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MODELING THE STRUCTURE OF A MOTOR TRANSPORT ENTERPRISE
AS A SINGLE-CHANNEL CLOSED MASS SERVICE SYSTEM

MOJAEJIOBAHHSA CTPYKTYPU ABTOTPAHCIHHOPTHOTI'O INIAITPUEMCTBA,
SAK OJJHOKAHAJIBHOI 3AMKHEHOI CUICTEMHW MACOBOI'O OBCJIYTOBYBAHHS

A queueing system (QS) is a production, service, and control system in which homogeneous
events are repeated many times, for example, at road transport enterprises; in information reception,
processing, and transmission systems; automatic production lines. The main elements of a QS are ob-
jects served in the QS (requirements or applications) and one or more serving devices with a queue. In
an open queueing network, requests come from outside the network and leave it after processing. In a
closed queueing network, a certain number of requests are always in it, moving from one QS to another,
but never leaving the queueing network.

Based on the analysis of modern publications in the field of queuing theory and its applications
to the transport industry, it was found that the most common tools are closed queueing networks (CQN),
the mean value analysis (MVA), discrete event simulation (DES) and heuristic optimization algorithms.
Some studies demonstrate the effectiveness of using BCMP models for multi-channel systems and com-
plex transport and logistics structures, however, for small ATPs, the most adequate is the single-channel
closed model, which allows obtaining simple and interpretable results.

An approach to modeling a motor transport enterprise (MTE) as a single-channel closed queue-
ing system with a limited contingent of applications (served rolling stock) is considered. The problem
statement is due to the need to assess the workload of repair stations, waiting time and efficiency of
resource use with a limited fleet. Theoretical approaches (closed queue networks, Engset-/birth-death-
models, BCMP-approach) are applied and a mathematical formulation of the problem with basic ana-
lytical formulas and recommendations for practical application is proposed. The resulting mathematical
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model allows determining the best structure of a single-channel closed mass service system for motor
vehicles in motor transport enterprises.

The obtained mathematical model allows to determine the best structure of a single-channel
closed mass service system of motor vehicles in motor transport enterprises and can be used for plan-
ning maintenance schedules, optimizing the number of posts and forecasting the productivity of the
enterprise. The practical significance lies in the possibility of reducing vehicle downtime, increasing the
level of their technical readiness and reducing operating costs. Prospects for the development of the
research are outlined, including the expansion of the model to the multi-channel case, integration with
simulation modeling methods, as well as calibration of parameters based on real telemetry data.

Keywords: motor transport enterprises, closed system, single-channel queue, mathematical
modeling, motor vehicles, objective function.

Cucmema macogozo oociyzoeysanna (CMO) — ye cucmemu 8upobHUYMEa, 006CIY208)Y8aHHS,
VIPAGNIHHA, 8 SAKUX OOHOPIOHI NOOIT NOBMOPIOIMbCS 6a2amo pazie, HANPUKIAO, Ha NIONPUEMCIBAX A6-
MOMOOITLHO20 MPAHCHOPMY, Y CUCMEMAX NPutiomy, nepepobku i nepedadi inghopmayii; agmomamuy-
Hux ninisx eupoonuymea. Ocnoshi enemenmu CMO — ye 06 exmu, wo oociyzoeyiomoecs 6 CMO (8u-
moeu Processing uu zasexu), ma 00un abo 0exinbka 00C1y208yI04ux npucmpois 3 uepeoio. Y eiokpumiil
Mepedici MAC08020 0OCIY208YE8ANHS BUMOU HAOX0O0AMb 3306HI Mepedici 1 RICAA 00pOOKU 3aaUuuamy ii.
YV 3akpumiii mepesici macogozo 0bcny208ys8anta deaxa KilbKICMb 6UMO2E 8eCb YaC 3HAXOOUMbCA 8 Hill,
nepexodsauu 3 ooHiei CMO 00 iHwoi, ane HIKOIU He 3ATULUAIOYU MEPENCY MACOB020 00CIY208)Y8AHHS.

Buxoosui 3 ananizy cyuacuux nyonikayii y eanys3i meopii Macogo2o 0ociy208yeants ma ii 3a-
CMOCYy8aHsb 0151 MPAHCNOPMHOL 2ATy3i, 6CMAHOBNEHO, WO HAUOIIbUW NOWUPEHUMY THCMPYMEHmamMu €
s3amxHeri mepedici uepe (CON), memoo cepeonix 3Hayerv (MVA), ouckpemuo-nodicge M0oOento8anHs
(DES) ma espucmuuni aneopummu onmumizayii. Oxpemi 00CHIONCEHH OeMOHCMPYIOMb eheKmue-
Hicmb gukopucmanus mooeneii BCMP 0na bazamoxananvHux cucmem i CKIAOHUX Mpancnopmuo-102i-
CMUYHUX cmpykmyp, oOHak 015 Heseaukux ATII Hatlbinbw adexgamHuow € came OOHOKAHANbLHA 3a-
MKHEHA MOOeb, AKA 00360/IA€ OMPUMAMU NPOCMI Ma THMePNpemosaHi pe3yivmamu.

