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Abstract. The article is devoted to improving the methodological approach to forming the
structure and composition of the repair system for armament, military and special equipment based
on the use of queueing system theory, taking into account the specific features of modern combat
operations. Experience in repelling the armed aggression of the russian federation convincingly
demonstrates that the production capabilities of the repair system are insufficient for the timely
performance of tasks related to the repair of damaged items of armament, military and special
equipment. An analysis of the repair system for armament, military and special equipment under
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combat conditions shows that the structure and composition of repair bodies do not meet current
requirements. Therefore, the repair system for armament, military and special equipment in the
Armed Forces of Ukraine requires more detailed consideration. For this purpose, the repair system
model may be represented as a queueing network. In this network, some links should be represented
as multichannel queueing systems with unreliable or degrading channels. The aim of the article is to
improve the methodological approach to forming the structure and composition of the repair system
for armament, military and special equipment on the basis of a queueing network, taking into account
the specific features of modern combat operations. The methodological basis of the research consists
of the combined use of queueing theory, probability theory, system modelling, comparative analysis
and analytical generalisation to represent repair units as elements of a queueing network with
unreliable and stochastic degrading service channels. The scientific novelty consists in representing
repair subunits as multichannel queueing systems in which several channels are unreliable or
degrading, which makes it possible to determine the structure and composition of repair subunits
more accurately and objectively. The improved methodological approach makes it possible to
determine the parameters of repair subunits in advance and on a substantiated basis when forming the
structure and composition of the repair system for armament, military and special equipment.

Keywords: repair system; armament, military and special equipment; AMSE; queueing system;
queueing network; unreliable channels; degrading channels; repair units; intensity of combat
operations.

Introduction

Based on the analysis of losses of armament, military and special equipment (AMSE) of the
Armed Forces of Ukraine during modern combat operations, it can be concluded that the nature and
structure of these losses require the effective employment of repair units and subunits [1], [2].
However, an analysis of the AMSE repair system demonstrates that the capabilities of the repair
system are insufficient [2]. Above all, this concerns the production capabilities of repair and recovery
units and subunits. Experience shows that they are insufficient for the timely performance of tasks
related to the repair of damaged AMSE items.

According to the daily information bulletins of the Logistics Forces Command [1] regarding
AMSE recovery, the insufficient number of repair subunits, their composition, manning level, and
the physical and psychological condition of specialists, caused by age and chronic diseases, have a
negative impact on the promptness of AMSE recovery. The consequence of this situation is the
untimely performance of repairs and delays in the delivery of recovered AMSE, which reduces the
level of provision and combat capability of units and subunits. For this reason, the repair system
requires improvement; therefore, it is necessary to determine a research direction for the formation
of an adequate methodological apparatus. Consequently, the development of a correct and adequate
model of the AMSE repair system during modern combat operations, as well as the determination of
the structure and composition of the repair system and its subsystems, constitutes a relevant scientific
task. The aim of the article is to improve the methodological approach to forming the structure and
composition of the AMSE repair system on the basis of queueing network models, taking into account
the unreliability and stochastic degradation of service channels under modern combat conditions. To
achieve this aim, the article analyses existing approaches to modelling AMSE repair processes,
substantiates the representation of repair subunits as multichannel queueing systems, considers
unreliable and stochastic degrading service channels, and demonstrates the practical applicability of
the proposed approach through illustrative calculations.

Literature Review
Having analysed recent studies and publications on this subject, the authors established that
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approaches to improving the repair system for AMSE items with damage and failures have passed
through several stages. At the first stage, modelling was carried out using mathematical methods
based on the hypothesis of a linear relationship between the number of repair bodies, their
composition and indicators, and the effectiveness of the repair process [3].

At the second stage, stochastic models of the repair process were presented. They were based
on probability theory, queueing theory and statistical observations, while the repair system itself was
represented as a queueing system (QS) [4]-[7].

However, it should be noted that open scientific sources in Ukraine contain no publications on
studies of scenarios in which QS with unreliable channels and QS with degrading channels are
considered.

