4.08 4.12
6 4.2 4.2 4.27

Orenku napamerpos, noiayueHusie MHK, naroT BO3MOKHOCTD HONYYUTh
clieflytoliee ypaBHeHHUE:

y=3,43+0.13x .

3HaueHUs y , BBIYHMCICHHBIC METOJAMH KOH(IIOSHTHOTO aHAIN3a, IpH-
BesieHb! B Ta01. 1 (cronbert 4). YpaBHeHUE NPsIMOil UMeeT BUJ
y=3,37+0.15x.

B Tabn. 2 npuBeneHbl NPOTrHO3HBIE 3HAUEHHS YPOBHS 3aHATOCTH Hacee-
HUS Ha TIOCJICYOIUE JIBA TO/Ia.

Tabnuma 2

IIporno3Hsble 3HAYEeHUS YPOBHS 3aHATOCTH HAacCeJeHHs

INopsinkoBblit HOMep roza (X ) y —MHK y —KoH(}. aHaU3
7 4.33 4.43
8 4.46 4.58
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3aKknuyeHune

B naHHOM HcceoBaHUU C LI€IbIO BBIABIECHUS IPEUMYILIECTB yUeTa CiIy-
YaifHOTO XapakTepa UCXOAHOW MH(POpPMALKU NPU NPOTHOZUPOBAHUU OIHOIO
W3 YaCTHBIX TIOKa3aTelel HHIAEKCa aKTUBHOTO JOJTOJIETHUS Ha TIpUMepe Mpo-
CTeHIel JIMHEHHONW MOJENH TMPEUIOKEH CIOCO0 OIICHWBAaHUS IMapaMeTpoB,
KOTOpBIA OasmpyeTcs Ha METOHaX KOH(MIIOIHTHOTO aHaW3a W IO3BOJIIET
YUUTBHIBaTh HEONPEAETICHHOCTh 3HAYeHWH (YHKUMH M apryMeHTOB IIpHU
MOJIYYCHUN HCCMCHICHHLIX OLICHOK IapaMETpOB (I)yHKHI/IOHaJ'H)HI)IX 3aBHUCH-
MOCTEH.

He BbI3BIBaET TpyAHOCTEH HCIOJIB30BAHUE IMPEIOKEHHOTO METOMA MpH
peUICHUN 3a1a4v, CBA3aHHBIX C MNPOTrHO3MPOBAHUEM COLHUAIBHO-OKOHOMHUYC-
CKUX IIOKa3aTelei, a MMEHHO 4YacTHBIX IOKa3aTeslell MHJIEKCa aKTHBHOIO
JIONITOJIETHS], @ yYeT HEONpeAeNeHHOCTH 3HaueHUil (QyHKUMHA U apryMEeHTOB
CrocoOCTBYeT MOBBIIIEHUIO KaueCTBa IIPOrHO3a.

B nmanpHeleM mpearnoiaraeTcsi MocTpoeHue MHOTO(AaKTOPHOW MOJeNn
10 BCEM MHIMKATOPaM, BXOJSIIUM B UHTETpaJbHBIA MHAEKC aKTUBHOT'O J10JI-
roJIeTHUsI.
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PeweHune 3apaumn pacnosHaBaHua o6pazos
npu nomoLuy anroputma ruépupHoii CMM-Heiipocetn

CrenaH N'mnuH

Cubupckuli pedepaneHelli yHusepcumem, 2. KpacHospck, Poccus.

Pemraercst wacTHBIN citydail 3amaum pacmo3HaBaHUS 00pa3oB — 3amada
pacrio3HaBaHHs CJIOB B ayauo3anucsax. Pa3paboTka cucreM pacrio3HaBaHHS
peuu SBISIETCS OJHUM M3 CAMBIX aKTYaJlbHBIX M BOCTPEOOBAHHBIX HAIpaBiie-
HHIT B oOiacTn HNCKYCCTBEHHOI'0O MHTEJIJICKTA, MAILIMHHOI'O O6yquHﬂ Hn aHa-
nu3a JaHHBIX. Ha maHHBIA MOMEHT CyIIECTBYIOIIME TEXHOJOTHHU paclo3Ha-
BaHUA PCYUX MO3BOJIWJIN YIPOCTUTH ITOUCK I/IH(I)OpMaHI/II/I B 0Oasax JaHHBIX
(MM TOMCKOBBIX CHUCTEMax) C TIOMOIIBIO TOJIOCOBBIX 3allPOCOB M YIIpaBlie-
HUE Pa3INYHBIMH TEXHUYECKUMHU MPUCTIOCOOJICHUAMHU C MOMOIUIBIO TOJOCO-
BBIX Ha0OpOB KoMaH[. Takxke OHU CIIOCOOCTBOBANIU TOSBJICHUIO CUCTEM HH-
TEPaKTUBHOI'O PEYEBOr0 CaMOOOCITY>KMBaHUS, MPUIOKEHUH UId JUKTOBKU
TEKCTOB, MCKYCCTBEHHBIX IOMOIIHHKOB Ha MOOWJIBHBIX YCTpPOMCTBax, OH-
JTalH-KOHCYJIFTAHTOB Ha wWeb-caliTax M 10 MHOTHM APYTHM HaIpaBICHHIM
IT-TexHOMOTHIA.

[Ipemraraercss coOCTBeHHBIM anroputMm TrubpumHoi CMM-Helpocertn,
MIPENICTABIISIONINA COO0H CHHTE3 alrOPUTMOB CKPBITOM MapKOBCKOM MOJIEIN
Y HEWpOHHOU ceTH. J[aHHBIN aNrOpUTM MPUMEHSETCS ISl PEIICHUs 3aJa4u
pacrio3HaBaHUs CJIOB B ayAuO3amlHCAX. Tarkke Cco3llaH MPOrpaMMHBIH MoO-
IyJib, peTM3YIONINKA paboTy MPeI0KEHHOTo alroputMa rudopuanoin CMM-
HeilpoceTu.

MaremaTnyeckas nocraHoBKa 3afjaum
®DopMyIHMpoBKa 33JaYl paclo3HaBaHUsI 00Pa30B BBITTIAAHUT CIIEIYOIINM
00pa3oM: HMEETCsl MHOXKECTBO OOBEKTOB X ={X,..,x,}, [Ie x:xeX -
00BeKT pacno3HaBanus. Toraa g(x): X —> M, M ={l,...,m} — uHAAKaTOpHAS

¢yHKIUS, pa3duBaromas MPOCTPaHCTBO 0Opa3oB X Ha m HeEHepeceKaro-
muxcs kiaccoB. MannkaTtopHas QpyHKITUS HEU3BECTHA.
[Tycte F — NpOCTpaHCTBO MPU3HAKOB, GyHKIMS f(x):F — X CTaBUT B

COOTBETCTBUE KaXKIOMY 00BEKTy X; € X TouKy f(x). Bektop f(x) Ha3bIBa-
eTcst 00pazoM 00bekTa x € X . B mpocTpaHcTBe 00pa3oB MPU3HAKOB OIpeie-
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JICHbI HEIICPCCCKAONIUECA MHOKECTBA TOUYCK Ki € F,i = l,m , COOTBECTCT-

BYIOIITHE 00pa3aM OJHOTO Kilacca.
Oynkmust g(f): F — M Ha3pIBaeTCsl PEUIaoNUM MPABHUIOM, OHO TIPEe.l-

cTaBlsieT coOOi oOueHKy i g(x) Ha OCHOBaHMU f(X), TO €CTb
g8(f)=g(f(x)).

Iyers f; = f(x;),) = LN, - JoctymnHas nHpopMmausa o QyHKIUIX f(x)
u g(x), HO camu 3TH (QyHKIMKA Hew3BecTHHI. Tornma (g ;»f;) — ecTb MHOXe-

CTBO IPELEACHTOB.
TpebyeTcst TOCTPOUTH Takoe perlaroniee npaBuwio g(f), 4ToObl pacto-

3HaBaHMUE U KiIacCU(UKAIMS NPOBOAMWIOCH C MUHHUMAIbHBIM YHUCIOM OIIH-
O0K.

3amaya pacmo3HABaHUS PEUH SBIIETCS YAaCTHBIM CIIydaeM TaKHX 3ajad,
KaK paclo3HaBaHHe 00pa3oB, KiacCH(pHUKALNUI U MallHHHOE o0y4eHue. B te-
Kyle pabore paccMaTpuBaeTcsl MPAKTUUECKUH MpHMEp 3aJadd paclo3Ha-
BaHMS PEUH — 33/1a9a PACIIO3HABAHUS CJIOB B ayIHO3AIICAX.

CJ0XKHOCTB 3TOH 3a/1a4u 00YCIIOBJICHA MHOT00OPa3HeM BO3MOXKHEBIX Op-
(hosnMUECKUX, JIEKCUIECKUX U HEOOJNBIINX MHTOHALMOHHBIX OTIMYUHA peuu
IUTSL KQJKIOTO YeJIOBEKa.

B Hacrosimee BpeMsi paclo3HAaBaHWE PEUM CBOIHUTCS K PEIICHHIO TPEX
THUIIOB 3a/]au:

1. Pacnio3HaBaHuE OTAEIBHO IIPOU3HOCUMBIX CIIOB;

2. Pacrio3naBanue CTUTHON peun;

3. Unentudukanus mo odopasiy pedu.

B pabote pemraeTrcs 3amada pacro3HaBaHUSI CIMTHON peuu ¢ pas/eieHu-
eM (aiina Ha OTAeIbHEIC CIIOBA. B MocTaBIeHHOH 3a/1aun pacio3HaBaHUS pe-
YH B KAYeCTBE MHOXECTBA OOBEKTOB BEICTYINAIOT CIIOBA, 3allMCAaHHBIC Ha
JTUKTO(OH B ayauodaiiinax.

Takum oOpa3zoMm, HMeeTcsd MHOKECTBO ClOB X = {x,,...,x,}, TA€ X ;€ X -

CJIOBO, KOTOPOE HEOOXO0AUMO PacIo3HATh.
Kak yxe 65110 cKa3aHO paHee, KakIAoMy 00bEKTy X; € X' CTAaBUTCS B CO-

1 22
OTBETCTBUE BEKTOp f(x;)=(f;,f; ,...,f_/.") — DJIEMEHT BEKTOPHOI'O Mpo-

CTpPAHCTBA.
OyHKIMA f(x) BBIpaXKaeT KAYeCTBO PEYEBOr0 CHUTHAJA, BHIPAKEHHOE B

KOJIMYECTBE UCKAXEHUH U IIOMeEX, a TaKXKe HHTEHCUBHOCTb, aMIUIUTYy, dac-
ToTy M T.1. JaHHas QyHKUus mpencraBisieT co0oil (pOpMaNbHYIO 3alHCh
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(peiiMoB, U3 KOTOPBIX COCTOMT ayuodaiin, T.e. x; = {f;}i_"N ~ {f,1 ,...,f_iN} ,

rae x; —j-i dpeiim daiina.

OpeiiM — CTpyKTypa, CoAep Kamiasi OlMcaHnue 00beKTa B BUJE aTpHOyTOB
W VX 3HA4YCHUN.

B kauectBe 3HaueHuil (peiimMa UCIOIB3YIOTCS 3JIEMEHThl TPOMKOCTU U
4acTOTHI OTPe3Ka 3BYKOBOTO (aiina.

MeToAbl pacno3HaBaHNA peun

J1st Hamedl 3amayM pacro3HaBaHHUS CIIOB B aylHO3aIMCAX B KauecTBE
MHO>KECTBAa 00BEKTOB OepyTCs 3alMCaHHbIC Ha JUKTOPOH ayauodhaiiib.

OCHOBY CO3/IaHUST CUCTEM PACIIO3HABAHHS PEUU COCTABIISIOT METOBI, KO-
TOpBIE Pa3JeNAOT U OMUCHIBAIOT KJAcChl 00pa30B, TIE KIIAcC OMHCHIBACTCS
CITUCKOM BXOJAIIMX B HETO WICHOB, a CUCTEMA PAaCIlO3HABaHHS MOXeT 0a3u-
pOBaThCs HA MPUHIIUITEC PUHAIICKHOCTH K CITUCKY KiaccoB. Kiacc omuchi-
BAaeTCI HEKUMHU OOIIMMH CBOMCTBAMHM, CBOHCTBEHHBIMH BCEM €r0 UJICHAM.
Cucrema 0Oa3upyeTcs Ha MPHUHIUIE OOIIHOCTH CBOWCTB. Eciu mpu aHammse
KJlacca OOHapyXHMBAeTCsA TCHICHIMS K (OPMHUPOBAHHIO KOHEYHOUM TPYIIIIBI
00BEKTOB, KOTOPBIe 00pPa3yIOT KOMIAKTHYIO 00JIaCTh B MPOCTPAHCTBE 00pa-
30B, TO CHCTEMa OCHOBBIBAETCS Ha MPHUHIIUIIE KJIACTEPU3AIUH.

