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ABSTRACT

The approach to calculation of distribution of waiting time of requests in the multi-channel
non-Markov queuing systems with “cooling”, “heat-up” and distributions of phase type is devel-
oped. The characteristic of methods of calculation of distribution of waiting time for non-Markov
queuing systems is given. At the heart of calculation of probable characteristics of multi-channel
non-Markov queuing systems with approximating distributions of phase type (the hyperexponen-
tial, the Erlang, Cox) the Takakhashi-Takami's iterative method is lies. When calculating distribution
of waiting time of multi-channel QS with “cooling” and “heat-up” transitions between microstates
are considered. The main result is a method for calculating the waiting time distribution in a mul-
tichannel non-Markov queuing system. The method is based on the weighted convolution of the
Laplace-Stieltjes transformations of the transit times of each of the components of the exponential
phases of the microstates of the system. The knowledge of the Laplace-Stieltjes transformation of
the waiting time distribution of the application in the queue makes it possible, by numerically dif-
ferentiating this transformation at the point s = 0, to calculate the initial moments of the required
distribution, from which to construct the approximation of the distribution function. The example
of calculation of waiting time in queue for model of multi-channel QS M/M/E2/n with the Poisson
input flow, exponentially distributed duration of service and with the "cooling" distributed under
the generalized law of the Erlang of the 2nd order is considered. From the presented results it
follows that with an increase in the average “cooling” duration, the average waiting time increases.
In addition, the duration of “cooling” has a very significant effect on the average waiting time. The
Kolmogorov distance for the distributions of the number of requests received by the numerical
method and using the simulation model was {0.0014; 0.0013; 0.0038; 0.0024; 0.012} for a different
intensity of “cooling”, respectively, which indicates the correctness of the analytical model. Thus, a
generalization of the classical Little's formula is achieved. The proposed approach can be useful in
probabilistic modeling of nodes of distributed data processing centers, modeling and justification
of the architecture of cloud computing systems with the Web interface, and evaluating the impact
of costs on updating the context.
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INTRODUCTION

In the analysis of different types of QS the following types
of wait time of the request in queue are used:

the unconditional waiting time in W queue determined by
length of an interval between the moments of arrival of the re-
quest system and its arrivals on service;

the conditional waiting time in Wq queues, a determined is
similar to W, but in case of the additional assumption that the
request surely waits (W #0);

the virtual waiting time of W, differing from # those that
counting of length of an interval of waiting is carried not from
the moment of arrival of the request in queue, but from some
arbitrary time point.

From line items of applied researches searching of char-
acteristics of time W waiting of the request in queue is of the
greatest interest. Characteristics of the conditional and virtual
wait time are often necessary as a monitoring aid of the results
received by means of new approaches.

Among the approaches used for calculation of distribution of
wait time of requests in queue to multi-channel not Markov QS it
is possible to select the following three methods [ 1]: integral meth-
od; a method on the basis of a convolution of the Laplace-Stielt-
jes conversions (LSC) for QS with distributions of phase type; a
count method (on the basis of invariants of the relations).

1. INTEGRAL METHOD

For M/G/n/R < oo QS the initial moments of distributions
of duration of waiting of the request in queue (stay in system)
can be calculated by means of Little [2] result and his general-
izations [3]. The required moments express through stationary
distributions of probabilities of states on the basis of the con-
servation law of queue here.

We will bring correlation between stationary distribution of
number of requests into queues at the time of t-0 of arrival of the
request and the initial moments of distribution of waiting time
in queue to the GI/G/n/R < o system. The generalized Little’s
formula and her analog for GL/G/n/R <« QS follows from it.

We will designate: z — probability that the next request is
not labeled; a(s) — LSC of distribution of length of an interval
between adjacent requests of a recurrent flow; a (s) — the same
for interval length from arbitrary event of the éntering flow to
the next labeled request; L"'(¢) — operator of inverse transfor-
mation of Laplace. It is obvious that

a(s)
za(s)

Respectively, 4 (t) = L"'(a,(s)/s) — an interval length distri-
bution function to the next labeled request, a 1 -4 _(t) — proba-
bility that any labeled request in time t won't come.