Methodological Framework

The methodological framework of the research is based on a system approach to modelling the
AMSE repair system as a queueing network. The study applies the mathematical apparatus of
queueing theory, probability theory and stochastic modelling to describe the functioning of repair
units under conditions of channel unreliability and degradation. Comparative analysis is used to
identify the limitations of previously proposed deterministic approaches, while analytical
generalisation is applied to substantiate the improved methodological apparatus. To form models of
the repair system, the mathematical apparatus of queueing theory is most often used. This apparatus
makes it possible to form adequate models based either on a queueing system (QS) or on a queueing
network (QN). For example, in [3] a methodological approach based on the QN apparatus was
proposed; however, it provided for the use of correction coefficients that took into account a decrease
in the production capacities of repair subunits and the work capacity of a worker during a work shift
in the course of combat operations. The drawback of this approach lies in the use of rather subjective
indicators. In addition, these indicators are explicitly deterministic, which does not constitute an
adequate model of the real process. Therefore, the methodological apparatus developed in [3] requires
improvement.

The essence of the proposed improved methodological apparatus is as follows.

A repair unit (subunit) is represented as a queueing network consisting of a certain number of
QS nodes, with each QS generally being multichannel. The specific feature of the improved approach
is that it considers not only so-called classical multichannel QS (M/M/n), but also multichannel QS
that may have:

— one or several unreliable channels;

— one or several stochastic degrading channels.

Thus, a repair subunit should be represented as a multichannel QS in which some channels are
unreliable, while some serviceable channels are degrading.

Multichannel QS with unreliable servers constitute a model in which service channels may
randomly fail and be restored. Such systems describe the operation of technical, production and other
processes more realistically.

Multichannel QS with stochastic degrading channels constitute a model in which channels do
not fail completely, that is, they do not transition to an inoperable state, but randomly degrade,
reducing the recovery intensity for damaged or non-operational AMSE.

A model of a repair subunit with a QS containing unreliable and/or degrading channels may be
described as follows:

— the input flow is Poisson, with an arrival intensity of service requests /;

— the QS contains n service channels;

— each channel may contain m subchannels;

—a channel is in normal condition with probability p and degrades with probability 1 —p.
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Results and Discussions

1. Multichannel QS with Unreliable Channels

The unreliability of channels in a multichannel QS leads to such negative consequences as an
increase in the queue of requests in the system, an increase in the waiting time of requests for service,
and a possible loss of system stability.

When considering this category of QS, it should first be specified that two random processes
are added to multichannel M/M/n QS with unreliable channels:

— each channel may fail with intensity o (channel failure with intensity a);

— each channel is restored with intensity £ (channel restoration with intensity /).

Thus, a channel may be in two states: operational or inoperable (service is not provided).

To evaluate such a system, the shares of channel operating time should be determined. The
share of time during which a channel operates depends on its failures and restorations. If the failure
intensity « and restoration intensity 4 are the same for each channel, then the share of time during
which the channel operates is:

Poperates= m-

Since each channel may be faulty, the effective service intensity for each channel will be
reduced in proportion to the time during which the channel is operational:

ﬂeFW%.

Thus, the effective service intensity for all n channels is:

Met=n - - a:;ﬁ.

where n is the number of channels in the QS.

The main characteristics of a QS are system stability, the average number of requests in the
system, and the average time a request spends in the system.

It should be emphasised that the stability condition in queueing systems is the requirement
under which the system does not “collapse” over time, that is, the queue does not grow without
bound. Therefore, the system is stable if service in the system is performed, on average, faster than
requests arrive. If, conversely, requests arrive faster than they can be served, the queue will grow
without bound, and the system will be unstable. Formally, this is expressed as follows. The utilisation

coefficient is:
2

#system'
where A is the arrival intensity of requests;

Usystem 1S the total service capacity.
Accordingly, the stability conditionis p <1,
or:

or:

If p>1 or p equals 1, the average queue length L and the waiting time W tend to infinity
(L — oo, W — ). As aresult, no stationary regime exists, and the system is overloaded. Evenifp <1
but is close to 1, the queue will be very large and delays will be significant. This is illustrated by a
simple example. If 10 requests per unit of time (minute, day) arrive in the system, while the system
can serve 8 requests per unit of time, then p = 10/8 = 1,25 > 1; the system is unstable and the queue
grows without bound. If the system serves 12 requests per unit of time, then p =10/12 = 0,83,
meaning that the system is stable. The stability condition is a balance of flows: the input flow must
not exceed the output flow.
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For the M/M/n model: 1<nu For the M/M/n model with unreliable channels:
A<n-p-flla+ p).

The average number of requests in the system, including those being served and those in the
queue, may be calculated using the formula for a system with several channels:

L=-"
1-p’

where p is the load on the system, that is, the ratio of the arrival intensity of requests to the
effective service intensity.

If p — 1, the queue length increases according to an exponential-type dependence: at p = 0,4,
L=067;atp=05L=1;atp=08L=4;atp=0,9 L=9;andat p=0,99, L =99. Thus, when
p — 1, the curve rises sharply (Figure 1).

