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Abstract. In this article, using the example of a multi-channel exponential queueing
system with reordering of requests, we study the problem of computer construction of
the state space and coefficient matrix of a system of equilibrium equations. As a result,
general principles for solving problems of this type are formulated.
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1. Introduction

Quite often, when constructing mathematical models of complex informa-
tion and computing systems, developers are faced with the problem of the
presence of a large number of similar elements in the system under study.
This is especially true for multi-threaded systems or systems with a large num-
ber of servicing devices [1-7]. If the functioning of the system has a complex
multivariate scenario, then the task of constructing a state space of a ran-
dom process modeling the system under study becomes impossible without
developing a special software product. In this article, using the example of
a multi-channel queuing system with reordering of requests [8, 9], an algo-
rithm will be developed for the automated construction of the state space
and transition intensity matrix.

2. System description

A multi-channel queuing system (QS) is considered with m service devices,
2 < m < o and a common storage device of limited capacity r. The system
receives a Poisson flow of requests of intensity A\. The service times on device j
are independent of each other, and also do not depend on the duration of
service on other devices and are distributed according to an exponential law
with the parameter p;, j = 1,...,m. An application entering the system
when there are m + r applications in it is lost.
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We will further assume that the devices are arranged in non-decreasing
order of service intensity: p; > --- > u,, and that a request that has the
ability to select a device selects the device with the lowest serial number. The
selection of applications from the storage occurs in accordance with the FIFO
discipline [10].

It is assumed that all applications upon entry into the system are assigned
a serial number. Moreover, if at the moment of completion of servicing of
a request with number n (n-request), servicing of at least one request with
a number less than n continues, the n-request is placed in the reordering
buffer (RB). Otherwise, request n leaves the system and all requests with
numbers differing by one, starting from n + 1 (if there are any in the RB),
leave the RB behind it. This assumption allows us to model the mechanism
for maintaining the order in which applications leave the system in accordance
with the order in which they arrive. Systems of this kind are called systems
with reordering of requests [8, 9].

3. Construction of a mathematical model

Let us assume that all applications in the system are numbered in accordance
with the order in which they were received, starting with one. Then the
stochastic behavior of the considered QS can be described by a homogeneous
Markov process X (t), t > 0, over the state space

l‘m:szlv
k=0
= (kv im), =0k Y uliy) =k,
j=1

in this case, if 7;i; > 0, then i; # i, j,5 = 1,m}, k=0,m-—1,
ot ={(k,ir, ... im), i;=0,m, i;#i, j,s=1,m}, k=mm+r,

where u(z) is the Heaviside function.

Here for some time t: X(t) = (k,i1,...,4,), if there are k requests in
the system, &k = 0,...,m + r and device j is free if ij = 0. Otherwise, i; is
the serial number of the request served on device 7, 7 =1,...,m.

In what follows, we will call the subset z}' the k-th group of states. It’s

easy to see that
m m)k, k= 07 m,
ol = §
m!, k=m,m+r,

where (m); is the number of placements from m to k.

Hence,
m

|lz™| = Z(m)k + rm!.

k=0
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It is obvious that as m increases, the dimension of the state space increases
rapidly. So when m > 5 and k > 10 it exceeds 10®. Therefore, to construct
a matrix of transition intensities and solve a system of equilibrium equations,
it is necessary to develop an algorithm for constructing a space x™.

4. Algorithm for constructing the state space
Let Y be a set of sequences of length s + 1 of non-negative integers.

Definition 1. We will call the operator L; the j-insertion operator defined
on the set Yj if for (ig,...,is) € Y

Lj(io,il, ce ,is> = (7:0+1,’i1, PN ,i_l,max{il, PN ,7:5}4-].,7:]‘, ce ,is), ]—1, s+ 1.

Next, let Y;, be the subset Y; of power v, i.e. Y;, = {yl,... 9%}, where
yr = (in,. .., n=T1,0.

Definition 2. We will call the operator L the insertion operator defined
on the set of different finite subsets of the set Y, if for Y, € Y,

L(}/;,V) = {Lly;, Ce ,Llys,Lgy;, e ,Lgy;/, ey LS+1y;, e ,LS+1ysV}.

Definition 3. k-th degree L* operator L will be called an operator whose
action consists of k successive applications of the operator L, k =1,2,3,....
By the zero degree of the operator L. we mean the identity operator.