Let for the request arriving to completely busy system:

W (t) — the conditional frequency curve of waiting time
of the beginning of service (frequency curve of the conditional
waiting time);

a.(s)= 2(1 2)2a* (s) = (1- z)

H ;(Z )= Z o in;, — generating function of distribution
of number of requests in queue at the time of t—0 of arrival of the
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new request. This function defines probability that at the time of
arrival of the new request all requests in system will be not labeled.
According to the conservation law of probabilities of sta-
tuses of queue, equality shall be observed:
[1.0=[[1-4®]w.@0a. )
0
In case of the system M/G/n we have a(s) = /(A + s) where
A — intensity of the Poisson entering flow. At the same time

1-A.()= I—L*I(ﬂ,(l—z) [([s(A(1=2)+5)]) = g

And, equality (1) takes a form

I1.@= j Dy (Ddt = w, (M1 - 2)). 2)

Here in the right part— LSC of the conditional distribution
of wait time of the request in queue with conversion parameter
A(1—2). On the basis of conversions (2) come to the generalized
Little’s formula [3]:

Gy = MW, k=12,

3)

Here: w, —k-y the initial moment of distribution of wait time
of the request in queue; ¢, = Zik rr=1)..(r—k+Dn, —
k-y the factorial moment of distribution of number of requests
in queue at the time of t-0 of arrival of the request. In case of
k=1 the formula (3) is called Little's formula [2].

Yu.I. Ryzhikov in [4] offered approach to calculation of
time response characteristics for QS of more general E /G/n
and H,/G/n type. The solution of the 1st kind Fredholm integral
equation is its cornerstone:

H;(Z) = T(Fle’f’ —F,e )wc (t)dt.

Here F, F, f and g — the known functions z and distribu-
tion parameters of length of an interval between adjacent re-
quests of the 2nd order of phase type.

2. METHOD OF A CONVOLUTION OF LSC

OF COMPONENT PHASE DISTRIBUTIONS

In case of numerical calculation of systems of a general
type GI/G/n usually not Markov distributions replace with
approximations in the form of a compound of exponentially
distributed phases. A method of calculation of distribution of
waiting time in system GI /H,/n/R < oo offered in [5]. At the
same time distribution of lengths of intervals between requests
of an input flow is one of distributions of the phase type order
of ¢: An Erlang, the hyperexponential, Cox or PH, and distri-
bution of duration of service is the hyperexponential order of k.

An alternative to phase-type distributions is the Delta func-
tion. In particular, in the article Smagin V. A. [6] an example of
applying the complex delta function for finding the stationary
value of an alternating random accumulation process with the
informational income and expenditure is presented.

We will explain an approach essence on the example of the
M/M/n system. We will call the j-request the request which after
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arrival finds in queue exactly of j of requests. Waiting time in queue
of the j-request represents the amount of j of independent random
variables with LSC of components b (s) = np/(np + ). Therefore
LSC of the conditional distribution of wait time of the j-request is

J
w(s)=b/(s)=| —b—| ,j=1,2...
! nu+s

We will designate 7, ; probability to find in sys-
tem j of requests right after arrival of the request. As

w(s) = Zi [T ;eaW;(8) LSC of distribution of waiting time of
requests in queue is:

J
© . n
W(S) = ijl nA,j+;1 (—u] :

np+s

“)

In article [5] the solution variant which generalizes a for-
mula (4) for finding of LSC of distribution of waiting time of
the request in queue in relation to QS Glg/Hk/n/R < w is of-
fered. Such approach yields more general results in comparison
with [4] regarding validity of g>2 value of an order of distri-
bution of phase type of duration of intervals between requests
of an input flow.