0.4 0.5 0.6 0.7 0.8 0.9

Figure 1. Dependence of queue length L on the value of p

The above dependence leads to an important practical conclusion: in real systems, the value of
p should be p = 0,6...0,8 rather than “almost 1”’; otherwise, delays become unstable and the system
behaves unpredictably, as shown in Figure 1.

The average time a request spends in the system, including waiting time and service time, is

found through the reciprocal of the effective intensity:
1

oA

where perss = n - - B/ + B).

2. Multichannel QS with Stochastic Degrading Channels

Multichannel QS with degrading channels are systems with several service channels in which
channel performance may decrease. The concept of channel degradation consists in a reduction of
service efficiency. Degradation may depend on operating time or on the number of requests: the more
requests there are, the worse the channels operate. Degradation is characterised by a random change
of state: “normal”, “deteriorated”, or “failure”.

Degradation may manifest itself in the following ways:

—an increase in the average service time of requests (a decrease in the service intensity x);

— partial or complete channel failures;

— dependence of p on operating time, the number of requests in the QS, and the state of the
system.

The state of the system is described as X(t) = (k, s), where k is the number of requests in the
system and s is the state of the channels (degree of degradation). Transition intensities are as follows:
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arrival of requests 1; service depends on the state of the channels us.
The main characteristics are:
— probabilities of states Py;
— average queue length Lg;
— average waiting time Wg;
— channel utilisation.
Construction of the State Model
Step 1. Definition of states.
For example: k=0, 1, 2, ... ; s = 0—normal state; s = 1 — degraded state.
Then the states are: (0,0), (1,0), (2,0), ..., (0,1), (1,1), ...
Step 2. Set transition intensities:
—arrival — X;
—service — us (11 < wo);
— degradation — a;
— restoration — f.
Compilation of the Kolmogorov equations.

For the stationary regime:
dPy s

=0.
dt

A system of linear equations is obtained (an example, since the specific form depends on the
model):

APk-1s + ,ust+1,s + ﬂpk,l = (}u"',us"'a) Pks

The normalisation condition is: >k sPks=1.

After determining the probabilities Pxs, the characteristics are calculated: the average number
of requests in the system, the average queue length, the average time in the system, the average
waiting time, and channel utilisation.

The average number of requests in the system is:

L=>ksk-Pxs,
The average queue length is:
Lg= Yken (k—n) Pxs,
The average time in the system is calculated using Little’s formula:

W =L/,
and, accordingly, the average waiting time is:
Wq = Lg/2;

channel utilisation is: p = M(n-ueff), where perr = Y sps-P (S).

The specific features of calculating QS with degrading channels lie in the fact that an analytical
solution is often impossible, while the system of equations may be large or even infinite. Therefore,
the state space is reduced according to the rule & < Kmax.

Thus, in abbreviated form, the algorithm for calculating a QS with degrading channels is as
follows:

1. Set A, po, and the degradation parameters o and f.

2. Construct the states (k, s).

3. Write the Kolmogorov equations.

4. Add normalisation.

5. Solve the system.

6. Calculate L, W, Lq, Wy, p.

Examples

Let us consider two illustrative examples of applying the apparatus of a multichannel QS:

— with unreliable channels;
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— with degrading channels.

Example 1

Assume that a certain QS contains 3 channels, the arrival intensity of requests into the system
is A =4 per unit of time (for example, per day), the service intensity of requests is ¢ =5 per unit of
time, the failure intensity is the same for all channels and equals « = 1 per unit of time, and the
restoration intensity equals £ = 2 per unit of time.

In this case, the effective service intensity for one channel is:

et =5-2/(1+2)=5-2/3=3, 33 requests per unit of time.
The effective service intensity for all 3 channels is:
tett = 3 - 3,33 = 10 requests per unit of time.
The stability condition of the system is calculated as:
p=4/10=0,4,
which means that the system is stable, since p is less than 1.
The expected number of requests in the system is:
L=[04/(1-04)]-3=[0,4/0,6] - 3 =2 requests.
The average time a request spends in the system is:
W=1/(10-4)=1/6=0,167 units of time.

Example 2

Initial data.

We have an M/M/2 queueing system with degradation. The arrival intensity is A = 4. The QS
contains 2 channels:

— normal state — u = 3 (each channel), hence 2u0 = 6;

— degraded state — u; = 2, hence 2u: = 4;

— the probability of system degradation is p = 0,3.