Ha naHHBIII MOMEHT CYIIECTBYET IMPOKUN CIIEKTP METOJIOB paclio3HaBa-
HUS pedd. MHOXECTBO aBTOPOB Pa3/EsSIOT METOJbI HA MapaMeTPHUECKHE,
HeTapaMeTpUYecKre 1 SBPUCTUYECKHE.

IBpucTHYeckue MeToabl. OCHOBOH 3BPUCTHYECKOTO TIOAXO0JIA SIBIIICTCS
HWHTYHUIUS ¥ TIOJYYCHHBIA OIBIT, B HEM HCIIOJIb3YIOTCSI OCHOBBI TIepeUncIie-
HUSA YIEHOB Kjiacca U OOIMHOCTH CBOMCTB. OCHOBHBIM METOIOM HJAHHOI'O
KJ1acca SBJISETCS IePCENTPOH.

MartemaTHyeckue MeToAbl. B OCHOBY MaTeMaTHUYeCKOro IMojaxoja Io-
JIOKEHBI MpaBuiia Kiaccu(ukanuu, KOTopsle (GOpMYyIUPYIOTCS C IOMOIIBIO
MPUHITUTIOB OOIHOCTH CBOWMCTB WM KiacTepusauuu. [Ipumepamu sTol Kiac-
CU(DUKAIIMHA MOTYT MOCTYXHUTh CJICIYIONTHE METOIBI:

1. MeTox ITMHEHHOIO aHAIN3A.

2. Merox noxobus.

3. MeToa TUCKPUMUHAHTHBIX (DYHKIIHH.

CTpykTypHBIE MeTOABI. J/[aHHBIE METOBI OCHOBBIBAIOTCS HA UCIIOJIB30-
BaHUU CIICLIUAJIBHBIX FpaMMaTI/IK HpOI/I3BOI[$[HlI/IX SI3BIKOB, C IIOMOIIBIO KOTO-
PBIX MOXHO OIHCBHIBATH COBOKYITHOCTh CBOHCTB OOBEKTOB, KOTOPBIC PacIIo-
3HarTCA. K CTPYKTYpHBIM METOJIaM OTHOCSITCS CIICYIONIUE METOIbI:

1. CKpbITbIE MAPKOBCKHE MOJIEINH.
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2. Heiipocern.

3. MeTo miaBaromiero oKHa.

B nanHO# paboTe ObUIH paccMOTpeHBI HanOoJjee MomyJsapHble U 3 hek-
TUBHBIC METOJIBI, @ UMEHHO CKPBIThIE MAPKOBCKHE MOJIEIIH H HEHPOCETH.

JTansbl pelleHHs 3aa4i pacno3HaBaHusA 00pa3oB. 3ajaya pacro3Ha-
BaHMS PEUM SBISAETCS YACTHBIM CIIydacM TaKHX 3371ad, KaK Pacro3HaBaHUE
00pa3oB, KiIaccu(pUKaIys ¥ MalllHHHOE 00yJeHHeE.

[epeuncnum OCHOBHBIC STAIlbl PELICHUS 3a/1a4d PACIO3HABAHUS PEUH —
BBISIBIIEHHE 00BEKTOB HEKOTOPBIX 33/IaHHBIX KJIACCOB Ha ayanodaiiiax:

1. Peanm3anusi CAMTHIBAHUS PEUH IS TOTYICHUS BXOIHBIX TAHHBIX.

2. O1neHKa KauecTBa PeueBOro CHIHANA.

3. AKycTuyeckas afanTanus.

4. Beigenenne y4acTka, COAEp Kalero pedb, ¥ OIeHKa TapaMeTpoB PedH.

5. HaxoxxaeHue COOTBETCTBUS MEXKIY IMPOMEKYTKAMH 3BYKOBOTO CHTHA-
Ja ¥ OKHAMH STaJOHHBIX CJIOB.

6. IToctynnenue npoMeKyTKOB 3BYKOBOI'O CUTHANA B JEKOJEP.

7. BeiBoq pe3ynbTaTa penieHus 3aaqu.

M6pungHas CMM-HelipoceTb

PaccMoTpum npakTHyecKuil mpuMep 3aaYi pacio3HABAHUS peur — 3a/1auy
pacrio3HaBaHus CJIOB B ayauo3anucsax. B mpouecce pemenus qaHHOH 3agadu
OBUT MPETOKEH alropuT™ rudpuaHoii CMM-HelpoceTH, KOTOPBIH OCTPOSH
Ha OCHOBE HEHpOHHBIX ceTeil 1 CKphIThIX MapkoBckuX Mogerneit.

HckyccrBennas Heliponnas cetb (MHC) — aTo maTemMaTudeckas MOJEIb,
a TaKKe YCTPOWCTBA MAapaJUICIIbHBIX BBIYUCICHUM, MPEICTABIAIONINE OO0
CHUCTEMY COEIMHEHHBIX M B3aUMOJCHCTBYIOIIUX MEXIy €000 MpOCTHIX
IPOLECCOPOB (MCKYCCTBEHHBIX HEHPOHOB).

HNHC mnpencraBisier co00i CHCTEMY COSITUHEHHBIX W B3aUMOJICHCTBYIO-
OIMX MEXKAY COOOH MPOCTHIX IMPOIECCOPOB (MCKYCCTBEHHBIX HEHPOHOB).
Taxue mporeccopsl 0OBIYHO AOBOJBHO MPOCTHI (OCOOEHHO B CPaBHEHHHU C
poIieccopaMu, UCTIONb3yEMBIMH B TIEPCOHATBHBIX KOMIIbIOTEpax). Kaxkaprit
MPOIIECCOp TMOMOOHOI CeTH MMEeT AET0 TOJIBKO C CUTHAIAMH, KOTOPBIE OH
MEPUOJUYECKH TOJIy4aeT, U CUTHAIAMH, KOTOPbIE OH MEPHUOJUYECKH IMOCHI-
JaeT ApyruM mporeccopaM. U tem He MeHee Oyaydun cOCOTMHEHHBIMU B JOC-
TaTOYHO OONBIIYIO CETh C YNPaBISIEMBIM B3aUMOJCHCTBHEM TaKHE IO OT-
JIEJIbHOCTU MPOCThIE MPOLIECCOPHl BMECTE CHOCOOHBI BBIMOJIHATH TOBOJIBHO
CJIO>KHBIE 33Ja4U.

CkpeiTasi MmapkoBckast moaens (CMM) — cratuctudeckas MOJIENb, UMHU-
TUpylolIas padoTy mpolecca, MOXOXKEr0 Ha MapKOBCKUN MPOLIECC C HEU3-
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BECTHBIMHU TapaMeTpaMH, W 3aJadeii CTaBUTCS pa3raibIBAaHUC HEH3BECTHBIX
apaMeTpOB HA OCHOBE HAOJII0JaeMBIX.

MapkoBCKui TIpoLiecc — CIyYaiHbIN MTPOLIECC, IBOJIONNS KOTOPOTO Tocie
Tr000T0 33JaHHOTO 3HAYCHHUS BPEMEHHOTO IapaMeTpa ! He 3aBHCHUT OT JBO-
JIOLMH, MIPEIISCTBOBABILEH ¢, IPU YCIOBHUHU, YTO 3HAYEHHUE MPOIIecca B STOT
MOMEHT (PMKCHPOBAHO.

O0603Ha4nM MONTHBIA Habop mapameTpoB CMM kak O =(n, 4,B), Tne A —

MaTpula NEPEXOAHBIX BEPOSTHOCTEH, B — MaTpulla BEpOSTHOCTEN N Ha-
OJIIO/IeHNS BRIXOIHBIX 3HAYCHUH, T — BEKTOP BEPOATHOCTEH HAYaIbHBIX CO-
CTOSTHHM.

B namem ciyudae MBI aHATIH3UPYEM pedb, IPeoOpa3oBhIBas €€ B ogodue
CXeM, WM Habopa CHMBOJIOB ajipaBuTa ¢ momonisto CMM juis ganpHeuero
pacro3HaBaHUsl HEUPOCETHIO.

IIpu oneHke pacHO3HaHHBIX CIOB 3BYKOBOrO (paiina B paboTe HCHONB3Y-
ercst metpuka WER (World Error Rate).

Beraucnsiercs WER 1o ciienyroniei hopmyie:

WER:M, (1)
N

rae S — KOJMYeCTBO 3aMeH PpeiiMoB; D — KOJMYECTBO yAaleHUH (HpeliMoB;
1 — Konu4yecTBO BCTaBOK (peiMoB; N — KOJIMYECTBO CIIOB.

Aaroputm rudpuanoii CMM-HelipoceTn AJs pelleHds 3aJa4u pac-
MO3HABAHHS CJIOB B Ay AH03aNUCHX:

1. Yepes ycTpoiCTBO 3alIUCH peur MPUIIOKEHUE TOTy4YaeT 0OBEKT pacmo-
3HaBaHU.

2. ITpor3BoIUTCS BBIYHCIICHHE YPOBHS TIOMEX M UCKaXXKEHWH B ayanodaiiie.

3. BrinonHsieTcs BbIAETIEHHE Y4acTKa, COJAEpXKAallero peyb, pa3OMBKa Ha
OTACJIbHBIC CJIOBA IPU NOMOIIHN IMTPOMEKYTKOB TUIINHBI.

4. HauunaeTrcs olLeHMBaHHE MNApaMETPOB IOJIYYEHHBIX IPOMEKYTKOB
3BYKO3aIUCH.

5. BeinmonHseTcst mpeodpa3zoBaHre 3BYKOBBIX MPOMEKYTKOB B CUMBOIIb-
HBIE CXEMEI ¢ rTomomsio CMM.

6. IIpousBoaUTCA AEKOAMHI MOJIYUYEHHBIX CXEM C MTOMOIIBIO 00YyYEHHOTO
aJIrOpUTMa HEMPOCETH.

7. JAnd NpoBEpKU IPAaBUIBHOCTH Paclio3HaBaHMs UCIOJb3YEeTCsS METpUKa
WER 1111 011eHKM NpaBUIBHOCTH PACIO3HABAHMUS CJIOB.

8. Eciin myHKT 7 He AaeT kenaeMoro pe3yibTara, TO MPOMEXYTKH BO3-
BpAIIAlOTCs K MYHKTY 5.
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B mporiecce pereHus MpakTHYECKON 3aa4qy CO3JaHo IPOrpaMMHOe obec-
nedeHre Ha sa3bike C#, B KOTOPOM peajm3oBaHa paboTa MeToja THOpUIHON
CMM-neiipocetu. [IporpamMmmuaoe obecriedeHre nMpeTHa3HaueHo IS PEIICHUs
MPAKTHIECKOH 3aJ]a4y PACIIO3HABAHUS PEUH, 8 IMEHHO 33/Ia9U PacIO3HABaHHS
CJIOB B aynuozanucsax. Ha Bxon nporpamMmel nojpaercst ayanodaidn, a Ha BBIXO-
JIe BBIJIACTCS] TEKCTOBBIN (DAl MIIM TEKCT BEIBOAMUTCS HA SKPaH.

[Ipu omenke 00BEMHOCTH 3amadd MOTPEOOBANIOCH COOpaTh COOTBETCT-
BYIOIIYIO0 00y4aroIyto BEIOOPKY. OOBEM JaHHBIX OBLI B3AT W3 MOMYJISPHOU
Buzeomtatdopmel YouTube. [Ipu oTbope cnmkepoB MCIOIB30BATNCH HOBO-
CTHBIC U 00pa30BaTeIbHBIEC BUICO, KOTOPBIE MBI IPEOOPa30BBIBANN B (POpPMAT
ayJmo.

KomnuectBo kimaccoB cocraBmio 300 equnuil, T.e. 300 pa3IMYHBIX CIIOB,
T'JIe HCIOB30BAJIOCH TI0 8 BAPHAHTOB 3BYyYaHUS KOKIOTO CIIOBA.

Hroro o6bem BeiOOpKHU coctaBmi 2400 cno B 120 aymuozanucsx. Jlns
MPOCTOTHI U OBICTPOTHI 00yUYEHHsI B OJTHOW ayAMO03alKCH MOIaBaIiCh CIIOBO-
coueTaHus U3 2—5 cioB. [l MOBBIIIEHUS KauecTBa paclo3HaBaHUsI KaX10e
CIIOBO OOydJaromield BEIOOPKH 3alACHIBAIOCH B «HETOPOILUIMBOW» CKOPOCTH
MIPOU3HOIIEHHUS.