3. COUNT METHOD

It is known that the conditional (in case of zero waiting)
distribution of waiting time of the request in the GI/M/n system
is subordinate to the exponential law. This circumstance allows
consider that the type of distribution of waiting time doesn't
depend on distribution of intervals between adjacent requests
and number of channels and is defined only by distribution of
holding time. In [1] the method of the setting of a type of distri-
bution and a method of its use is offered.

Difference of arbitrary distribution from the normal, hav-
ing the general with it two initial moments, it is accepted to
determine by two dimensionless coefficients, (asymmetry and
an excess) which are equal to zero for normal distributions.
As difference of distributions from demonstrative is of interest
(Markov), in [1] it is offered to enter coefficients of not Markov
behavior of distribution on a formula

K, =w, /w k!, k=23,..,
where W, — k-y the initial moment.

With the help w, and a set {Kk} it is possible to define the
appropriate number of the higher moments [1]:

w, = w (k, +k!).
Value w, can be set by means of Little's formula and proba-
bility &, of immediate reception of the request on service:
w =fa /(-m),
where f, — average length of queue.
The marked dependence of distribution only on distribution
of duration of service allows to take as a basis for determination

{Kk } the M/G/1 queuing system [3]. Actually such approach rep-
resents rather evident form of use of invariants of the relations.
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4. APPROACHES TO CALCULATION

OF MULTI-CHANNEL QS WITH “COOLING”

Calculation of multi-channel non-Markov multi-channel QS
with “cooling” and distributions of phase type based on the iter-
ative method of Takakhasi-Takami [7]. This method successfully
used when calculating non-Markov multi-channel QS of the most
general classical GIq/G/nAR < oo type. At the same time calcu-
lation of QS with “cooling” (as well as multi-channel QS with
“heat-up”) is a little more difficult in comparison with classical
models in case of similar assumptions of other model parameters.

QS models with “heat-up” and “cooling” have been studied
in a relatively small number of publications, we will mention
some of them. For example, one of the early papers [8] explores
a single-channel system with “heat-up”. The paper [9] investi-
gates a multichannel QS of the MAP/PH/n type with “heat-up”
and broadband service discipline. In article [10], an QS is inves-
tigated with a fixed delay before the start of the service.

In [11] the model of multi-channel M/M/H,/n QS with hy-
perexponential distributed duration of "cooling" is considered.
The papers [12—13] consider multichannel QS with "cooling"
and Erlang distribution of the second order.

We will consider multi-channel GIq/Gk/n/R < o QS with
arbitrary distributions of phase type (H, or C,). A state of this
system it is representable a tuple {j; r; m .... m }, where j —
total number of requests in system (j = 0,1...), r — the current
exponential branch (phase) of arrival of the request (» =1,9),
m, — number of the requests undergoing service on i-y to an
exponential branch (phase), i =1,k . We will designate H; a set
of possible statuses of QS in the presence in it exactly j of re-
quests, hj — a number of elements of this set.

We will designate v; = [Yj,l,Yj,z,---,Y,-,h/ J vectors lines of

probabilities of finding of QS in tier j-go microstates. We will
write the vector-matrix equations of balance of transitions be-
tween the states specified on the chart.

YoDo = YlBl +Y0/ 0>

VD =1 1,6+ 0B, J=LR,

where R — number of the shorthanded chart tiers.

Here Aj, BJ., Cj and DJ. an essence of a matrix of the size
hj x th, hj x hj-l’ hj X hj, hj X hj of the conditional intensity of
transitions down arrival of requests, transitions up completion
of service of requests, transitions within j-go of a tier and go-
ings from tier j-go states, respectively. For Glg/Gk/n/R <o QS
elements of the listed matrixes can be created only algorithmi-
cally according to the principles [11].

For the solution of this system of equations, we will use an
iterative method [4]. As result of calculation, we will receive
the relations of adjacent probabilities numbers of applications
in system X, =p, . ,/p,, j=1, R.