Definition 4. We will call Lj_1 a j-removal operator defined on the set Y,
if for (ig,...,1s) € Yi:

1/ . . N . . . . . T
LJ (ZO,...,ijl’Zj7Zj+17...,7zs>—(ZO_1721’...77/]'7172]'4]’,17...’77/8)7 ]—1,5.

Let’s define a subset Y, as set Y, such that for (0,11, ..,1s) € Yy among
the numbers there is at least one that is not equal to zero and all non-zero
numbers are distinct.

Definition 5. We will call the operator M a maximum selection operator
defined on the set Yj if for (ig,i1,...,i5) € Ysi M(io,41,...,1is) = [, where [ is
such that 4, = max{iy,...,is}.

And, finally, let Y, is subset of the set Y;, such that (i1,...,15) € Y., if
among the numbers 7y, ..., 75 there is at least one that is equal to zero.

Definition 6. We will call the operator Z the zero selection operator on
the set Yj if for (ig,i1,...,1s) € Ys: Z(i1,...,1s) = n, where n is the number

of the first zero element in the sequence 74, ...,i,.

Let us now proceed to constructing the state space and prove the validity
of the following lemma.
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Lemma 1. For any fixed m, m > 2:

Ik m—k s
g = ) EHO,0m7H), k=0,m—1, 0

L™ Yk —m+1,1), k=m,m+r, where 0° = (0,...,0).

Proof. We will carry out the proof using the method of mathematical
induction. Let m = 2. Then

0,0,0), k= 0;
i = L1(0,0), k=1,
L'(k—-1,1), k=2r+2

Hence, = {(0,0,0); (1,1,0); (1,0,1); (k,1,2); (k,2,1),k = 2,...,r + 2}. It
is obvious that the resulting set is the state space for the process X(¢) in
the case of m = 2 [4].

Let the statement of the lemma be true for m = [. Then for m =1 +1
we get

LE(0, 0 1F) k=0, _
LNk—1,1), k=I1+1,1+r+1

+1 __
T, =

(0,011, k= 0;
= L(kal(()’ 01+14¢))7 k= 7;
LYYk —=1,1)), k=I1+1L1+r+L
Replace £ with k£ + 1 and get:
(0,001), k=—1; (0,071, k= —1;
Tt = 4 L(L*(0,00%)), k=0,0-1,=9Lz), k=01_1
LYk —1+1,1), k=101l+r L(x}), k=11+r.

Next we note that if (k,4y,...,%;) € x%, then

max{iy,..., i} =
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Hence,

(070l+1>7 k= _17

{(k+1,k+ 140,00 (k+1,k+1,...,4);...;

ait = (k+1,&%,...,k+1)}, k=01-1, v=|zk;

{(k+1,01+1,01,...,3)); (K+1,1+1,...,4);...;
(k+1,%, .. 0+1}, k=L1+r, v=|z

\

Given the definition of a group of states z!, the last relation can be
written as:

({(k+1d1,...,4):

i, =0,k+1, u(ij) = k+ 1, in this case,
I+1 _ j=1
Thy1 = e . . —_— —_—
if i;i5 > 0, then i; # i, 7, Szl,l—l—l}, k=-1,1-1,
{(k + 171.17 s 7il+1) :

| 4 =L1+L §#i. js=L1+1}, k=0l+r

And finally, having made the reverse replacement of k by £ — 1, we come
to the definition of the k-th group of states for the case m =1+ 1. Thus, the
lemma is proven. 0

It obviously follows from lemma 1 that the proposed method of constructing
2™ is recurrent in m. In addition, in the state space a certain order of the
elements of this space is specified. For clarity, let us consider the diagram for
constructing the state space in the case when m =4 and r =1 (figure 1).

Analysis of the diagram helps to notice that for any fixed m, the k-th group
of states is divided into m subgroups of the same dimension. A sign that
a state belongs to the n-th subgroup of the k-th group is that the request
with the highest number is served on device n, n = 1,..., m. Let us denote
xy', by the n-th subgroup of the k-th group. It is easy to calculate that

‘Z’Z?n‘ = (m - 1>min{k,m—1}—17 n = 1, m, k= 1,m +r. (2)
The recurrent principle of constructing the state space and dividing groups

into subgroups makes it possible to determine the serial number of the state
in x™.