The effective service intensity is calculated as:

peft = (1= p) - o+ p - pus,
therefore, for one channel:
et =0,7-3+0,3:-2=21+0,6=2,7;
for 2 channels:
N uert=2-2,7=54.
Calculation of the utilisation coefficient:
P=Al(n" uetr) =4/5,4=0,741,

that is, the utilisation coefficient of the system is p < 1, which means that the system is stable.

Calculation of the idle probability P, for an M/M/n queueing system is carried out using the
following formula:

k N
Po = [Thop G+
where Mpert = 4 /2,7~ 1,48,
We calculate:
Yi_,=1+1,48 =248,
(1,48)2/2 = 2,19/2=1,095,
1 1

1 —_1 - 3.86.
1-p 1-0,741 0,259
1,095-3,86 = 4,23
y = ———— = —=0,149.
2,48+4,23 6,71
Calculation of the average queue length Lg:
1 nt-(1-p)?

.PO'
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L 2,190,741
1= 200,259
Calculation of the average waiting time:
Wq = Lq/j, = 1,8/4 = 0,45
Calculation of the average time in the system:
W = Wq + (1perr) = 0,45+1/2,7 ~ 0,82.
Calculation of the average number of requests in the system:
L=4W=4.0,82=3,28.
If the degree of degradation increases, all characteristics of the system increase accordingly. For
illustration, let us increase the probability from 0,3 to 0,6. The results are presented in Table 1.

0,149 = 1,8.

Table 1. Changes in System Characteristics Due to Degradation

Indicator p=0,3 p=0,6
Utilisation p 0,741 0,833
Queue length Lg 1,8 3,76
Waiting time Wy 0,45 0,94
Time in the system W 0,82 1,36
Number of requests in the system L 3,28 5,44

Thus, the conclusion may be drawn that an increase in the degree of degradation brings the
system closer to a critical state (p — 1), increases the queue of requests almost twofold, and also
almost doubles the waiting time.

From the standpoint of forming the structure and composition of the AMSE repair system, these
results show that the number of nominal repair channels alone cannot be considered a sufficient
criterion for determining repair capabilities. The actual capacity of a repair unit depends not only on
the number of repair teams, workshops or workplaces, but also on the probability of their failure, the
intensity of restoration, and the degree of degradation of service performance under combat
conditions. Therefore, the proposed approach makes it possible to substantiate not only the required
number of repair channels, but also the necessary reserve of repair capacity to prevent the system
from approaching a critical utilisation level.

Conclusion

The article proposes an improved methodological approach to forming the structure and
composition of the AMSE repair system. The approach is based on assumptions regarding the
unreliability of channels in a QS and the presence of degrading channels. This approach makes it
possible to form a rational structure of the repair system both as a whole and by elements, and to
calculate its characteristics. The examples presented demonstrate the possibility of practical
application of the proposed methodological approach for forming a rational structure of the AMSE
repair system and obtaining rational values of its parameters.

Prospects for further research include determining the possibility of using queueing theory in
cases where the service duration of requests at all nodes is a random variable distributed not according
to the exponential law, but according to other laws.

Recommendations

The proposed methodological approach should be used when substantiating the required
structure and composition of AMSE repair units and subunits under modern combat conditions.

When planning repair capabilities, it is advisable to take into account not only the nominal
number of repair channels, but also their reliability, restoration intensity and possible degradation of
service performance.