After the end of iterations, using X. values, we will realize tran-
sition to probabilities of states of system on the following algorithm:

Probability of the free state (p,) to suppose equal 1.

To calculate p,,, =p;X, j=1,R.

R
To calculate the amount S = ZFO D
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To normalize the received values: p =0 S, j= 0 R.

Calculation is possible also for systems without restriction
of the buffer. In this case, supposed that "tail" of distribution of
number of requests represents infinitely decreasing geometrical
progression which denominator is equal to the relation of two
last calculated probabilities.

5. FEATURES OF CALCULATION OF WAITING

TIME IN QS WITH “COOLING” AND “HEAT-UP”

Calculation of time response characteristics is based on the
way, the offered A.D. Khomonenko in article [5]. Unlike the
multi-channel non-Markov QS considered in article [4] in sys-
tems with “cooling” (and “heat-up”) it is necessary to consider
expenses of time for transitions between microstates of one tier
(with fixed j). We will consider technology of the accounting of
these expenses when calculating distribution of waiting time of
the request in QS queue with “cooling”.

Waiting time of again arrived request is defined by a sys-
tem microstates right after its arrival. We will enter for each
J.i=LR,
final distribution of probabilities of microstates of system right
after arrival of the next request. As the input flow not Poisson,
conditions of the theorem of PASTA (Poisson Arrival See Time
Average) [4] aren't satisfied, and final distribution I, doesn't
match stationary distribution y,.

Vector components 7, represent the relative numbers of ar-
rivals of requests with which arrival the system passed into the
appropriate microstates:

n; = jljlz'yzzm»

where 1, — the single column vector the h x1size.
We will define B, (s) as a matrix of the conditional LSC
of exponential distributions of lengths of intervals before tran-

tier of the chart a row vector t; = [n/,l,njyz,...,n/ \

sition of QS from the microstates (j+n,i),i=1,h,,, on com-
pletion of service increased by system transition probability in
one of (j+n-LI),[= l,hjmicrostates. The matrix has the
dimension h , xh _ . its elements are calculated according to

nt+1?

n+l,i,l
o
z r=1 bn+],i,r +s

We will similarly define a matrix of C _ (s) LSC of distribu-
tions of duration of transitions between QS microstates on one
tier (in case of the fixed number of requests in system), caused
by the phases “cooling” (“heat-up”). The matrix of C(s) has di-
mensionalityh . xh . its elements are calculated according to:

A>1+1/[
zr 114n+]xr

We will call the k-request the request right after which arrival
the systemappears inamicrostate (k +n,i), j =1,2,...,i=1h,,
(in queue there is exactly k of requests). Waiting time in queue
of the k-request represents the amount of durations of k of ad-

Li,l=1h

n+l "

bn+1,i,1 (S) = 3

ntl’

A (9) = (6)
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vances of queue on completion of service plus “cooling” time
if the system is in the appropriate mode.

Based on the accepted designations, LSC of waiting time
of the k-request:

W,(s)=m,.,B (s)Z ra(s), ™
where r — number of sequential phases of “cooling”. We will
explain a physical sense of a formula (7). Depending on in what
microstate there was a system with arrival of the k-request,
time of its waiting will make i =1, r of the stages “cooling”
plus k of completions of service. As distribution of the amounts
of random variables represents the multiplication of their LSC,
the formula takes a form (7).

Then expression for LSC of distribution of waiting time of
the request in queue taking into account “cooling” is:

W(s):inm <s>z MO anW (). ®

Notes.

1. It is possible to show that the formula (8) is fair also for
multi-channel non-Markov QS with “heat-up”, with “heat-up”
and “cooling”.

2. The knowledge of the Laplace-Stieltjes transformation
of the waiting time distribution of the application in the queue
makes it possible, by numerically differentiating this transfor-
mation at the point s = 0, to calculate the initial moments of the
required distribution, from which to construct the approxima-
tion of the distribution function.