B kauecTBe HMCXOAHBIX IAHHBIX HCIIONB3YIOTCS ayIHO3AMICH OIHOTO
HaubOoJiee pacnpoctpaneHHoro gopmara: WAV. JlaHHbI (opMaT OBLIT BBI-
OpaH, Tak KaK B HEM HCIOIb3yeTCs, KaK MPaBUIIO, KOAUPOBKA Il XpaHEHUs
HEC)KATOT'O 3BYKa B MMITYJIbCHO-KOJIOBOW MOIYJISIIUH, YTO TTO3BOJIACT TIONY-
4aTh 00Jiee YUCTHIN 3BYK I JajdbHEUIIeH 00pabOTKH.

Hua ynoOHOCTH paboThl anropuTMa HCHOJB3YeTCs OrpaHHMuYeHHE Ha 3a-
MUCh ayauodaiiina, KOTOPOe COCTABIISICT 3 MUHYTHI.

3amuch, Kak ¥ B OOBIYHBIX TUKTO(POHAX WIH JPYTUX MOPTATHBHBIX YCT-
pOMCTBaxX, BEAETCSA B pEKUME MOHO. B 1aHHOM cilydae cTepeo IIOXO MOAX0-
JIUT, TaK KaK M3-32 pa30MBKU Ha KaHAIbl 3ByKa — yXY/IIAETCs BOCIPHITHE
3aIMCH MAIITUHOM.

Jlis1 Gonee BBICOKOTO KauecTBa 3alMCH MCIOJIBL30BAICS OUTpeHT 128 KOHT/C
Y BBIIIE.

butpelT — 3T0 YKCIIO OUT MM KOJIUYECTBO JaHHBIX, KOTOphIe 00pabda-
TBIBAIOTCS B TEUCHHUE OTIPEICIICHHOTO IEPHOIa BPEMEHH.

EavHCTBEHHBIM MHHYCOM BBICOKOTO OHMTpeiTa siBisieTcss OONbIIONW pas-
Mmep ayanodaiiios. [ToaToMy Hociie CYUTHIBAHUS U 3alIMCH JaHHBIX IPU 00Y-
YeHUH alroputMa — (ailll yaaisics ¢ yCTpoicTBa.

B pabote ObL1 BHINOJIHEH CPABHUTENIBHBINA aHAJIH3 Pa3pabOTaHHOTO ajro-
pUTMa pacro3HABaHUS W JIBYX MOIYJSPHBIX MPHIIOKEHUH pacro3HaBaHUS
peud TO CIEAYIONMM XapaKTePHCTHKAM: CKOPOCTh PAaCIIO3HABAHUS, TOY-
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HOCTb pacro3HaBaHUsl, KOJMYECTBO JOKHBIX MOJIOKUTENBHBIX U JIOXKHBIX OT-
pHULaTeIbHBIX CpadaThIBaHMi (T.H. OIIMOOK MEPBOTO U BTOPOTO POJIA).

s BEMHUCIATENHFHOTO SKCIEPUMEHTa OBUIH BBIOpAHBI CaMble MOITYJIIp-
HBIC pa3pabOTaHHBIC MPUIOKEHHS ¢ MHCTPYMEHTAMHU PACIO3HABAHUS PEUH.
Yandex SpeechKit siBisieTcsi caMbIM TOYHBIM TPUIIOKEHUEM JJIs1 paclo3Ha-
BaHMA pycckoil peun. B Hacrosmee Bpems Google cunTaeTcs caMbIM TOIy-
JISIPHBIM MHTEPHET-NIOUCKOBUKOM B Mupe. Takke y HHX €CThb CBOS BEpcus
1aThOPMBI TOJIOCOBOTO BBOJA, HO B PYCCKOM pedH OH IMOKa3bIBaeT ceds ¢
IIPOHUTPHIBAIOIIEH CTOPOHEI 1O cpaBHeHMIO ¢ Yandex SpeechKit. Otu dakro-
PHI TIOBNUSUIN HA PEIICHHE B3STh U1 CPABHEHHSI 00€ 3TH TUIATPOPMBL

BoruncauTenbHbI 3KCIEPUMEHT MPOU3BOAMIICS MPU OJMHAKOBBIX YCIIO-
BUAX JJIS1 KaXKIOTO MPOrpaMMHOI0 MOAYJsS. B Kaxaplit MOIyNb 110AaBalloCh
1no 50 oAMHAKOBBIX ayAMO3alMCced, KaKIOe CJIOBO YK€ HaXOAWIOCh Cpenu
oOyuvaromeit BbIOOpKH pa3paboTaHHOro Monyis. IIpousBoaunuce 3amepbl
CKOPOCTH PabOTHl MPUIIOKCHUHN, KOJIMYECTBA OMIMOOK MEPBOTO U BTOPOTO
polla, KOJMYECTBa BEPHO PaCIIO3HAHHBIX CJIOB U3 Habopa B 200 cIioB.

Yandex SpeechKit mo3BomnsieT pacio3HaTh WIN 03BYYUTH JFO0OH TEKCT Ha
HECKOJIBKUX si3bIKax. CTPyKTypa cepBUCa CIIPOEKTUPOBaHA C YYETOM BBICO-
KHUX Harpy3ok, 4ToObl 00ecreynBaTh JOCTYITHOCTh M 0€30TKa3HyI padoTy
CHCTEMBI Ja)ke TpH OONBIIOM KOJIUYECTBE OJHOBPEMEHHBIX OOpaIICHHH.
CepBuc paboTaeT ¢ ay[u0 U TEKCTaMH Ha TPEX A3bIKax: PyCCKOM, aHTIMH-
CKOM H TyPELKOM.

Gboard sBrsieTcst SKpaHHOU KIIaBHATypoH, cozmanHoi Google mis yct-
porictB noz ynpasienueM Android u i0S. GBoard coueraet B cebe Hempe-
PBIBHBIN BBOJ, MOMCK (oogle, TOIOCOBYIO IWKTOBKY M MHOTHE ApYTrHe
¢yukmun. [omocoBasi IUKTOBKA 3aHMMAET OTHOCHUTEIHHO MHOTO BPEMEHH,
TaK Kak MPUIOKEHUE MHOT033JauHO U HE COCPEIOTOUEHO TOJIBKO Ha pacIo-
3HABaHWUU PEUU.

Vcxons u3 pe3ynabTaToB CpaBHEHUS, MOKHO cAeNaTh BbBoX, uTo Gboard
yCTYyMaeT B CKOPOCTU PaclO3HaBaHUsI OCTaBIIMMCA JBYM JITOPUTMaM, a TaK-
€ BEPOSATHOCTH MOSBJICHUE OLIMOOK paclo3HABaHMS BBIIIE. ITO 00YCIaBIU-
BACTCSI MHOTO033aYHOCTBIO MPWIOXKEHWS M TEM, YTO TPHIOKEHWE HE Ha-
CTPOEHO Ha KOHKPETHO PYCCKOSA3BIYHYIO ayIUTOPUIO. AOGCOIIOTHBIM JILAEPOM
spasiercst Yandex SpeechKit, Tak kak mpu KakI0M HCIIOIb30BaHIUH MOIYJISI OH
HeTpepbIBHO 00ydaeTcst. CTOUT OTMETHTH, UTO JUISl YBEJIMUYCHHS IOKa3aTeen
rubpuaaoit CMM-HelpoceTH B JajbHEHINEH TOMIepKKe MOy TpeOyercs
YBEITUUUTh 00YYaIOLIYI0 BBIOOPKY, O0YYHB alrOPUTM OOJIbLIEMY KOJIUYECTBY
K1accoB. B panbpHeleM Taxke INIaHUPYETCS Pealn30BaTh alllOPUTM HeEIpe-
PBIBHOTO OOYUYCHUS IIPU UCTIONB30BAaHUH POTPAMMHOTO MOJTYJISL.
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3aKknuyeHune

Paccmotpena mpoOiema pacto3HaBaHUS CIOB B ayAWO3aMUCH. DTO YacT-
HBI cily4ail pacro3HaBaHud 00pa3oB. Bbuid omucaHbl METOABI peEIICHUs
aToi mpobnemsl. [IporpamMmmHoe npuiokeHue paspaboTaHo Ha si3bike CH#, B
KOTOpPOM peain3oBaHa pabora nByx Hambosiee 3(PQPEKTUBHBIX aITOPUTMOB
pacmno3HaBaHUs pPeUd: HEMPOHHBIX CETEH M CKPBITHIX MAPKOBCKHX MOJEIEH.
Pemena npaktudeckas 3ajaya pacro3HaBaHMS CJIOB B ayJIMO3AMUCAX U MPO-
BEJIEH aHaJIu3 Pe3ysIbTaToB.
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Heuétkuin ananu3 GpopmanbHbIX NOHATUN:
MeTof OL-ceYeHus

Banepwi lNonbiwes, Japba CemeHoBa

Cubupckuli pedepaneHeili yHusepcumem, 2. KpacHospck, Poccus

WHTenmnekTyanbHeI aHaTN3 TaHHBIX HAIlelIeH Ha BBISBICHHC, aHAU3 U
OIHCaHWE TOHATHUH, B3aMMOCBSI3EH MEXAy HHMH, a TaKXKe OTPaHWYCHUH,
KOTOPBIM OHH JTOJDKHBI YIOBICTBOPATh. B Takux 3amauax u3ydaemas mpej-
MeTHas 00JacTh, KaK MPaBUJIO, OMMCHIBAETCS O0BEKTHO-IIPU3HAKOBOM Tad-
TUIel, B KOTOPOH KaXKIbI CTONOEI] COOTBETCTBYET HEKOTOPOMY MPHU3HAKY,
a Kaxxaasl CTpOKa ompejieNiieT MPU3HAKOBOE ONMUCaHWE OTAEIHLHOrO0 00beK-
Ta. B cnyuae mpencraBieHUs 0OBEKTHO-TIPU3HAKOBOW TaOJIMIIBI B BHJE
O,I-ManI/IHI)I MOMOIHBIM HHCTPYMCHTOM JIsI U3BJICYCHUSA 3HAHUN SIBISIETCS
aHamu3 opmanbHbix noHatui (ADII, anrn. Formal Concept Analysis),
KOTOpHI OblT 3anoxed B 1982 romy Pynonsdom Buine, a mozxe Gomnee
moxHo onucad B 1999 roxy coBmectHo ¢ bepnangom 'antepom [8]. Ana-
3 (popMaNbHBIX MOHATHH HAIIEN CBOE MECTO B MHOTOYHCICHHBIX IPHIIO-
KEHUSX, TAKUX, KaK MaIllHHHOE O00y4YCeHHE, aHAIN3 TeKCTOB, MCHEHIKMEHT
3HAHUH, CEMAaHTHUYECKasl ITAyTHHA, OHTOJIOTUS, XHMHUsS, OUOJOTHSI U MEIU-
LIMHA, TeHEeTUKa, COLIMOJIOTHUS U JIp.

CeroJHs aKTHBHO Pa3BUBACTCS HEUETKUI aHATH3 (OPMATBHBIX IMOHATHH,
WCTONB3YIOIMI anmapar HeuéTkoil joruku. [lanHoe 0000IIEeHHEe MO3BOJSET
YHUTH OT OMHAPHOTO IPEJCTaBICHUS (OPMATBHBIX KOHTEKCTOB U paccMaTpH-
BaTh B KaueCTBE HEYETKOTO KOHTEKCTa MATPUILy HEYETKOrO OMHAPHOTO OTHO-
IICHUS] MKy MHOXECTBaMU 00BbEKTOB U Tipu3HakoB [4]. B pabore Odunepo-
Ba 1 CmupHOBa [5] 0003HAYEHBI JIBa MOAX0Aa K M3BICUCHHIO (hOPMAaTBbHBIX
MOHATHI W3 HEYETKOTO KOHTEKCTA: MCIOIB30BaHNE ONePaTopa 3aMbIKaHHS He-
y€TKOro MHOXecTBa [1, 2, 6, 7] u MeTOJl O-CeYeHNsI, TIO3BOJISIIOIINNA CTPOUTH
yérkue [10] u Heu€rkme nonstus [10, 11]. B manHo#t pabore paccMoTpuMm
TIOJIXOJT 0-CEYCHUH [T TIOCTPOSHUS HEUETKUX (hOPMABHBIX MOHSTHH [11].