The utilisation coefficient p should be used as one of the key control indicators for assessing
the stability of repair units. In practical planning, it is advisable to avoid values of p close to 1 and to
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maintain a reserve of repair capacity.
Further development of the approach should be aimed at modelling repair systems in which
service times are distributed according to laws other than the exponential distribution.
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Anotanisi. CTaTrTio TPUCBSIYEHO YMOCKOHATICHHIO METOIHOTO MiIXO0My 0 (bopMyBaHH;{
CTPYKTYPH Ta CKIIaZy CHCTEMH PEMOHTY 030pO€HHS, BIMICHKOBOI Ta CHELialbHOI TEXHIKM Ha OCHOBI
BUKOPHCTaHHS Teopii CUCTEM MacOBOTO 06cnyr013yBaHH>1 3 ypaxyBaHHSM OCOOJMBOCTEH CydyacHUX
6oroBux miil. locsin Biaciui 30poiHOT arpecii pociiicbkoi (enepallii nepeKoHINBO CBIAYUTE PO TE,
10 BUPOOHHMYI CIPOMOYKHOCTI CHCTEMHU PEMOHTY € HEAOCTAaTHIMH I CBOEYACHOTO BUKOHAHHS
3aBJaHb II0JI0 PEMOHTY IONIIKO/PKEHUX 3pa3KiB 030pO€HHs, BIMCHKOBOI Ta CIEMiabHOI TEXHIKH.
AHani3 (QyHKIIOHYBaHHS CHCTEMH PEMOHTY O30pOE€HHS, BIMCHKOBOI Ta CHEIlialbHOI TEXHIKH B
yMOBax OOWOBHX il IMOKa3ye, IO CTPYKTypa Ta CKJIaJl PEMOHTHHX OpraHiB HE BiJIIOBIIAIOTH
CyyacHHUM BuMoraM. ToMy cucTeMa peMOHTY O030pO€HHs, BIHCHKOBOI Ta CIeLiaJbHOI TEXHIKH Y
30poitnux Cunax Ykpainu motpedye OUIbII JETaJIBHOTO po3riasaay. JJis bOro MoOENb CHUCTEMH
PEMOHTY MOKe OyTH NPEACTaBJICHA y BUTJISAI MEPEXKi MacOBOro oOCIYroByBaHHS. Y Il Mepexi
OKpEeMI JIaHKH JIOIUIBHO MPEJICTABIISITH SIK OaraTokaHaJlbHI CUCTEMU MacOBOTO OOCIYrOBYBaHHS 3
HEHaAIMHUMH abo JerpaaylodyuMH KaHalamMu. MeTow cTaTTi € YIAOCKOHAJIEHHS METOJUYHOIO
nigxoay 10 (GopMyBaHHS CTPYKTypU Ta CKIAJy CHUCTEMHU PEMOHTY O30pO€HHS, BIMCHKOBOI Ta
CHeliaJIbHOT TEXHIKA Ha OCHOBI MEPEKi MacOBOTO OOCIYyroBYBaHHS 3 YpaxXyBaHHSIM OCOOJIMBOCTEM
cydyacHHX Oo#oBHX 1iii. MeTOMOJIOTiUHy OCHOBY JOCHI/PKEHHS CTAaHOBUTH KOMILJICKCHE
BUKOPHUCTAHHSI TEOPii MAaCOBOr0 00CIyroBYBaHHS, TEOPii HMOBIPHOCTEH, CHCTEMHOT 0 MOJEIIOBAHHS,
MOPIBHSUIBHOTO aHANI3y Ta aHAIITUYHOTO y3aralbHEHHS 7S TPEICTaBICHHS] PEMOHTHHX ITiIPO3/ILTiB
SK eJIEMEHTIB MEpeKi MacOBOro OOCIyrOoBYBaHHS 3 HEHAAIMHUMHU Ta CTOXACTUYHO JIETPaTyIOunMU
KaHajamu o0ciayroByBaHHs. HaykoBa HOBHU3HA MOJISITAE y PECTaBICHHI PEMOHTHHX IT1IPO3ALTIB 5K
0araToKaHabHUX CHCTEM MAacOBOT0O OOCIYrOBYBaHHS, y SKMX YaCTHHA KaHAIIB € HEeHaAIMHUMU 200
JeTpafylOuiMH, IO Ja€ 3MOry OLIbIl TOYHO Ta OO €KTMBHO BU3HAYaTH CTPYKTYPY Ta CKIIaJ
PEMOHTHUX MIAPO3AUTIB. YJIOCKOHATEHUN METOMWYHMM TiAXiJ JO03BOJII€ 3aBYaCHO Ta Ha
OOIpyHTOBaHIM OCHOBI BHM3HAuaTH MapaMeTpU PEMOHTHMX MiAPO3JUTB WA yac (GOpMyBaHHS
CTPYKTYpH Ta CKJIaJy CUCTEMHU PEMOHTY 030pO€HHS, BIHCHKOBOT Ta CIEIIaTbHOT TEXHIKH.

KarouoBi cioBa: cuctema peMOHTy; 030pO€HHs, BiliCbKOBa Ta cIielliajJbHa TEXHIKa;
030pO€HHs, BIHCHKOBa Ta clielliajJbHa TEXHiKa; CHUCTeMa MacOBOTO 06cnyr013yBaHH}1' Mepexa
MacoBOT'O 06cnyr013yBaHH;1 HEHa/IIHI KaHaIW; Jerpagyroui KaHalu; PEMOHTHI MiAPO3/iIu;
IHTEHCUBHICTh 0OHOBUX JiH.
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