6. AN EXAMPLE OF THE CALCULATION

OF A QS M/M/E,/n WITH “COOLING”

We will consider model of multi-channel QS M/M/E, /n
with the Poisson input flow, exponentially distributed duration
of service and with the "cooling" distributed under the general-
ized law of the Erlang of the 2nd order. The diagram of transi-
tions between states of this system is shown in fig. 1.

Fig. 1. Diagram for M/M/E,/n QS with “cooling”
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For M/M/E /n QS the matrixes of the intensity of transi-
tions has following view:

A0 0
4,=/0 % 0[,j=0,N-1
0 0 A
[0 u 0] min(z, ) 0 0
B,=l0 0 0|, B = 0 0 0|,j=2,N;
10 0 0] 0 0 0
[0 0 0
C = 0 u, |,/j=0,N;
[ 00
A+min(j,n)u 0 0
D, = 0 A+, 0 |,j=0,N.
0 0 A+u,

We will calculate the waiting time for the following initial
data: A=2.5,u=1,p = {1.0; 0.5; 0.3; 0.1; 0.05}. Waiting time
calculating results are presented in the table.

The Kolmogorov distance for the distributions of the num-
ber of applications received by the numerical method and us-
ing the simulation model was {0.0014; 0.0013; 0.0038; 0.0024;
0.012} for a different intensity of “cooling”, respectively,
which indicates the correctness of the analytical model.

We calculate the additional distribution function (ADF) of the
waiting time for applications in the system. To do this, we repre-
sent it in the form of a Weibull ADF with a correction polynomial
[4] and construct a plot of the approximation obtained (Fig. 2).

From the presented results it follows that with an increase
in the average “cooling” duration, the average waiting time in-
creases. In addition, the duration of “cooling” has a very signif-
icant effect on the average waiting time.

CONCLUSION
The proposed approach to calculating the LSC of the wait-
ing time distribution of the request in the queue to the QS with

approximating distributions of the phase type generalizes the
results of [1-4] to the case of multichannel non-Markov sys-
tems “cooling” and “warming up”. The proposed approach can
be useful in probabilistic modeling of nodes of distributed data
processing centers, modeling and justification of the architec-
ture of cloud computing systems with the Web interface, and
evaluating the impact of costs on updating the context. Exam-
ples of this application of models of multichannel non-Markov
QS with «cooling» and «heatingy are given in [14—17]. Further
research is advisable to continue in the directions of research
systems with prioritized services [18], optimal deterministic
algorithms and adaptive heuristics for energy and performance
efficiency [19].

References

1. Ryzhikov Y.I. Three methods for calculating the time
characteristics of open queuing systems. Automation and Re-
mote Control. 1993. 54:2. Pp. 127-133. (In Russian)

2. John D.C. Little. A Proof for the Queuing Formula:
L = AW. Operation Research. No. 9 (3): Pp. 383-387.

3. Brumelle S.L. A generalization of L =AW to moments of
queue length and waiting times. Oper: Res. 1972. Vol. 20. No.
6. Pp. 1127-1136.

4. Ryzhikov Y.1. Teorija ocheredej i upravienie zapasami
[Queuing theory and inventory management]. St.-Petersburg:
Piter. 2001. 384 p. (In Russian)

5. Khomonenko A.D. The distribution of the waiting time
in queuing systems of the type Glg/Hk/n/R <oo. Automation
and Remote Control. 1990. No. 51:8. Pp. 91-98. (In Russian).

6. Smagin V.A. Complex Delta Function and its Informa-
tion Application. Automatic Control and Computer Sciences.
2014. Vol. 48. No. 1. Pp. 10-16.

7. Takahashi Y., Takami Y. A numerical method for the
steady-state probabilities of a GI/G/c queueing system in a gen-
eral class. J. of the Operat. Res. Soc. of Japan. 1976. Vol. 19.
No. 2. Pp. 147-157.