Lemma 2. The ordinal number of the state (k,i1,...,1,) in the state space
x™ is determined by the expression
min{k—1,m—1} min{k,m—1}
n= Z (m)J + u(k —m)m! + Z <5j —1)(m — j)min{k,m}—j +1, (3)
j=0 J=1

where s; = M (k,i1,...,0n), 5; = M(L;jl_1 L L (K, ,im)),
j=2,min{m — 1, k}.
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Figure 1. Diagram of the process of constructing a state space for a system with 4 devices
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Proof. Note that the first two terms in our formula determines the total

number of states in groups zy’, ..., z}" . Therefore, it remains to show that
min{k,m—1}
> (5 = 1)(m = J)minfkm}—; determines the number of states of the k-th
j=1

group preceding a given state. To do this, let us clarify the meaning of each
term of this sum.
Notice, that s; = M(k,i1,...,1y) is the number in the subgroup z}* that

belongs to state (k,i1,...,4,), and the size of each of the subgroups is equal
(Mm—1)minfk,m}—1- Therefore, the expression (s;—1)(m—1)min{k,m}—1 determines
the total number of states in the subgroups 2}, ..., 27, _;, preceding the

subgroup 7", . Moreover, if k = 1 or m = 2, then each of the subgroups

contains one element and, therefore, the calculation process will be completed.
Otherwise, you need to define the state number in the subgroup 7", .

We note that in the process of recurrent construction of the state space,
the subgroup 7', is obtained as a result of the action of the operator L,

on the group z}"'. Therefore, the ordinal number of state (k, iy, ...,i,) in
the subgroup 27" is equal to the ordinal number of state L;ll(k, i1y vy ip) In
the group z}"'. To determine it, we find s, = M(Ls_ll(k, i, .. ,zm)) — the
number of the subgroup in the group le_’ll to which state Ls_ll(k, Wy eeyim)

belongs. The size of each of these subgroups is equal (m — 2)minfk,m}—2. SO

expression (s3 — 1)(m — 2)min{k,m}—2 determines total number of states in the
subgroups -’1”711_11,17 e ,xZ‘:ll’Srl, preceding the subgroup :EZSI’SQ. Moreover, if
k = 2 or m = 3, then each of the subgroups contains one element and the
calculation process will be completed. Otherwise, it is necessary to continue
similar reasoning, which will ultimately lead us to the desired result.

Thus the lemma is proven. o

In the future, we will need not only a formula for calculating the serial
number of a state, but also an algorithm for the reverse action — restoring
a state by its serial number. This task in our case is divided into two stages:
determining the number of the group to which a given state belongs and
calculating the serial number of the state in the group.

The first stage is simple. Let n be the serial number of the state, and
N = |z™|. Next, it is necessary to arrange a partition of the segment [0, N]
into m + r + 1 interval (ng,ngi1], & = 0,...,m + r in such a way that the
condition n € (ng, ng, 1] means that the state with number n belongs to the
k-th group. Obviously, as the boundaries of the indicated intervals it is
necessary to take the numbers:

0, s =0;
Ns = Y ng_q1 + (m)s,l, s=1,m; (4)
Ngr1 + m!, s=m+1,m+r+1.

Further, carrying out arguments similar to those that took place in the
proof of lemma 2, we arrive at the following result.
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Lemma 3. Let n be the serial number of the state, and k be the number
of the group to which this state belongs, and let the sequence of numbers

515+ Smin{k,m—1} be defined by the following recurrence relations
n—ny, J=1
l; =
lj,1 — (ijl — 1)tj,1, j = 2,min{m — 1, ]{]}7 (5)
. L : -
ti = (M = Jminfkmi—js  Sj = [t_f‘ . j=1min{m — 1,k}.
j

Then the state of the system is determined by the expression:

Ly, ... Ly, (0,0mF), k=0,m—1;
Ly, ...L

(kyit, ... im) = (6)

(k—m+1,1), k=m,m+r.

Sm—1

To illustrate the operation of our algorithm, we give an example of restoring
a state by its serial number.
Let m=4,r =2, n=061.

Then N = Z] 0(4); =1+4+12+424+24+ 24 = 89 and the segment (0, 89
is divided into intervals:

(no,n1] = (0, 1J; (n1,ne) = (1, 5]; (no,ns] = (5, 17];
(n3,ng] = (17, 41];  (ng,ns] = (41, 65]; (ns,ng) = (65, 89].