HeuéTtkuir aHanu3 ¢popmanbHbIX NOHATUIA: METOA a-CeYeHUs

Heu€rtkuii ¢dopManbHBIE KOHTEKCT OyIeM OmNpeneisTh KaK TpPOHKY
K =(G,M,I), rne G — MHOXeCTBO 00BEKTOB, M — MHOKECTBO MPHU3HAKOB, a

I={((g,m),(g,m))| g€ G, meM, u:GxM —>[0,1]} — HeuéTkoe OTHOLIE-
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Hue Mexnay G u M, crapsiee B COOTBETCTBUE KaKAo# mape (g,m) cTeneHb
npuHauIeKHOCTH [W(g,m) [11]. B nanpHeiimem ams kpaTKOCTH OyJeM MHCaTh
«HEUYETKHIA KOHTEKCT» BMECTO «HEUETKUI POpMaIbHBIN KOHTEKCTY.

JIns 3aJaHHOrO HEYSTKOro KOHTeKcTa K = (G,M i ) ero o-ceueHuem
(a0 €[0,1]) Oymem Ha3bIBaTh (hopManbHBIA KoHTEKCT K, =(G,M,1 ), B KO-
TOPOM  OTHOIIEHHE HHUUIACHTHOCTH [, = {(g,m) eGxM | I(g,m)> a}

npencrasieHo 0,1-mMaTpuneil.

st o €[0,1] u npousBodbHBIX g€ G, me M u3 K omnpenenuM coot-

BercTBHsA l'anmya [11] ¢, U vy, caexyromuM oopa3oM:

9 (&) ={meM |u(g,m)>a}; (1
Yu(m={geG |ngm=a}. )
OtobpaxkeHust ¢, u Yy, 0000maroTcst Ha MHOXKecTBa A G U B M :
0 (D=0, ()={meM |Vged:n(g,m=a}; 3)
ged
Vo(B)= [, (m)={geG | VmeB:u(g,m)>a}. ©)
meB

Hist otoOpaxenuit ¢, u y, OyAeM HCIONb30BaTh €IHMHOE 0003HAUECHHUE
(), , aHAIOTMYHOE OOO3HAUCHHIO B KJIACCHYECKOM aHanm3e (hOpMallbHBIX
nmoHsTUH 3, 8].

Heuérkum  QopManbHBIM TMOHATHEM YPOBHS 0 (WM HEYETKHM
0-yPOBHEBBIM (POPMATBHBIM MOHATHEM) HEUETKOTO KOHTEKCTa K HA3bIBAIOT

napy (,ZI,B)Q ,TIe A= {(g,pg) ‘ gedp, = 216121 u(g,m)} — HEYETKOE MHO-
KECTBO OOBEKTOB M CIIPABEIJIMBBI paBeHCTBA A, =B u B, =4, AcG u
B < M. B nanbHeimem 1 KpaTKOCTH CIOBO «(opMaabHOE» MepPes CIT0BOM
«TIOHSATHE» OyJIEM OIyCKAaTh.

MHOKECTBO BCEX HEUETKHX TOHATHIA ypOBHS 0L GyieM 0603Hauath FCl .
MuoxecTBO FCy C 33/[aHHBIM OTHOIIEHHEM YACTHYHOTO TOPS/IKA 06pasyer

O-penIeTKy (opMaTbHBIX TOHITHI LNa [11].
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[pommtocTpupyeM BBEICHHBIC OINpPENCICHUS HAa MpUMepe HEYETKOTO
koHTekcta K =(G,M,I), npeacraBieHHoro B Tabia. 1. B Tabn. 2 mpusenex

npumMep o-cedenus K s HeY€TKoro kourexkcra K mpu o =0.5.

Tabnuna 1 Tabnuna 2

0~-CEYCHHE HCXOOTHOI0 KOHTEKCTA

Heuérknii popmaibHbIi KOHTEKCT npu o = 0.5
m, m, my m i) e
< 1 0.5 0.7 & ! 1 !
2 0.8 0.1 0.3 £ ! 0 0
@ 0 0.4 0.7 I 0 0 !

Paccmorpum  cutryarmro mpu o=0.3. Popmynsr (3) um (4) mia
A={g,,g,} u B={m,my} IpEUMYT BH]

Pp3(4) = ﬂ 003(2) = 03(8) N @y3(gy) = {my,my,my} O {my,my ) = {my,my},
ged

Yo3(B) = ﬂ Vos(m)=yos3(m) N yos(my) ={g1, 82} N121,82,83} =121-8 -

meB
Orcioma A4, ={m,m;}=B n B},=1{g,,g,} =A4. Haiinem 4. Jlna s1oro

BbIYUCIIUM ugl u “gz .

Hg = r;llelg w(gy,m)=min{u(g,,m), W(gy,ms)} =min{l, 0.7} = 0.7,

Mg, = {,111612 u(g,,m) =min{u(g,,m), p(g,,m;)} = min{0.8, 0.3} =0.3.

Urax, ({(g,,0.7),(g,,0.3)},{m,ms}), , — HeuéTkoe monsTHE YpoBHS 0.3.
’ ’

3ameTnm, 4To Ipu o = 0.5 MBI ONy4uM Ays ={m} # B, Bys ={g}# 4,
T.€. HEUETKOE TIOHATHE IIPU TAKOM 3HAYEHUH O [IOCTPOUTH HEIb3SI.

Chopmynupyem u JOKaKEM clieyrolee YTBEpKACHHUE.

Ipennoxkenue 1. J{ns neu€rroro kontekcra K =(G,M,[I) mapa MHO-
xecTB (4,B), ABIAeTCA HEUYETKUM (DOPMANBHBIM IOHSATHEM YPOBHS
o €[0,1] Toraa u ToMbKO TOTNA, KOT/a (A, B) SBISETCS KIacCUYeCKUM (hop-

MaIbHBIM ITOHATHEM B OMHApHOM KOoHTekcTe K, =(G, M, 1) .
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Hokazamenvcmeo. 3ameruM, 4ro i OMHAPHOIO  KOHTEKCTa
K, =(G,M,I ) otHOlIEHHE [, MMEET BUJL

0, n(g,m)<a,
I =
&M g m) > .
N3 dopmyn (3) u (4) crnenyer, uro otobpakeHuss ¢, (4) u y, (B) B K,
eCTbh KJlaccuueckue coorerctus ["anya [3, 8]:

oA = o(g)={meM : Vge A(g.m)el,},
ged

y(B)=(\wim)={geG : VmeB (g,m)el,}.

meB

Torna, ecau BoimonHsAeTcs @(A)=B u y(B)=A, TO Takke BEpPHO U
¢, (A)=B n y (B)=4.C npyroii ctopoHsl, u3 ¢,(4)=B u y, (B)=4
cnenyet, 9to ¢(A4)=B u y(B) = A . 3Hauwur, (IZI,B)OL — Heu€TKoe (opMalib-

HOE IIOHATHE YPOBHS O B K < (4,B) - tdopmanbHOe MOHATHE B K, .

Anroputm Fuzzy CbO HaxoXKfieHUA HeUETKNX a-yPOBHEBbIX NOHATUI

Astopamu [11] pazpaboTan anropuT™ U3BICUECHUS] HCUETKUX (POPMATBHBIX

N e 3
MOHATHH YPOBHSA O, CIIOXHOCTH KOTOPOTO COCTABJISAET O(|FCQ|~|G| | M |)

g ompenenieHHOCTH B AaHHOW paboTe OyJeM HasbIBaTh €ro ajJropuTMOM
Anra. Ha ocHOBe J0Ka3aHHOTO MPEIUIOKEHUS HAMH pa3paboTaH alrOpUTM
Fuzzy CbO s HaxoXIeHHUS HEYETKUX 0-YPOBHEBBIX MOHATHA. Ha mepBom
stamne aaroputMa Fuzzy CbO Mbl HaxomuMm Bce pOpMalibHBIC MTOHATHS KOH-
tekcra K, =(G,M,I,) c nomompto anroput™a Close-by-One [9], Ha BTopoM
JTare BEMYUCIAeM (DYHKIUHU MPUHAIICKHOCTH TSI KaXKIOTO 00beKTa o0beMa
MOHATUSA MeToAoM, TmpemiokeHHoM B [11]. CioxxHOCTH —anropuTMa

FuzzyCbO cocrapnser O(|ﬁ?a| ~|G|2 |M|) )

BbluncnurenbHble JKCNepuMeHTbl

B nannoii pabore 6bu1 peanuzoBad Fuzzy CbO u anroputm Sura [11].
CpaBHEHHE aNrOPUTMOB IPOBEICHO Ha CIyYaiHBIX HEUYETKUX KOHTEKCTAaX
pasmepHOCTH 100%x50 M ¢ pa3HbIM 3Ha4€HHUEM 0. [JaHHBIE KOHTEKCTHI 3al0JI-
Hensl 3HaueHwsmu {0, 0.1, 0.2, ..., 0.9, 1}. Pe3ynpTarhl SKCIEPUMEHTOB
npuBeeHH! B Ta0m. 3 u Ha puc. 1.
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PeSyJ’IBTaTLI OKCIIEPUMEHTOB

Tabnuima 3

] 7 i
Yang’s algorithm 0 1 8
Fuzzy CbO 0.001
Tp i | o e —rs
e DL e
Tl | o :
e de | z

Ha puc. 1 moka3ano BpeMs paObOTHI ABYX alITOPUTMOB ISl Pa3HOTO KOJH-
yecTBa NMoHATUH. [lo pe3ynpTaTaM 5KCIIEPUMEHTOB BHIIHO, YTO KOJIMYECTBO
MOHATUN 3aBUCUT OT 3HAa4YeHHUs MapaMerpa o. Taike 3aMeTHa pa3sHULa B
MIPOM3BOANUTENBHOCTH [IBYX PEaIM30BaHHBIX alTOPUTMOB, KOTOpas TOJIBKO
BO3pAcTaeT ¢ yBeIMYEHUEM Pa3MEPHOCTH 3aauu.
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10°
10*
103

Puc. 1. CpaBHeHHE BpeMeHH pabOTHI alTOPUTMOB
Sara (kp. 1) u Fuzzy CbO (kp. 2)

16 64

KonunuecrBo nmoustuii

1024 4096 16384 65536




3aKknuyeHune

Merton o-cedeHnit MO3BOISIET U3BIEKATh HEUETKIE (DOPMATILHBIC TOHATHS

YPOBHS 0 U3 HEYETKOTO KOHTEKCTA. MBI MOXEM IOJIy4aTh pa3IMuHbIe TTOHS-
THUS B 3aBUCHMOCTH OT 3HA4YEHUS MTapaMeTpa o, 9T0 ObUIO MPOAEMOHCTPUPO-
BaHO B NpuMepax. B xome paboTsl OBUIO JOKa3aHO NMPEIOKEHHE, MO3BO-
JSIOIIee YIPOCTUTD MPOLECcC MOUCKA HEUETKUX MOHATHH, pa3paboTaH M pea-
nu3oBaH anroputM Fuzzy CbO. Taxxke Obln 3amporpaMMUpPOBAaH aIrOPUTM
SlHTa ¥ IPOBEACHBI BEIYHUCIUTEIBHbIC AKCTIEPUMEHTHI.

~N N

10.

11.
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Pacno3HaBaHue k-Kl'IaCTepI/BYEMOCTI/I 3HaKoBbIX rpa¢oB

Onnaga N6parnmosa, lapba CemeHoBa

Cubupckuli hedepansHbili yHUsepcumem, 2. KpacHoapck, Poccus

3HaKoBEIi Tpad — 3T0 rpad, Kaxkaoe pedpo KOTOPOro MOMEYCHO 3HAKOM
«+» WM «—». JlanHple Tpadbl BO3HUKIN B CONMAIBHOW ITCUXOJIOTHH B TEO-
puu cTpyktypHoro Oamanca Xaiaepa [1], rime mu3ydaetrcs cuctema P-O-X,
rae P u O — cy0bekThl, a X — HEKOTOpBIA 00beKT. OTHOIIECHHS MEXKITy JaH-
HBIMH CyOBEKTaMHU MOTYT OBITh TOJIOKHUTEILHBIMU WJIH OTPHUIATEIHHBIMH.
Ecmu P umeet otHomenue nmpusizau k O, 1 O oTBeTcTBEeHEH 3a X, TO ¥ P Oy-
JeT HaOmoaaThes TeHaeHms ono0psite X. Ho ecim cam O He omobOpseT X,
To Bcst cuctema P-O-X okaspiBaeTcd B COCTOSHMM JucOananca u Oyzaer
CTpeMUTbCA HCIPaBUTh 3T0. CocTosHUE OanaHca JOCTUraeTcs M3MEHEHHUEM
OTHOIIEHUS Tpusi3HE Mexay P u O, oTBercTBeHHOCTH Mexny O u X WU
oueHku mexay P u X.