8. Kreinin Ya. Single-channel queueing system with warm up.
Automation and Remote Control. 1980. No. 41:6. Pp. 771-776.

9. Bin Sun, Dudin A.N. The MAP/PH/N multi-server
queuing system with broadcasting service discipline and serv-
er heating. Automatic Control and Computer Sciences. 2013.
Vol. 47. Issue 4. Pp. 173-182.

Table
Initial moments of the distribution of the waiting time for requests
Wl W2 W3
He
Numerical Simulation Numerical Simulation Numerical Simulation
1,00 1.534E+00 1,542E+00 5,747E+00 5,824E+00 2,987E+01 3,057E+01
0,50 1.968E+00 1,974E+00 8,143E+00 8,169E+00 4,482E+01 4,489E+01
0,30 2.624E+00 2,646E+00 1,302E+01 1,314E+01 8,329E+01 8,403E+01
0,10 4.696E+00 4,758E+00 4,268E+01 4311E+01 6,127E+02 6,169E+02
0,05 6.473E+00 6,625E+00 1,272E+02 1,144E+02 4,133E+03 3,766E+03

92

WWW.H-ES.RU



service

Number of requests in system (diagram layers)

WWW.H-ES.RU
INFORMATICS, COMPUTER ENGINEERING AND CONTROL

cooling
1 phase

cooling
2 phase

Fig. 2. ADF of the waiting time in a QS M/M/E,/n with “cooling”

10. Eremin A. S. A Queueing System with Determined De-
lay in Starting the Service. Intellectual Technologies on Trans-
port. 2015. No. 4. Pp. 23-26.

11. Lokhvitskii V.A., Ulanov A.V. Numerical analysis of
queuing systems with Hyper exponential "cooling. Tomsk State
University Journal of Control and Computer Science. 2016.
No. 4(37). Pp. 36-43. (In Russian)

12. Khomonenko A.D., Gindin S.1., Khalil M. M. A cloud
computing model using multi-channel queuing system with
cooling. 2016 XIX IEEE International Conference on Soft
Computing and Measurements (SCM). 2016. Pp. 103—106.

13. Khalil M. M., Andruk A.A. Testing of Software for
Calculating a Multichannel Queuing System with “Cooling”
and E2-approximation. Intellectual Technologies on Transport.
2016. No. 4 (8). Pp. 22-28.

14.  Khomonenko A.D.,  Khalil M.M.,  Kassymo-
va D.T. Probabilistic Models for Evaluating the Performance
of Cloud Computing Systems with Web Interface. SPIIRAS
Proceedings. 2016. No. 6 (49). Pp. 49-65.

H&ES RESEARCH, 4-2017

15. Murugesan R, Elango C., Kannan S. Resource Alloca-
tion in Cloud Computing with M/G/s Queueing System. Inter-
national Journal of Advanced Research in Computer Science
and Software Engineering. 2014. Vol. 4. Issue 9. Pp. 443-447.

16. Kaczynski W.H. Transient Queueing Analysis. IN-
FORMS Journal on Computing. 2012. Vol. 24. No. 1. Pp. 10-28.

17. Vilaplana J., Solsona F., Teixid o I. A performance mod-
el for scalable cloud computing. Proceedings of the 13th Austral-
asian Symposium on Parallel and Distributed Computing (Aus-
PDC2015), Sydney, Australia, 27-30 January 2015. Pp. 51-60.

18. Muliukha V., TIlyashenko A., Zayats O., Zabor-
ovsky V. Preemptive Queueing System with Randomized Push-
Out Mechanism. Communications in Nonlinear Science and Nu-
merical Simulation. 2015. Vol. 21. No. 1-3. Pp. 147-158.

19. Beloglazov A., Buyya R. Optimal Online Determinis-
tic Algorithms and Adaptive Heuristics for Energy and Perfor-
mance Efficient Dynamic Consolidation of Virtual Machines in
Cloud Data Centers. Concurrency and Computation: Practice
and Experience. 2012. Vol. 24. Pp. 1397-1420.