The number 61 belongs to the interval (ny,ns]. Therefore, group number
k = 4. Next, we calculate the sequence of numbers.

ll =61—-41= 20, tl = (4 — 1)4,1 = 6, S1 = [20/61 = 4,
b=20—(4—1)-6=2, ty=(4—2)y0=2, s5=[2/2]=1;
b=2—(1-1)-2=2, t3=(A4-3)3=1, s3=[2/1]=2.

And finally, the desired state is determined by the expression:
(4, ila iz, 7;3, 24) — L4L1L2(1, 1) — L4L1(2, 1, 2) - L4(3, 3, 1, 2) - (4, 3, 1, 2, 4)
Using lemma 2, we check the result:

sy =M(4,3,1,2,4) = 4;
M(L4 (4,3,1,2,4)) = M(3,3,1,2) = 1;
= M(L;"(3,3,1,2)) = M(2,1,2) = 2;

3 3
Z J+Z (4—j)aj+1=41+20=61.



340 DCM&ACS. 2023, 31 (4) 332-344

5. Algorithm for constructing the matrix of transition
intensities

Let us develop an algorithm for constructing the matrix of MP transition
intensities X (¢). Note that MP transitions are possible only for states from
neighboring groups: transition from the group z}' ; to a group z}" due to the
receipt of an application, and from group z7 | to group z}’ — due to service
on one of the devices. Consequently, the transition intensity matrix A will
have a 3-diagonal form.

Let us introduce notation for non-zero blocks A. We denote over-diagonal
blocks by Ay_1x, sub-diagonal — through M} ;_1, and diagonal — through
N, kk -

It is not difficult to notice that in each column of the block Aj;_; there
can be only one non-zero element equal to A\. In each line of the block
My, k-1 corresponding to state (k,iy,...,4,) there will be no more than m
elements for j such that ¢; # 0. Finally, the blocks N} ; are diagonal matrices
with the diagonal element corresponding to state (k,ii,...,i,) equal to
Doy uliy)py — ulm 41 —k)Ax.

Thus, to construct matrix A it is necessary:

— develop an algorithm Fj that determines for any state of the system the
transition conditions and the state of the system from which one can get
to the given one due to the receipt of an application;

— develop an algorithm F;, which defines the transition conditions and the
state of the system to which it is possible to move from this state due to
servicing on device j.

The implementation of these algorithms will make it possible to determine
non-zero elements of blocks Ay_; , and My ;.

Before moving on to a step-by-step description of the algorithm Ej, we
will give some explanation of one of the conditions that will be checked in
this algorithm. We are talking about when it is impossible to transition to
state (k,i1,...,%y), from any other due to the arrival of a request, except
for the trivial case k£ = 0. In the description of the system it was said that
an application that has the ability to select a device selects the device with
the lowest serial number. Consequently, due to the receipt of a request, it
is impossible to get into a state for which the number of the device busy
servicing the request with the maximum sequence number is greater than the
number of the first of the free devices. Formally, for any state (k,71,...,%n),
this condition can be written as follows

M(k,iv, .. im) > Z(k, i,y im),

where M and Z are the maximum and zero selection operators, respectively.
Moreover, this condition makes sense to check when k£ < m. Otherwise the
check is trivial. The meaning of the remaining steps of the algorithm is quite
obvious, so we will not give a detailed explanation.

So, algorithm Fj:

Start: enter state (k,i1,...,0n).

Step 1. Check the condition k£ > m. If the condition is met, then go to
step 5.
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Step 2. Check the condition k = m. If the condition is met, then go to
step 4.

Step 3. Check the condition M(k,iy,...,im) > Z(k,i1,...,0y). If the
condition is met, then the end of the algorithm.

Step 4. [ := Z(k,i1,...,0n), i :==0.

Step 5. k:=k — 1.

Step 6. Output values k, i1, ..., im.

End algorithm.

Now let’s move on to the algorithm F;. Note that from any state
(k,i1,...,i,) you can get to another due to servicing on device j if this
device was busy with servicing, i.e. if i; # 0. After the end of service on
device j, the number of requests decreases by one. In addition, the serial
numbers of those applications that entered the system later than the serviced
application are reduced. Further, if at the time of the end of service there
were requests in the queue awaiting service, then the first of them will arrive
at device j and will be assigned a serial number m. Otherwise, device j will
become free.