Poszensanymo nioxio 0o modenrosanus agmompancnopmuoco nionpuemcmea (ATII) sk oonoxa-
HAbHOI 3AMKHEHOI cucmemu Macogo2o 00CIy208Y8AHHS 3 0OMEHCEHUM KOHMUHLEHMOM 3A180K (00Cy-
208Y8aH020 pyxomozo ckiady). [locmanoexa npobremu 3ymosnena HeoOXiOHicm0o oyinumuy 3a6anma-
JHCEHICTND PEMOHMHUX NOCMIB, YAC OYIKYBAHHS MA epeKMUBHICMb BUKOPUCIAHHSA PeCypCié npu oome-
JHCEHOMY RAPKY. 3ACMOCO8HI meopemuyti nioxoou (3amxneni mepedxci uepe, Engset-birth-death-uooden,
BCMP-nioxio) ma 3anpononosarno mamemamuyHy noCmanosKy 3a0adi 3 0a308umMu aHATTMUYHUMU DO-
PMYIAMU Ma PeKOMeHOayiamu OJisk NPAKMUYHO20 3ACMOCYBAHHAL.

Ompumana mamemamuyHa Mooeib 0036015€ GUSHAUUMU HAUKPAWY CIMPYKIMYPY 00HOKAHAIb-
HOI 3aMKHEHOI cucmemu Macogo2o 00C1ye08y8anHs AGMOMPAHCNOPMHUX 3AC00i8 8 A8MOMPAHCNOPM-
HUX NIONPUEMCIMEAX MA MOodce OYMU BUKOPUCMARA OJisl NIAHYB8AHHS 2pAaghiKie MeXHIYH020 00Cny208y-
BAHHSL, ONMUMIBAYIT KITbKOCE NOCMIB [ NPOSHO3Y8AHHSI NPOOYKmMueHocmi nionpuemcmsa. Ilpakmuuna
SHAUUMICIb NOJISI2AE Y MONCIUBOCTIE 3HUNCEHHS NPOCMOI8 MPAHCNOPMHUX 3AC00I6, NIOSUWEHHT PIGHS
ix mexuiuHoi 20mosHOCMI Ma CKOpOUeHHI excniyamayitinux sumpam. OKpecieHo nepcneKmusuy po36u-
MKY 00CHONCEHHS, ceped AKUX — PO3UUPEHHS MOO0eTi 00 6a2amoKAHAIbHO20 GUNAOKY, THmMezpayis 3
MemoOamu CUMYIAYIUHO20 MOOENI08AHHA, 4 MAKOXC KANIOPYS8AHH NAPAMEmMpPI8 HA OCHOBI DeabHUX
O0aHux menemempii.

Knwowuogi cnosa: asmonionpuemcmea, 3aMKHeHa cucmema, 0OHOKAHAIbHA Yepea, Mamemamu-
YyHe MOOeNI0BAHHS, ABMOMPAHCNOPMHI 3ACO0U, YLTbOBA PYHKYIs.

Problem’s Formulation
Motor transport enterprises (MTES) operate within a limited fleet of rolling stock and mainte-
nance resources. Practical issues — the optimal number of repair stations, expected downtime, and
workload of mechanics — have a direct economic impact. Traditional approaches to the analysis of such
systems are based on queueing theory and gueueing networks. Models with a closed humber of requests
(cars) are particularly relevant for MTEs, i.e. when the source of requests is finite and interacts with
service stations in the cycle “work — repair — work” [1].
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This feature distinguishes the model from classical open (open flow) models and requires the
use of special formulas and methods.

For the effective functioning of the MTE, the current task is to build a mathematical model of a
single-channel closed-loop mass service system for a rolling stock fleet, which allows analytically or
using fast numerical algorithms to estimate: the average number of units in the system, the average
waiting and service time, the probability of downtime and station loading for a given fleet N, the inten-
sity of vehicle arrivals for repair, and the average service time.

Analysis of recent research and publications

Monographs and textbooks on modeling of MTE processes provide a methodological basis and
examples of calculating the indicators of the mass service system [1, 2, 3].