93



H&ES RESEARCH, 4-2017
NHOOPMATUKA, BLIYNCITUTEJTIbHAA TEXHUKA N YTPABJIEHVE

94

PACYHET PACNPEOEJIEHNA BPEMEHU OXKUOAHUA B OYEPEON
MHOTIOKAHAJIbHbIX HEMAPKOBCKMUX CUCTEM MACCOBOIO
OBCNTY>KNBAHUA C «OXJTAXXKOAEHUNEM» N «<PA3SOIrPEBOM»

XomoHeHko AHaTonui iMutpuesmy, JloxBuukuin Bnagpumup AnekcaHppoBuv,
A.T.H., npodeccop, 3aBefytowuin kabenpon K.T.H., LOKTOPaHT kapeapbl MaTeMaTU4eCKoro
MHPOPMALIMOHHbIX U BbIYUCIIUTESIBHBIX CUCTEM 1 nporpammHoro obecneyeHus BoeHHo-
MeTepbyprckoro rocynapcTBEHHOro yHUBEpPCUTETa Kocmuyeckom akagemumn nmenn A.®.Moxxainckoro,
nyTten coobueHuns Mmnepartopa AnekcaHgpa | r. Caxkr-TMNetepbypr, Poccus, lokhv_va@mail.ru
npogeccop kabeapbl MaTEMaTU4ECKOrO

M NporpaMMHoOro obecneuyeHns BoeHHo- Xanun Maan Monep'

KocMuyeckon akagemun nmenn A.®.Moxaickoro acnmpaHT Kadeapbl MHPOPMALIMOHHBIX

r. Cankr-Tetepbypr, Poccus, khomonenko@pgups.ru 1 BblYMCIUTENbHBIX cucTeM MeTepbyprckoro

rocyfapCcTBEHHOrO yHUBEpCUTETa NyTei coobLLeHNs
Wmnepatopa Anekcarppa |, r. Cankr-lNeTtepbypr,
Poccusi, maadalomar@gmail.com