Considering the above, the algorithm E; can be written as:

Start: Enter state (k,71,...,7m).

Step 1. Check condition i; = 0. If the condition is met, then the end of
the algorithm.

Step 2. k:=k—1,1:=0.

Step 3. [ :=1+ 1.

Step 4. Check the condition ((i; > 0) and (i, < i;)). If the condition is
met, then go to step 6.

Step 5. ¢ ;=14 — 1.

Step 6. Check the condition [ # m. If the condition is met, then go to
step 3.

Step 7. i; :== 0.

Step 8. Check the condition k¥ < m. If the condition is met, then go to
step 10.

Step 9. i; := m.

Step 10. Print values k, i1, ..., iy,.

End algorithm.

And finally, we will describe the algorithm FE for constructing matrix A. In
fact, we need to perform the following actions for all serial numbers of states
of the system n:

Step 1. Using lemma 3, from the ordinal number n, restore the state of
the system (k,iq,...,%,).

Step 2. Using an algorithm E, (algorithms E;), determine the transition
conditions, and if they are fulfilled, the state of the system from which (to
which) one can get to the given one (from the given one).

Step 3. Using lemma 2, determine the serial numbers of states n;,
j = 0,1,...,m, defined in the previous step, and perform the following
assignment operations:

Apon = )\7 (7)

nn; = Hj, (8)
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m

Uy = —u(m + rk)\ — Zu(z’j)uj. 9)

J=1

Thus, the main result of our study has been obtained. Let us formulate it
in the form of a theorem.

Theorem 1. The numbering of non-zero elements of the matrixz A of the
intensities of transitions of the MP X (t), which describes the functioning of the
system under consideration, is determined in accordance with the algorithm E,
and their values are calculated using formulas (7)—(9).

6. Conclusion

Despite the fact that in this work we were constructing a matrix of transition
intensities for a very specific system, we can note a number of patterns and
formulate recommendations for solving problems of this type when considering
other systems with a large number of similar elements. Let’s list the main
stages:

1. Describe all possible states of the system in the form of sequences of
corresponding numerical parameters.

2. Identify the main patterns of formation of the state space with an increase

in the number of similar elements in the system and describe them using

special operators.

To develop an algorithm for constructing a state space recurrently by the

number of elements of the same type.

Define and formalize with the help of logical operators all possible tran-

sitions between different states of the system.

5. Develop an algorithm that allows you to determine the ordinal number
of a state in the state space.

6. Develop an inverse algorithm that allows, using the serial number of
a state, to restore the state itself in the form of a sequence of parameters.

7. Write down formulas for determining non-zero elements of the matrix of
intensities of transitions between states of the system depending on the
serial numbers of these states.

8. Enumerate all states of the system in accordance with their serial numbers
and, restoring them using the inverse algorithm, calculate all non-zero
elements of the matrix using the formulas from the previous paragraph.

= W
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INCJIOM OJHOTUIIHBIX 3JIEMEHTOB

C. . Marromenko, . C. 3apsaos

Poccutickuti ynusepcumem dpyorcho. napodos,
ya. Murayzo-Maxaas, 0. 6, Mocxea, 117198, Poccutickan Dedepavus

Amnnorarmus. B nannoit ctathbe HA IpUMepe MHOTOKAHAJIBHON SKCIIOHEHITUAIHLHON CHU-
CTEMBI MaCCOBOI'O ODCJIy?KMBAHUS C IIEPEYIIOPAI0YMBAHUEM 3a5BOK N3YYaeTCsd 3a/1a9a
KOMITBIOTEPHOTO IOCTPOEHUS ITPOCTPAHCTBA COCTOSTHUN U MATPUIIbI KOI(DDUITUEHTOB
CUCTEeMbI ypaBHEHUI paBHOBecusi. B pesysibrate chOpMyIUPOBAHbI OOIINE TTPUHITATIBI
peleHns 3a/1a9 TaKOTO THIIA.

KimroueBblie ciioBa: crucreMa MacCOBOTO OOCTYKUBAHU, TUHAMUYIECKOE TIOCTPOEHTE
MATPHUIBI WHTEHCUBHOCTEN TIEPEXOJIOB, CUCTEMA C IEPEYIIOPSIOUNBAHUEM 3asIBOK