Closed queue networks and transport systems. In studies [4] of the effectiveness of using closed
queue networks of vehicles in MTE for optimizing the fleet and service parameters, the methodology of
closed queue networks and transport systems was considered in the work.

In the work [5], analytical and numerical approaches for closed systems with a finite source of
applications using Engset-like formulas, birth-death models and BCMP approaches are presented. These
works are aimed at optimizing the number of servers in closed BCMP networks using evolutionary
algorithms.

Recent studies confirm the relevance of closed models in logistics and transport, as well as their
combination with numerical optimization methods [5, 6].

Formulation of the study purpose

When choosing the criterion of the objective function, the cost of a unit of production. The
parameter that is determined is the optimal structure of the set of cars, that is, the number of vehicles
(orders) that must be serviced in order to minimize the cost of a unit of production [7].

When solving this problem, it is necessary to determine the following main technical and eco-
nomic indicators of the functioning of the MTE as a single-channel closed queueing system (QS):

Ccp — average costs associated with downtime per unit of time (per hour of shift), UAH;

Cc — average costs associated with the work of the MTE per unit of time (shift hour), UAH;

Csv — average costs associated with the operation of a service vehicle per unit of time (hour),
UAH, regardless of mileage;

CwuL — average costs associated with the mileage of a service vehicle, per 1 km of mileage,
UAH.

Presenting main material

Considering the following parameters: distance of transportation of product L in km and quan-
tity of product G (t, .unit, m®) transported per 1 trip, as well as the service time of one car — ter, the
objective function (cost of a unit of production) can be presented in the form

Po-Ccp + (1 — Pg)-Cc + m-Cgy+ n-Cc-2-L

Y(m) = — : @
where Po — probability of downtime due to lack of service vehicle; m — number of cars serviced; n —
number of cars serviced per unit of time.

Knowing the service time of one car (order), it is possible to determine the service intensity x,
which is the reciprocal of the value tsr, i.e. [8]

o=—. 2)
The number of cars serviced per unit of time can be determined by the formula:
n = u(l — Po). 3)

Let us highlight some features of the functioning of the studied set of MTE cars:
— the probability of receiving a car (order) for service does not depend on the possibility of
receiving another, that is, we have a system without aftereffects;
— the probability of two or more cars arriving for service at once is zero or so small that it can
be neglected, i.e. we have a system with an ordinary flow of cars in it;
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— the probability of cars arriving for service depends only on the time interval, but does not
depend on the location of this interval on the time axis, that is, we have a set of cars with a
stationary flow of their arrival for service.
When mathematically modeling the structure of the MTE as a single-channel closed QS, we
consider the simplest flow, for which there is a known expression for determining the probability of a

simple Po(m) service channel due to the absence of service
1

Po B 1+Zg=1(mril!n)!' v (4)
where ¥ — load factor.
For a stable operating mode of the system, the average intensity of incoming service orders is
equal to the similar characteristic of the output of service orders from the corresponding channel. [9]
8(m — Nsyst)A = (1 — Po)u, 5)
where Nsyst — average number of service orders in the system; 1 = ; r intensity of service orders.

rep

From equation (5) we determine the average number of orders N in the system

Nsystzm_wzm_$- (6)
The average number of orders in the queue is determined
Nque= syst_(l_PO)=m_(1_P0)(%+1)- @)
The expression of the objective function (1) after refinement and transformation has the form
YO + Ccp + m-Csy . (8)
G-p-(1 - Po)

Analyzing the optimization criterion (8), it can be noted that the parameter m — the number of
orders that the channel can effectively serve — takes only integer values. Therefore, classical optimiza-
tion methods for finding the optimal value of mo are inapplicable in this situation.

To find the optimum, we use the inequality

Yim —1)=Ym) < Y(m + 1) 9

A small number of orders in the system causes significant downtime of the order service chan-
nel, a large number of them causes noticeable downtime of order service. In both the first and second
cases, the work of the MTE will be inefficient [10].

Substituting expression (9) for the objective function into the original inequality, we will have

1 1 ) 1 1 ( 1 )
- > < + , 10
1-Po(m—1) m+C (1-Pom) ~ (1=Pom+1)) m+C (10)
C .
where C = =2 __ cost ratio.
Csy

Conclusions
The proposed mathematical model allows to determine the best structure of a single-channel
closed-loop queueing system. Calculations can be carried out in three ways:

— preliminary calculation of m,,, for different values of load factors (¥) and costs C and their
summation;

— application of a high-level language, for example C, in order to determine the optimal value
of m,.. for different values of load factor (¥) and cost factor C with presentation of the
calculation results in a tabular form;

— use of the MATHCAD system.
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