AHHOTAL A

I'Ipe,qnaraeTcg noaxon K BblHUCIIEHUIO pacnpefeneHnsa BpeMeHn oXunaaHusa 3anpocoB B MHOro-
KaHaJIbHbIX HEMapPKOBCKUX CUCTEMaX MacCoOBOro 06Cﬂy)KVIBaHI/IF| c«oxnaxkgeHnem», «pasorpesom»
n pacnpefenexnvsMmu ¢dasosoro Tuna. [laHa xapakTepucTMKa METO[OB pacyeTa pacrpefeseHus
BPEMEHU OXMAAHWS 415 HEMAaPKOBCKMX CUCTEM MaccoBoro obcsny>mnsaHus. B ocHose pacueta Be-
POATHOCTHbIX XapaKTePUCTUK MHOTOKaHa/IbHbIX HEMapPKOBCKUX CUCTEM MaCcCOBOro O6CJ1y)KI/IBaHVI9|
C annpokcMmMupyoLWnMn pacrnpegeneHuamm ¢pasoBoro Tvna (rrunepakcnoHeHumanbHoe, dpnaHra,
Kokca) nexxut utepaumoHHbin MeTog Takaxawun-Takamu. [pu pacuete pacrnpefeneHns BpemMeHu
OoXXnpgaHwma B MHOrOKaHaJsibHOW cMcTeMe MacCoOBOro O6CJ'|y>KVIBaHI/IF| C «oOXnaxpgeHunem» n «pasorpe-
BOM» Y4UTbIBAOTCA NMepexoabl Mexay MUKPOCOCTOAHUAMU OOHOIO YPOBHS4. OcHoBHOM pe3ynbTaT -
MeTo[, pacyeTa pacnpefesieHns BpeMeHU OXunaaHvs B MHOroKaHaslbHOM HEMapKOBCKOM cucteMe
MaccoBOro obcny>KMBaHUs ¢ «oxsiaxaeHnem» u/unu «pasorpesom». Meton ocHoBaH Ha B3BeLUEH-
HoW cBepTke npeobpasosanui Jlannaca-CTuntbeca BpeMeH NPOXOXAEHUS KaXAoW U3 COCTaBIs-
IOLLMX SKCMOHEHLMANbHbIX $a3 MUKPOCOCTOSIHUIA cUCTeMbl. 3HaHWe npeobpasosBaHus Jlannaca-
CrunTbeca pacnpenefieHns BpeMeHU OXUAaHWs 3asiBKVM B O4epeamn No3BoJISeT NyTeM YMCSIE@HHO-
ro pudpdepeHLmpoBaHns 3Toro npeobpasoBaHmst B Touke s=0 paccunTaTb HavyasibHble MOMEHTbI
MCKOMOTO pacrnpefesieHus, no HUM NMocTpouTb annpokcumaumo GyHkuumn pacnpegpenequs. Pac-
CMOTpPEeH npumMep YNCNEeHHOro pacyeTa pacnpeneneHnsa BpeMeHn oXxnaaHnusa 3asdBkn B ovepeaun
Mopen MHOroKaHasbHOW CUCTEMbI MaccoBoro obcnyxmsanus Tuna M/M/E,/n - ¢ nyaccoHoBckum
BXO/ZIHbIM MOTOKOM, 3KCMOHEHLManbHO pacnpeesieHHON NPOoAoHKUTENBHOCTLIO 0BCTY>XUBaHNS U
C «OXJIKAEHUEMY, pacripefesnieHHon no obobeHHoMy 3akoHy DpnaHra 2-ro nopsgka. U3 npeg-
CTaBJIEHHbIX pe3y/ibTaTOB cJsieayeT, 4TO C yBeJsinyeHnem cpep,HePl NPOAOJIIKUTENIbBHOCTU «OXJ1aX-
LeHusi» cpefHee BpeMsl OXuaaHus ysenuunsaetcs. Kpome Toro, ANMTENBHOCT «OXAaXKAEHUS»
oKasblBaeT 3HauNTENIbHOE BNIUSIHWE Ha cpefHee BpeMs oxupaHus. Pacctosiine Konmoroposa ans
pacnpe,qeneHVll?l Yyucna 3adaBOK, MNOJTYy4YE€HHbIX YACNTI€HHbIM MeTOA4O0OM U C MOMOLLbIO I/IMI/ITaLl.I/IOHHOIZ
mMogenu, coctaeuno {0.0014; 0.0013; 0.0038; 0.0024; 0.012} npu pasnvyHON MHTEHCUBHOCTU KOX-
NaxkaeHns» COOTBETCTBEHHO, YTO CBUAETENbCTBYET O KOPPEKTHOCTU aHanuTuyeckon mogenu. Ta-
KUM 0bpa3oM, LOCTUrHYTO 0606LeHMe knaccnyeckon popmynbl JInttna. NpennoxeHHbI noaxon,
MO>ET BbITb MONE3eH NP BEPOSITHOCTHOM MOAETMPOBAHNM Y3J10B LIEHTPOB pacrpefeseHHomn 06-
paGOTKVI AaHHbIX, MOAENTNPOBaHNN U O6OCHOBaHVIVI NOCTPOEHUA apXUTEKTYPbl CUCTEM 06naqu|x
BbluncneHuit ¢ Web-uHtepdeiicom, oueHke BMSIHUSA 3aTpaT Ha akTyasnsaLmio KOHTEKCTa.

KnioueBble cnoBa: MHOrokaHasibHble CUCTEMbI OBCYXXMBAHWS; KOXNaXKAEHNEY; «Pa3orpesy»; npe-
obpasosaHue Jlannaca-Ctuntbeca; pacnpefefieHne BpemMeHn OXuaaHus; pacrnpegeneHne dp-
naura; ¢opmyna Jluttna.
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