Haubonee monHbli 0030p BO3MOXHBIX MPUIOKEHUN 3HAKOBBIX TpadoB
npuBeJeH B paboTe [2]. OTMETHM, 4TO B HACTOSIIEE BPEMs 3HAKOBbIC rpadbl
AKTUBHO TIPUMEHSIOTCS B 3a/Ja4aX KJIacTepu3anuu [3] U TeMaTH4ecKoro Mo-
JlenupoBaHusl TeKcToB [4]. KnactepHblid aHamm3 — 3TO 3aja4a 0 pa30oMeHUH
MHOXKECTBA Ha TOJTPYIIIBI CXOXHX 3JIeMEHTOB. CyIIeCTBYIOT pa3inYHbIC
(hopMyITUPOBKH 3a7]auu O KJIacTepu3anuu. KojaumdecTBo KiacTepoB k MOXET
OBITh 331aHO M3HAYAJIBHO — TOT'/Ia pelIaeTcs 3ajJada o pa30MeHud POBHO Ha k
KJIacTepoOB WM He OoJiee 4eM Ha k KIaCTepOB, WIIM MOXKET ObITh HE 3a/1aHO
[5]. MaHHas paboTa MOCBAIICHA 3a/1a4e PACIIO3HABAHUS k-KIIACTEPU3yEMOCTH
3HAaKOBOTO rpada.

OCHOBHbIe onpeapeneHna

@dopmManbHO 3HAKOBBIM rpadoMm HaspiBaetcs mapa 2 = (G, ©), rae
G = (V, E) sBisieTcs HEOPHEHTHPOBAHHEIM TpadoM, Ha pedpaX KOTOPOTo 3a-
naHa QyHKIWs 3HaKa 6: E—>{+, -}, n=|V]|22,m=|E| > 1.

3nakoBblid Tpad X = (G, G) Ha3bIBaeTCa 2-cOaTaHCHPOBAHHBIM, €CIIH JIFO-
00l ero mMpoCTON IUKII TOJIOXKUTENBHBIN. 110 ompenenenno 3HaK KA pa-
BEH NPOM3BEJCHUIO 3HAKOB BXOJSIIMX B HEro pedep. 3amauu, CBsI3aHHBIE C
2-c0alaHCUPOBAHHOCTHIO 3HAKOBBIX TIpadoB, paccMaTpUBAIHNCh B paboTax
[6-8].

Kaptpaiitom n Xapapu [1] Obulo ycTaHOBIEHO, YTO 3HAKOBBIA rpad
Y = (G, o) 2-cbamaHCHPOBaH TOTAA U TOJHKO TOTJA, KOTJa MHOXECTBO €TI0
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BEpIIMH / MOXXHO pa30UTh Ha JBe AOMU A U B, OIHA W3 KOTOPBIX MOXKET
OBITH IycTOW TakuM obOpazoM, 4to 4 U B=V, A N B = n moboe pedpo,
COCIMHSIONISe BEPIIMHBI U3 OTHOW JOJIH, UMEET 3HaK «+», a pedpa, coeau-
HSIOIIUE BEPIIMHBI U3 Pa3HBIX JOJIEH, UMEIOT 3HAK «—».

O0600meHeM 2-cOalaHCHPOBAHHOCTH 3HAKOBOTO Trpada sSBJsIeTCS MOHS-
THE k-KJIaCTEPU3yeMOCTH. 3HAKOBBIM TIpad HaA3bIBaeTCS A-KIIACTEPU3yEeMBIM
(k-cbanancupoBaHHBIM), €CJTU MHOKECTBO €0 BEPIIMH MOXKHO pa3OuTh HA k
MIOTIAPHO HETIEPECEKAIONINXCsl HEMyCThIX KJIAcTEPOB TaK, YTO BCE IOJIOKH-
TeNbHBIE PEOpa HAXOIATCS BHYTPH KIIACTEPOB, & OTPHLATEIBHBIE — MEXIY
KJIaCTepaMH.

B pabore [IpBuca [9] nokazaHo, 4To 3HAKOBBIH Tpad KiIactepusyeM Toraa
U TOJBKO TOTZA, KOT/Ia OH HE CONEPIKUT MPOCTHIX IMKJIOB C POBHO OIHUM
OTPHIATEIBHBIM PEeOPOM.

PacnosHaBaHue k-KﬂaCTepl/ByeMOCTVI 3HaKoBOro rpa<|>a

3agaya pacro3HaBaHUs k-KIaCTEPH3YEeMOCTH 3HAKOBOTO rpada ¢popmy-
JIUPYETCs CIEAYIOMUM 00pa3oM.

YeaoBue. 3anan 3HakoBwd rpad X = (G, o), rae G =(V, E) —npocroii
HEOPUEHTUPOBAHHBIN Tpad, n = V| > 2, m = |E| > 1.

Bonpoc. IIpu xakux k rpad X = (G, G) sBISIETCS k-KINacTepu3yeMbIM?

PaccmatpuBaeMyro 3amady MOXHO chopMyiIHpoBaTh Kak 3agady IHcC-
KpeTHOM onTUMM3alud. PaccMOTpuUM HekoTopoe pazOueHue (KiacTepusa-
IIMI0) MHOKECTBA BEPIINH 3HaKOBOro rpada. bynem roBoputs, 4to cucrema
muoxecTB Cy = {V1, V>, ... V}} oOpasyer pazOuecHHe MHOXECTBa BEpPIIUH V
Ha k KIacTepoB, eciu MHOxecTBa HemycTol (V;# O, i =1...k), momapHo He
nepecekatorcs V; N V;=(J, i# j n ux odbeaunHeHne paBHo V="V, U 1, U ...
U V. MHOXeCTBO BceX BO3MOXHBIX pa3OuenHuit V' Oymem 0003Ha-

n
yaTh @ = U @, , rre ®, — MHOXECTBO BO3MOXHBIX pa3OmeHuil V Ha k kma-
k=1
CTEepOB. 3aMETHUM, 4TO MOIIHOCTH IPOCTpaHCTBa perreHuii @ paBHa KoIM4e-
CTBY BCEX BO3MOKHBIX Pa3OMEHHI MHOXECTBa BEpIIHH rpada V, To ecTh
yucny bemna B, ,rne n=|V|.

Ilycts C— kakoe-nmubo pazouenue rpada Ha k kinactepos. Ilog oTpurna-
TEJNBHOUM OMMOKON OyJieM MOHWMAaTh YHCJIO OTPUIATEIHHBIX pedep BHYTpH
knactepa N(Cy), a nonoxurenabHoil P(Cy) — 4iCIo HOJOKHUTEIbHBIX pedep
MEXIy KnacTepaMu. B kadecTBe KpUTepusl KauecTBa KJIACTEPU3ALUMN OyaeM
paccMaTpuBaTh (QYHKIMIO cyMMapHOH omubku E,(C,) — BBIITYKIYIO0 KOM-
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OHMHAIIHIO TIOJIOKUTEIBHOM U OTPHIIATEIIFHOM OMHO0K
E, (Cy)=aN(Cp)+(1-a)P(Cy), a€l0, 1].
KoaddurmeHT o mokaspiBaeT, Kakyl OIMMOKY BaKHEE YUYHTHIBATH IIPH pe-
LIeHUH 3a7aui: MexkiIactepuyto P(Cy) unu BHyTpukiactepuyo N(Cy).
Torma 3amaua pacmo3HaBaHMS K-KJIACTEPHU3YyEMOCTH 3HAKOBOTO TIpada

MOXeT OBITh c(OpPMYyIHpOBaHA CclenyommM obpaszoM. s 3amaHHOTO
a €[0, 1] Tpebyercs HaiiTu Takoe pa3dbuenne C* MHOXKecTBa BepIIUH V 3Ha-

KOBOTO rpada X, a1 KOTOpOoro cyMMapHasi OIMOKa MHHUMAJIbHA!

C*=argmin E_(C).
Ced

OTtBeToM Ha Bompoc 3agauu Oyzaer uucio k = C*|. B pabore [3] nokazaHo,
YTO 3a/1a4a MUHUMH3AIUU CYMMAapHOU omMOKH siBiisieTcss NP-11otHO#.
Paccmotpum 3amauy npu o = 0, To ecTh Haiiném Takoe k = C*|, 4ro

C* =argmin P(C).
Ced

OueBUIHO, YTO MOJOXKUTENbHAS OIMUOKA JOCTUTaeT MUHHMYyMa Ha pa3omue-
HUH, 17151 KoToporo P(C*)=0.
s perrenns nanHo 3agaqn ObUT paspadoran anroputM kClusterability,

KOTOPBIII OCHOBAaH Ha IOHCKE pa30HMEHHH C HyJIEBOH IOJOXHUTEIBHOI
OLIHOKOH.

Auroputm kClusterability

Bxopa: xommuecTBO BepIInH U pedep rpada X, CHucok pedep ¢ yKazaHH-
€M 3HaKa JUIs KakKaoro peopa.

1: moctpouTs rpad X' ynanenuem u3 rpada X oTpUIATENBHBIX pedep;

2: HaTH Bce KOMITOHEHTHI CBA3HOCTH B rpade X';

3: IpOBEPUTH HATUYIME OTPULATENBHBIX pebep BHYTPU KIACTEPOB;

4: 00beANHNUTH KOMIIOHEHTHI CBA3HOCTH, MEXIY KOTOPBIMH HET OTpPHUIIA-
TEJIBHBIX pedep.

BrIxoa: &, pu KOTOpBIX Ipad k-KIacTepu3yeM, KIacTephl.

Ha nmepBom miare mist moxydeHus rpada 6e3 orpunarensHex péoep X' u
BTOPOM IIare JJIst BBIJIETICHUS BCEX KOMIIOHEHT CBA3HOCTH Tpada X’ HCIoIb-
3yeTcsl ANTOPUTM TIOMCKA B IIUPUHY, BEIYUCIUTEIBHAS CII0KHOCTH KOTOPOTO
cocraBisier O(m+n). Ha TpeTbem miare B KOMIIOHEHTaX CBSI3HOCTH IPOBE-

psieTcsl HaJlM4Yue OTPUIATENbHBIX pédep MyTEM IONAapHOTO CPABHEHHMS BeEp-
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[IMH, BXOJIIUX B 3TH KOMIOHEHTHL.. Ha mocnemneMm mare (popMUpPYIOTCS
KJIaCTEPhbL HyTéM O6’be£[I/IHeHI/I$[ KOMITIOHCHT CBA3HOCTH, MCXKAY BEpHIMHAMH
KOTOPBIX B HCXOJHOM Tpade X HET OTPHUIATENBHBIX pebep. Omnepamus o0be-
IUHEHHs TpeOyeT MOMapHOrO CPAaBHEHUS MOJYYCHHBIX KOMIIOHEHT CBSA3HO-
CTH Mexay coboil. HeTpynHo moka3aTh, YTO BBIYHCIHTENIBHAS CIOKHOCTD

MPEJI0KEHHOT0 AITOpUTMa cocTaBisieT O(2m + n*).

Pe3yn bTaTbl BblYHNCUINTEJIbHbIX SKCNepNMeHTOB

Bbutn pOBEZICHBI HECKOJBKO CEPUil BBIYUCIUTEIBHBIX JKCIIEPHUMEHTOB
Ha rpadax, JUIsT KOTOPBIX 3apaHee Oblla M3BECTHA k-COATaHCHPOBAHHOCTH.
DkcrepuMeHTsl npoBoawinch Ha IIK ¢ mpoueccopom Intel® Core™ i7-
10510U CPU @ 1.80I'Tu u onepatuBHOii maMaTeio oo0beMoM 8 I'b. Pe3ynb-
TaThl 3KCIIEPUMEHTOB MPEJCTABJICHbI B TAOJHIIE.

Pe3y.11|>TaT1>1 BBIYUCJIUTEIBbHBIX JKCIEPUMEHTOB

PazmepHOCTB Bpewms
MunumaineHoe | MakcumanpsHoe
rpaga paboTsl
CbanancupoBaHHOCTD KOJIMYECTBO KOJIMYECTBO
n m aJITOpUTMA,
KJIacTepOB KJIaCTepOB Me
9 9 1- u 3-cbanancupoBaH 1 3 Mmeree 1
9 72 3-cbanancupoBaH 3 3 MeHee 1
9 72 HecOanaHCHpOBaH - - 1
25 50 1- nu 5-cOanaHcupoBaH 1 5 1
25 575 5-cbanmancupoBaH 5 5 Mmeree 1
25 575 HecOaJlaHCHPOBaH - - 1
36 90 1- nm 6-cOaaHCHpPOBaH 1 6 1
36 | 1206 6-cOanancupoBaH 6 6 1
36 | 1206 HecOaIaHCHPOBaH - - 2
100 | 450 |1-mam 10-cOanancupoBaH 1 10 3
100 | 9550 10-cOanaHcupoBaH 10 10 4
100 | 9550 HecOanaHCHpOBaH - - 4
3aKntouyeHune

[ns pemeHnst 3amadd pacrio3HaBaHHUSA A-KIIACTEPU3yEMOCTH 3HAKOBOTO
rpada mis coydas MUHHMH3AIMK IMOJNOXHUTENBHONH ommOku (o = 0) Hamu
paszpaboraH, peanm3oBaH W TmpoTecTupoBaH anroputMm kClusterability.
B nmampHelimeM mmaHHpyeTCs peIICHHE 3aJadd KIACTePH3alUH 3HAKOBOTO
rpada Ipu pasIHMYHBIX 3HAYCHUSAX MapaMerpa o CyMMapHOH OIIMOKH Kia-
CTEpH3aLUH.
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MepBuYHbIN KOHLIENTYaNbHbIN aHaNN3 CeCTPUHCKOrO Aiena
ANA SKCNepTHOMN COBETYIOLLeN cucTembl

AHHa MBneBa, Cepren CMnpHoB

Camapckuli pedepanvHubili ucciedosamernsckuli yeHmp PAH,
WNHcmumym npobnem ynpasneHus cioxHoiMu cucmemamu PAH, 2. Camapa, Poccus

CCFOI[HH 0COOEHHO BaXXHBIM H AKTyaJIbHbIM CTAaHOBUTCS TNPHUMCHCHHUC
TEXHOJIOTUH IS ObICTPOro M 3(P(PEKTHBHOTO yNAICHHOTO JOCTyINa MEIH-
OUHCKHUX paOOTHUKOB M HACEIICHHS K OOJIBIIOMY 00beMy 3HAHHUH, TEPMUHOB
O AUArHoCTUKE, JICUCHHUU MU YXOJC 3a OOIBLHBIMH. (DyHHaMeHTaHI)HaSI npo-
OyeMa, MPEISITCTBYIOMIAsl BBHIBOAY MPOTPaMMHOTO HHCTPYMEHTApHS MeEAu-
nuHckux cectep (MC) ¢ ypoBHSI IUIITb aIMUHUCTPATUBHBIX CPEACTB aBTOMA-
TU3alUU JJOKYMEHTOOOOPOTa B JIEUEOHOM yUPEKACHUN Ha KOHCTPYKTUBHBIN
YPOBEHH TIOMOIITHIKA B CECTPUHCKOM JIeJIe, 3aKIII0YaeTCsl B OTCYTCTBHHU I0JI-
HOW €JIMHOM OTpaciieBoil 0a3bl 3HAHWH, CTPYKTYPUPYIOIIEH U CHCTEMaTH3H-
PYIOLLEH HaKOIIEHHBIE 3HAHUS U OIBIT CECTPUHCKOIO yX0/1a 3 MallueHTaMu.
TeHneHIIMM U MIPEINOCHUTKHA K CO3JJAaHHMI0 TaKoW 0a3bl 3HaHUH B MOCIEIHEE
BpeMsI TIPOSBIIAIOTCS BCe OOJBIIE, B TOM YHCIIE U B CBSI3H CO CTAHOBJICHHEM
JI0Ka3aTeIbHON CeCTPUHCKOM NpakTuku [1]. OIHUM U3 CBUAETENHCTB 3TOMY
SBISIETCSI BOCTPEOOBAHHOCTh M AKTYANbHOCTH AJICKTPOHHBIX 0a3 Hay4YHBIX
cTaTei 1Mo cecTpuHCKOMY neny [2].

B HacTosmel paboTe omucaHbl MEpBbIE LIard COBMECTHOTO C OTpacie-
BBIMH 3KCIIEPTaMHU HCCIICJIOBaHUS, HAPABICHHOTO Ha pElIeHUE 3a]ad CHUC-
TEMHOTO aHaJM3a MPOIecca CECTPUHCKOTO yXoaa U (POPMHUPOBAHUS OHTOJIO-
THH, KOTOpas IO3BOJHUT CO31aTh HH(MOPMAMOHHOTO ITOMOIIHHKA, peajv-
3YIOIIETO OOBACHAIOUINI HMCKYCCTBEHHBI HWHTEIUIEKT NPH JHArHOCTHKE,
TUTAHUPOBAHUH, TIPOBEJICHUHU B KOHTPOJIE CECTPUHCKOTO YXO0/1a.

0Oco6eHHOCTU NpUMeHeHNA NHOPMaALIMIOHHbIX TeXHONornn
B CECTPUHCKOM fiene

B Hacrosimiee BpeMst OHTOJIOTHH MPEACTABICHUS U UHTETPalllu MPeIMET-
HBIX 3HAHUHI B MEJUIIMHE aKTUBHO Pa3BUBAIOTCA U MOIYyYarOT IIMPOKOE pac-
MpocTpaHeHWe W TMpakThdeckoe npumenenwne [3]. B mocnepnme romsr Ha-

* UccnenoBaHue BBITONHEHO MpU YaCTUYHON (PMHAHCOBOW MOJIEpKKE MUHHCTEPCTBA
HAyKd M BbIcIIero oOpa3oBanus Poccuiickoit deneparvu, perucTpandoHHbIE HOMEP
AAAA-A19-119030190053-2.
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OMromaeTcss pocT MHTEpeca K MEIUIUHCKHM KOMITBIOTEPHBIM OHTOJIOTHSIM,
KOTOPBIC ABJIAIOTCA yHOGHLIM HWHCTPYMCHTOM [JIsI OIIMCAHU HpeﬂMCTHOﬁ
obmacT, B TOM YHCIE JUI1 CO3JAHMSA CHCTEM M TIPHIOKCHUH C BeO-
uHTepdeticoM. B coueTaHuM ¢ TEXHOJOTHSIMH MAIIMHHOTO OOYYCHUS, UX
NPUMEHEHHE TO3BOJISIET CO31aBaTh KOMIUICKCHBIC MEIAMIIMHCKUE HH(pOpMa-
IIMOHHBIE CHCTEMHI [3, 4], TMAarHOCTHYECKHE SKCIIEPTHBIE CHCTEMBI [5], aB-
TOMAaTH3UPOBAaHHBIE CHCTEMBI IIOMCKAa M XpaHEHHs WH(OpMAIWHU, CHCTEMBI
MEJIUIIMHCKOTO aJIMUHUCTPUPOBAHUSI, TeleMeIuiHbIe cucTeMsl U T.a1. Cero-
JHS PHIHOK IEPEUYHCICHHBIX MPOXyKTOB B Poccun Hambosee MUpoKo mpea-
CTaBJICH KOMIUIEKCHBIMH IPOTPAMMHBIMH ITPOTYKTaMH, O3BOJIIOIINMHE aB-
TOMATH3UPOBATh JTOKYMEHTOOOOPOT B MEIUIIMHCKOM yupexneHuu. OHu
BKJIIOYAIOT COOp (hPHMHAHCOBO-aIMHHUCTPATUBHON MH(POPMAINHU, JaHHBIX Me-
JUIMHCKUX UCCIENOBAaHUN M MOHUTOPHHT COCTOSIHUS MAIlEHTa ¢ MEIUIIIH-
CKUX MPHOOPOB B MUPPOBOH (opMe, SBISIOTCSA CPEICTBAMHU OOIICHHS MEXK-
Iy COTPYAHUKaMHM, CUCTEMaMHU MOJAECPKKU MPUHITUS BpaueOHBIX PEIICHHUH.
Cpenn Hamboisiee pacrpocTpaHeHHbIX mnpoayktoB MEDODS, Medesk,
MedElement, Smart Meaunnnaa, Megunuackuii moMoniauk, Clinic365,
Infoclinica, IDENT, MedWork, ClinikIQ, Renovatio, MenOdwuc, Uudoxnu-
Huka, Augmedix. Uto ke KacaeTcsi CIEIHAIM3UPOBAHHBIX NPIJIOKECHUH 1
MOJTyJIeH, TIOCBANICHHBIX 00s3aHHOCTAM MC, TO OHH MPEICTABIIAIOT COOOM
MIPEUMYIIECTBEHHO aIMUHICTPATHBHBIC CPEICTBA aBTOMATH3AI[UH JTOKYMEH-
TOOOOpOTa B JeueOHOM yupexaeHnu. OJHAKO HE MPEJCTaBIeHBI B J0OCTa-
TOYHOH Mepe HH(POPMAMOHHBIE TTIOJACUCTEMBI, IIOCBSIICHHBIE CECTPUHCKOMY
MpoLECCY, KOTOPBIM OTIMYaeTcsl OT BpaueOHOro U JomnoiHseT ero. Hemuoro
Jy4nie JeNo B 3TOH cdepe 0OCTOUT ¢ 3apyOeKHBIMH MOMOUTHHUKAMH MEIH-
OuHCKHX cectep. CyIecTBYIONINE aHTIIOSI3BIYHBIE TPUMEPHl HHTEIUICKTY-
ampHbIX cucteM (Al-based nursing assistants, virtual nurses u ap.) B 3TOi
cdepe UMEIOT HECKOJIbKO O0Jiee MPAaKTUYHYIO HAIIPABIEHHOCTh, CBA3aHHYIO C
HETOCPE/ICTBEHHBIM yX0J0M 3a marueHtamu. Yacte u3 Hux (GreatCall,
Angel) opreHTHpPOBaHA B OCHOBHOM Ha TIOJIB30BATENEH, — 3TO 4aT-00THI WA
TOJIOCOBBIC MTOMOIIHHUKY, BBIMOTHSIIONME (DYHKIMHA CIPAaBOYHHKA 110 CHM-
NTOMaM W MEHeIKepa CKEIHEBHBIX aKTUBHOCTEH/NEHCTBHIA, CBSI3aHHBIX CO
3mopoBkeM. [Ipu 3TOM, eciu ImperycMoTpeHa BO3MOKHOCTh M3MEPEHHUS 00b-
SKTHBHBIX JTAHHBIX MAIMEHTA, MPHIOKECHUS TaKXKe MOTYT cOOUpaTh JaHHBIC
0 NManueHTE U nepeaaBaTb UX Me}lHHHHCKOﬁ CeCTpEC WJIM POACTBCHHHKAM.
Jpyroii, HamHOTO 0GOJiee TOPOTOCTOSIIUMN, B CUCTEM CBSI3aH C HEMOCPE]I-
CTBEHHOH 3aMeHOHN 4acTH (DYHKIUH MEIUIIMHCKUX CECTep HHTEIUICKTYallb-
HBIMH poOOTaMHu.
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B memom, CymiecTBYIOIIME MOIYJIH MEAUIMHCKAX WHPOPMAIIMOHHBIX
CHCTEM, OTHOCSIINECS K CECTPHHCKOMY JICITy, UTPAIOT 3HAYUTEIBHYIO POJIb B
MOBBIIIICHUU CKOpOCcTH U 3ddekTuBHOCTH padoTel MC, HO IOKa elle He Co-
Jepkar 6a3 3HAHWM, BKIIOYAIOIIUX KOHCTPYKTHBHBIC JIOTHYECKHE B3aUMO-
CBSI3U KOHIICNITOB, HAPHMEDP CECTPUHCKUX JMATHO30B C IEISIMU U IIAHAMU
yX0J1a, HOPMATUBHOW JOKYMEHTAIlMEN U TaHHBIMH HAYYHBIX UCCIEIOBAHNUMN.

KoHuenTyanbHblil aHaNIN3 CeCTPUHCKOrO Aena

Jns pazpaboTky mpoToTHna WH(GOPMAIIMOHHOTO ITOMOIIHUKA TIPH JUar-
HOCTHKE, IDIAHUPOBAHUH, TPOBEACHHH H KOHTPOJE CECTPHHCKOTO YXOnaa
MIEPBOCTEIIEHHON 3a/1a4el UCCIIeJOBAHUS ABISAETCS KOHLENTYaIbHbIN aHaIn3
U CTPYKTYpUPOBaHUE 0OBEKTHO-IIPU3HAKOBBIX JIaHHBIX B OTPACIIH.

B xoze n3BnedeHns 3HaHUN U3 CIIEIUATBHBIX TEKCTOB, BKIIOYAIOIMINX Ha-
y4HbI€ cTaTbl U yueOHUKH [6—10], cienan BBIBOJ O TOM, YTO KITFOYEBBIM II0O-
HSTHEM B TPAKTUKE MEAMIMHCKOTO Jejla SIBJISETCS CECTPHUHCKHU IMPOIEecC
(CII). IToaToMy TipH BEISIBICHHH OCHOBHBIX KOHIICTITOB, @ TAKXKE SKCILTHIIHT-
HBIX ¥ HMIUTAIATHBIX CBSI3eH MEXIY HUMU BBIIENICHA ITOJICUCTEMA ITOHSATHH,
HEMOCPEJICTBEHHO CBSI3aHHBIX C MATHIO ocHOBHBIMH dTamamu CII. Ocranb-
HBIC TIOHSATHSI B WCCIEAYEMOW OTpaciH SBISIOTCS HE MEHEE BAXKHBIMH H
(yHIaMEHTaNEHBIMH, HO CKOpee OTHOCSTCSA K CO3JaHHI0O KOHTEKCTa IS
ocymectBienus: CII u o6obmarorcs eaunbiM noHsTHEM ¢unocopuu CJI.
Yacto MmoHSTHA, CBS3aHHBIE C OpraHM3anuedl MHPEKIMOHHOTO KOHTPOJIS H
6e3omacHOCTH CII BBIOENSIOT B OTASNBHYIO TPYIITY. DTO, CKOpEE BCETO, CBS-
3aHO € €€ UCKIIOYUTENIbHON BaXXHOCTBIO IS )KU3HU MAIlUEHTOB U MEIULIMH-
CKUX paboTHUKOB. OHAKO, Cleys NPUHIMIIAM KOHCTPYKTHBHOCTH U LIEJIO-
CTHOCTH, MBI Oy/IeM paccMaTpHBaTh NAaHHYIO TPYIITy MOHSATHH HEMOCPEICT-
BeHHO Kak 4yacTh CII Ha Bcex ero sramax.

Moaxopa 1 NnepcneKkTUBbI pa3paboTKmy oTpacsieBoil 6a3bl 3HaAHWIA

Enunas orpacneBas 6a3a 3Hanuii CJ] MoxkeT crath miatdopMoi i pea-
JU3aLUH Pa3IUYHBIX MoAynel (puc. 1).

s pazpabotku 6a3pl 3HaHUN CJ] HEOOXOIMMBIM SIBISICTCS BBISBICHHE
CBsI3ei MEXIy KOHIENTaMHU HcclexyeMod oTpaciu. Pa3pabotka Tezaypyca
3HAHUN CECTPUHCKOTO Jejla KaK pecypca KOHLENTYyaJbHOTO THUIA, TO €CTh
CEeMHUOTHYECKON CETH MOHATHH C MyJbTHUMEAUIHBIMA KOMIOHCHTAMH OymeT
OCYILECTBIIATHCA C MOMOILBIO CIELUANIU3UPOBAHHONW JIUTEPAaTyphl M IKC-
HEPTHBIX 3HAaHUM. [l OnUcaHUs CTPYKTYpPHBIX CBsI3€H MeXIy OObEeKTaMU B
HCCIEeIyeMOl IpeMETHOW 00JTacTH B KOHTEKCT 3a/audl aHaiau3a (GpopMalib-
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HBIX HOHATUN NOTPEOYIOTCA CChUIOYHbIE NPU3HAKU, YTO, B KOHEUHOM CUETe,
MIO3BOJIUT TIOJIyYUThH (POpMaNIbHBIE OHTOJNIOTHH B CECTPUHCKOM JEJE C MPOU3-
BOJIGHBIMH OTHOIICHHUAMHU MEKIY KOHIIETITAMHU.

WHuTepakTuBHBIN CripaBOYHHK 110 Mopnyinb BbISIBICHUS
cnpaBoyHuK 1o CJI Manumyauam CJJ IPOTUBOPEUHH

OrtpacneBas 6aza

3Hanui CJ]
ONeKTPOHHBIN DIEKTPOHHBIH ACCUCTEHT Mozyne oGyucHus
MEHEKED 110 IOCTAHOBKE MC, nanyeHTa, ero
CCCTPUHCKOTO yXOo/ia CECTPHUHCKOI'0 JUarHo3a POICTBEHHHMKOB

Puc. 1. Moxynu Ha ocHOBe oTpacieBoii 6aze 3Hanuit C/]

Co3nmanne (opMabHOH OHTONOTMH OyJeT OCYIIECTBICHO BBEICHHUEM
(bOpMaJ'H:HOFO A3bIKA — ,Z[eCKpI/IHTI/IBHOI\/‘I JIOTUKHM Ha BBIABJICHHBIX U IIpOaHaJIA-
3MPOBAHHBIX KOHIIENTAX M OTHOIICHUSX. BBeJeHHE CTaHIapTHOTO s3bIKA IS
KOMIIBIOTEPHBIX CHCTEM IO3BOJHUT CO3[aTh Ha 0a3e MOMYYCHHOH OHTOJIOTUH
uHdopMaoHHoro nomomHnka MC, KOTOpBIH, HCHONB3Ys 3aJ0KCHHYIO U
0OHOBIISIEMYI0 HH(OPMAIIHIO, CMOXKET MPEOOPa30BLIBATh MIEPBUUYHBIC JTAHHBIC
B Ooniee MH(POpMATHBHYIO (HOPMY, 00CCIICUNBAOILYIO TIOMOIIIb TPH JIHATHO-
CTHUKE, TUNITAHUPOBAHUH, TIPOBEICHUH U KOHTPOJIE CECTPUHCKOTO YXO/1a.

BbiBogbl

[IpoBeneHHOE HCCIEenOBaHNE ITO3BOJIMIIO YBUACTh KOHTYPHI IIPOEKTa ajie-
KBAaTHOW M OOHOBJISIEMOI 0a3bl 3HAHUH TI0 MPOIIECCY CECTPUHCKOTO YXO/a 3a
MANUeHTaMH, UMEIOIasi Hay4HYI M MPUKIAAHYI 3HAYMMOCTH IJISI MEIH-
IMHCKUX OHTOJIOTWH, TEOpUH, (PUIOCOPHU CECTPHHCKOTO Jena, o0ydeHHs
MEIUIMHCKUX paboTHUKOB. [Ipennomnaraercs, 4ro 6a3a 3HaHUIT OyAeT BKIIO-
9aTh HOPMATHBHBIE JOKYMEHTBI; MEIHIUHCKYIO JOKYMEHTALHUIO JIEYeOHOro
YUpeXIEHHS; Hay4dHbIEe MCCIICIOBAaHNS; aHaMHe3 NallMeHTa; Ha3HaYeHHs I1a-
LIMEHTa C YKa3aHUeM JI03HUPOBOK, YaCTOTHI, BpEMEHH IpHUeMa; CTaHJapThI J0-
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3UPOBOK MpE€IaparoB, COOTBECTCTBYIOIINEC JUArHO3y W aHAMHE3Y,; aJlTOPUTMBI
M&HHHynHL{Hﬁ, HX 0COOEHHOCTH U BAapUaHThI; MOKa3aHUA U MPOTHUBOIIOKA3a-
HUA K OPOBCIACHUIO TOI'0 MJIIM MHOTO CECTPUHCKOI'O0 BMEINATEIBCTBA, KU3-
HCHHBIC HOTpe6HOCTI/I, CCCTPUHCKUEC OUArHo3bl, l'IpO6JleMLI nanueHTa, Ol U
OLICHKHU yX0Ja, a TAKXKE CBA3HU MEXKAY NECPCUNCIICHHBIMU 3JICMCHTAMU.

MG)KIH/ICHI/IHJ'II/IHapHLIe CBs3H, COCTOAIIME BO BSaHMO)IeﬁCTBHH HWHXXCHC-

POB 3HaHUA, TPOTPAMMHCTOB U MEIUIMHCKUX PaOOTHHKOB oOecriedaT pea-
JN30BaTh BCECTOPOHHMN MPAKTUYECKH MOJIXOJ K MOBBIIIEHUIO CKOPOCTH U
3(h(HeKTUBHOCTH IEPCOHATU3UPOBAHHOTO YX0/1a 32 MAllMEHTAMHU.

10.
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Anroputm HGFC HaxoxpaeHuA GpopmanbHbIX MOHATH

AnekcaHgp ConpaTeHko, lapba CemeHoBa

Cubupckuli hedepansHeili yHusepcumem, 2. KpacHospck, Poccus

B nacTosmeit pabote paccMaTpuBaeTCsl 3a1a4a BBIACICHUS (OPMAaTbHBIX
MOHATHH U3 (OPMAILHOTO KOHTEKCTa, MpeAcTaBlIeHHOro runeprpadom. Ta-
KO€ IPEACTAaBICHNE MO3BOJISIET MPUMEHITh METOABI TeOpHH IpadoB s pa-
00THI ¢ (GOpMaNTEHBIMH KOHTEKCTaMH, a TAaKXKe HCIIOJIB30BaTh MOIyICHHBIC
Pe3yIABTATHI IS aHAIH3a THIEePrpadoB.

Ananu3 (opMaTbHBIX HOHSTHH HUCIOJIB3YETCS! MPU MOCTPOSHUH U MPOEK-
THUPOBAHUM OHTOJIOTMH M KOHIENTYaJIbHBIX MOJEJCH NMPEeIMETHBIX obiac-
teti [1]. Ilpu sTom mcxomsblit koHTEeKCT mpencTanisercs (0, 1)-maTpuiei,
YTO MO3BOJSIET NPUMEHSTh PAa3IMUHbIE METOAbI KOMOMHATOPHOM onTuMH3a-
run. Tak 3amada BeIAETICHUS BCeX (OPMANBHBIX MTOHATHH CBOIUTCS K 3a1aue
MOCTPOCHUSI KOHQUTYpannuii — MaKCUMAJBHBIX €IUHUYHBIX TOAMAaTpHIl [2].
K ananoru4noii 3agade cBogUTCS 3a/1a4a OKCKa BCeX KUK rpada. 3ameTuM,
YTO 3a]a4a MOUCKa BceX (hOPMaIbHBIX MOHATHI ABIsIeTCst #P-monHoi [1].

OCHOBHbIe onpefeneHns N anropuTM HaXoXKAeHUA
¢opmanbHbIx noHATUINI HGFC

BBeneM HEOOXOAMMBIE TIOHSTHS U ONIPECIICHAS TeOpUH rureprpados [3]
U aHanu3a (popManbHBIX HOHSTHIA [1].

[Tycts 3anan (n, m)-runeprpad H = (X, U), Tae X — KOHEUHOE MHOXKECTBO
BepmmH U U — KOHEYHOE CeMEWCTBO rumeppedep rumneprpada, mpu 3ToM
n=|X|>1,m=|U|>1 u Besixoe runeppeGpo runeprpada — HEKOTOPOE MOJ-
MHOXecTBO MHOXecTBa X. [lycte X(#) — MHOXECTBO BceX BEPINUH, HHIIH-
JOeHTHBIX Tuneppedpy u € U, a U(x) — MHOXKECTBO runeppedep, HHIUJICHT-
HBIX BepiuHe x € X. [IBoiicTBeHHbIM K runeprpady H = (X, U), Ha3bIBalOT

*
runeprpap H = (U, X).

OcHoBHOW 3amayeil aHanum3a (opMalbHbIX TOoHATUH (ADII) sBIsercs
BeIJCNICHAE  (POpMANBHBIX  TOHATHH W3 (OPMAaNBHOTO  KOHTEKCTa
K=(G,M,I), rne G — MHOXeCTBO 00BEKTOB, M — MHOXECTBO MPU3HAKOB, [
— HeIlycToe OTHOoIIeHHe MHIUAEHTHOCTH [ < G x M. TIoCKOJIBKY KOHTEKCT

onpenensiercs (0, 1)-maTpurieit, To eMy MOXKHO B3aMMHO-0/IHO3HAYHO COTIOC-
taBuTh runeprpad H = (X, U), npu 3ToM MHOKECTBO OOBEKTOB G COBIAIACT
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C MHO>KECTBOM BEpIIHH X, a MHOKECTBO TPH3HAKOB M — ¢ MHOKECTBOM TH-
neppebdep U. Mcxons u3 3T0ro, OTHOIICHNE HHIUACHTHOCTH / KOHTEKCTA 3a-
JlaeT OJHOMMEHHYIO MATpHIy MHIMACHTHOCTH I Tuneprpada H = (X, U).

o *
Taxxke OTMCTUM, 4YTO JJI1 ABOHMCTBCHHOI'O aneprpad)a H pannas MaTpuna

Oyzner TpaHcHOHUpOBaHa [ =T

AHanu3 (opMalIbHBIX MMOHATUN OCHOBaH Ha COOTBETCTBHSX [ anya, KoTo-
pBIe ompenerstoTes: oToopaxkeHms MU @(x) U y(u). lanHBle OTOOpaskeHHS
ompenessitoT Habop NMPU3HAKOB IJ1s1 00BEKTa U OOBEKTHI, 00JIaatoNe Ipu-
3HaKaMH COOTBETCTBEHHO [4]. OTOOpa)keHHsT MOMXHO OIUCATh C IOMOIIbIO
TEOPHUH THIIEPTPaOB CICTYIONUM 00pa3oM:

e(x)=U(x), w(u)=X(u),

a 1 MHOXkecTB Ac X u Bc U :

()= U, w(B)=[]Xw).
xeAd ueB
®dopmanpHBIM TIOHSITHEM KOHTekcTa K = (G, M, I) siBnsiercst napa (A4, B), ta-
Kas, uto O(A)=B, y(B)=4, tne Ac G, Bc M. Ilycts FC MHOXECTBO

Bcex (opManbHbIX noHATHH. IlycTh (4,,5)), (4,,B,) € FC. MuoxectBo F'C
YaCTHYHO YHOPAZOUCHO OTHOImEeHneM (4, B,) < (4,,B,) Toraa u TOIBKO TO-
rua, korma 4, < A,, 4TO DKBMBaNEHTHO B, C B;. IIpu 3TOM roBOpAT, 4TO
dopmansHoe nonarue (A4,,B,) sBagercs Oonee oOmuM, yeM (opmanbHOE
noustue (A4;,B;). OrmernM, uTo ynopsgodeHHoe MHOxkecTBO (FC,<) 00-

pasyeT pemeTky (GopManbHbIX HOHSTHI [1, 4, 7].

Onumem popmanpHoe morsTre Ha s3bike (0, 1)-matpun. s 3toro BBe-
JIeM OTIPEIEIICHHS TIOTHOW MOAMATPHUIIBI 1 MAaKCHMAIILHO TIOTHOW TIOIMaTpPH-
sl [2].

Onpenenenne. [TomHoii mommatpuneid (0, 1)-MaTpuibl Ha3bpIBaETCS MOJ-
MAaTpHIIa, Bce 03 HCKITIOYCHHUS DJIEMEHTBI KOTOPOU PaBHEI 1.

Onpenenenne. MakcuManbHO TMOJTHOW MOAMATPUIICH HA3bIBAE€TCA IOJI-
Hasi TIOJMATpPHIIA, HE COAeprKallas HUKAKOW IPyrod MakKCHUMAaJbHO IOJHOMN
MaTPHIIBL.

ITocnenmnee MOXHO TPAKTOBaTh CIEAYIOIUM O0pa3oM: MaKCHUMAaIbHO
MOJTHOW MOAMATpPHILIEH Ha3bIBAETCS MOJHAs MOAMATpHUIA, HE BXOIAIIAs HU B
KaKylo JIPYTyIO MOJHYI MOAMATpHIly. Mcxons w3 omnpenencHuid oToOpaxe-
HUR @(x), y(u) ¥ GOpMaIBLHOTO MOHATHS, JIETKO 3aMETHTh, YTO B TEPMUHAX
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(0, 1)-mMaTpur; MakCUMaJbHO MOJHAS IOAMATPHIA SBISETCS (POPMATEHBIM
TIOHATHEM.

OCHOBBIBasICH Ha BBEJCHHBIX BHIIIC ONPEICICHUSIX, OMHIIEM aITOPUTM
HaxoxaeHus popmanbHbIX oAt HyperGraphFormalConcept (HGFC).

Anroput™m npuHUMaeT Ha Bxof runeprpad H = (X, U) 6e3 KpaTHBIX T'H-
neppebep ¥ BepmuH. st TPOCTOTHI W3NOXKEeHHS OyaeM CYUTaTh, 4TO
mal)]<|X (u)| < ma)>(<|U (x)|. D10 cOOTBETCTBYET TOMY, UTO MaKCHMAJIbHAs CTe-
ue Xe

NeHb TUreppedpa MEHbIIe MaKCUMalbHOW CTEIEHW BepIIMHBL Mnmes anro-
pUTMa 3aKIII0YaeTcsl B TEHEPAllMU BCEX COUYCTAHWH Ha KaXIOM YPOBHE pe-
IeTKH (POPMATBHBIX TTOHATHH.

YpoBHeM / perieTkd GOpMANBHBIX MOHATHH OyJeM Ha3bIBaTh (POPMallb-
HbIe MOHATHA (4, B), Takue, 4To |A| =1[. TIpu 5TOM KOJMYECTBO YPOBHEH CO-
cragusier /=1,..., max|X(u)|, HOCKOIBKY B MaTpuLe HHUHMACHIUA HENb3s

uelU
HAWTH TIOJHOW MaTpHIBI, KOTOpas MPEBOCXOAUT MATPHUILy C YUCIOM CTPOK
max | X (u)|.
uelU

Jlist kaxzoro yposHs [ =1, ..., max |X (u)
uelU

, TIPOIIECC TeHEPAIMU COCTOUT

U3 JBYX JTaIlOB.
Oran 1. Ha mepBoM 3Tare sl 3aJJaHHOTO / CTPOUTCS MHOKECTBO BCEX

couerannii Cy ={S:S c X,|S|=1}. Cornacno muoxectsy Cy , bopmupy-
ercst MHOXkecTBO Tap P = {(S,U(S)):S e Cﬁ( }.

Otan 2. /Iy 3a0aHHOTO / NPOU3BOAMTCA MPE0Opa3oBaHNe MHOKECTBA .
U3 MHOXecTBa [} y#alsioTes mapsl ¢ 1MycToil mpasoit yacteto [U(S)| =9, a
TaKKe BCE Mapbl, Y KOTOPBIX COBMaAaroT mpasble yactu U(S). OueBuHo,

YTO TaKHe Maphl HE SBILTIOTCS (POPMATBEHBIME ITOHSITHSIMH, TOCKOIBKY MOTYT
OBITh BKJIIOUEHBI B IPYTYI0O MAKCUMAIILHO MOJTHYIO MOIMATPHILY.
CrnenyromuM maroM ajlroputMa sBisieTcs 00beMHEHHUE BCEX TOITYyYeH-

HBIX MHOXECTB [} B €IMHOE MHOXKECTBO P = U B, npu sTOM MHO-
1:1,..‘,211:5\X(u)\

KECTBO P yIOpSIOYMBACTCS COTJIACHO JEKCUKOTPApHUSCKOMY IOPSAKY U

pasmepy |S| mo yGbiBanmio. Takum 00pasoM, MHOXKECTBO P COCTOMT U3

map (S, U(S)), KoTopble IMEIOT yHUKAIbHBIE HEMyCThie TpaBbie yacTu U(S)

JUISL KX0r0 ypoBHst |S| = 1.
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Hanee copmupyeM MHOKECTBO (POpMaIBHBIX HOHITHI FC Cleayomum
obpazom. [locnenoBarenbHO IpocMaTprBas MHOXKECTBO P, OyneM 100aBIsTh
B F'C Tonpko Takue napsl (S, U(S)), nns kotopeix U(S) He coBmajaaer ¢ mpa-
BOH 94acThiO paHee NOOaBICHHBIX map. OYEeBUIHO, YTO MOIYYEHHOE MHOXKE-
cTBO F'C COAEPKUT BCe 3HAYAIINE POPMAITLHBIC TOHSTHSL.

OrMmernm, 4TO B cilydae, Korga max|X (u)| = max|U(x)| — MakcumanbHas
uelU xeX

CTEICHb BEPIIMHBI MEHBIIIE MAKCUMAIBHOM cTeneHu pedpa, anroputv HGFC

o *
MOJKHO TIPUMEHSTH K IBOWCTBEHHOMY rumeprpady H ¢ Helbio YMEHbIIe-
HUS KOJTMYECTBA FeHepaIii.

Pe3yn bTaTbl BblYNCUINTEJIbHbIX KCNepNMeHTOB

IIpennoxennsnii anroputm HyperGraphFormalConcept (HGFC) cpaBHu-
BaJICS C M3BECTHBIM aJTOPUTMOM HAXOXJICHHS MHOXECTBA BCeX (opMalib-
HbIX TIoHATHH Close-By-One (CbO). Ucxons n3 onucanns HGFC oueBugHO,
9TO Y3KHM MECTOM aJITOPHTMA SIBISIETCS TeHEPAIUsl BCEX COUYETAHUH, IT03TO-
MY BBIYHCIHUTEIbHBIE IKCIEPUMEHTHI MPOBOISTCS Ha CHIIBHO Pa3peKeHHBIX
runeprpadax ¢ (UKCHPOBAHHOW CTENEHBIO BEPIIMH. Takue rumeprpagsi
BO3HHKAIOT TP aHAJIN3€ TEKCTOB U 00pabOTKe TEIIEKOMMYHHUKAIIMOHHBIX Ce-
Teu [5, 6].

Brutn mpoBenieHbl HECKOIBKO CEPHil SKCTIEPUMEHTOB, B KaXKAOW M3 KOTO-
PBIX TEHEPHPOBAINCH CITyYailHbIe THIIeprpadsl ¢ GUKCHPOBAHHOMN CTENICHBIO
BeplIMH paBHO# 4. Takoi moaX0/ K reHepalliy UCIOJIb30BaJIcs B padore [7].
Pasmepsl MHOXecTBa BepummmH runeprpador BapsupoBanuch or 100 1o
50 000 BepmmH. Pa3zmepbl MHOXeCTBa THIeppeOep NMPUHUMAIN 3HAYCHHS
100, 200 u 500 coorBercTBeHHO. B Tabmuie, Ha TEepeceYeHUH CTPOK M
CTONOIIOB TIApaMeTPOB, TIPUBEACHBI CPEJHUE 3HAUCHUS MPOIIECCOPHOTO BpeMe-
HH, TpeOyeMOro IUIsl TOTyYCHHsT MHOXKECTBA BCEX (POpMAaNbHBIX IMOHSITHH FC.

PesyabTaThl cpaBHeHus no npoueccopaomy Bpemenu anropurmos HGFC u CbO

3HaveHNs apamMeTpoB |X] =100 |X] = 1000 |X] = 10000 | |X]=50000
U= 100 HGFC 1.1 473 2655 48049.75
CbhO 43 421.2 50486.3 2376248
HGFC 2 62.3 3993.4 92344.5
|U1=200 CbhO 42 278.2 43881.5 946274
U] = 500 HGFC 1.3 70.2 6073.7 198608.5
CbhO 32 252.5 26219.2 1007647
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OkcnepuMenTsl npooauinck Ha IIK ¢ mpoueccopom Intel® Core™ i7-
7700K 4.20 I'Tu u oneparuBHO# mamaAThi0 o0beMoM 16 I'b. Onun mpouec-
copubiii TakT 3aHuMaeT 0.001 c. M3 TaOGuuUIel BUIHO, YTO TPH YBEITUYCHUH
ymucna BepiiuH runeprpada anroputMm HGFC paetr 3HauuTenbHOE IpeuMy-
mectBo nepen anropurmom CbO.

OpHako, KaK MOKa3aIH SKCIIEPUMEHTEI, He TIPUBEICHHBIE B JaHHOH pado-
Te, IPU CIIyYailHOM TeHepupoBaHue runeprpada 6e3 (GUKCHpOBaHHOH cTe-
MICHU BEpUIMHBI, NpetokeHHbrid anroputM HGFC nmpourpeiBaeT u3BecTHO-
My anroputMy CbO. DTo cBS3aHO C ATAOM reHepalliy BCeX COUSTaHHH.

3aKknwueHne

[TpennoxeHHBIH B pab0oTe aIrOpUTM HaXOXKACHHUS BCEX (POPMAIBHBIX I10-
HATHHA [aeT 3HAYUTENBHBIN BBIUTPHINI 10 BPEMEHH UIS YAaCTHOTO CIydast
(hopMabHBIX KOHTEKCTOB M COOTBETCTBYIOLIMX MM runeprpados. JlanbHei-
Iee MUCCIIA0BAaHNE aJrOPUTMa MO3BOJIUT YCTAHOBUTH TOYHBIC I'PAHUIIBI €TO
MIPUMEHUMOCTH. [laHHBIE UCCIENOBAHUS ITEPCIEKTUBHBI, TOCKOJIBKY TaHHBIN
YaCTHBIA Cllydyall MMEEeT TECHYIO CBSI3b C aHAJIM30M TEKCTOB M aHAIHU30M
KJIaCCUYECKHX TpadoB.
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