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FORMATION OF AN ADAPTIVE MODEL OF THE CONTAINER TERMINAL FUNCTIONING
TECHNOLOGY

Container terminals play a crucial role in organizing rail container transportation, as they contribute to the rapid
and safe handling of cargo, while also optimizing logistics processes. However, in today's environment, the existing technology
for handling containers at terminals does not ensure uninterrupted operation, which worsens the quality of transportation
services and does not meet all the needs of transportation stakeholders. Due to the downtime of containers and loading and
unloading equipment, railways and other participants in the transportation process suffer losses. Therefore, instead of stationary
cranes, the use of reach stackers is proposed in the work, and the relevance of their application is justified. The article formalizes
the technology of container terminal operation in the form of a stochastic adaptive model. The criterion for the optimality
of the objective function is the minimum operating costs when processing containers. The model takes into account the risk
of possible financial losses associated with the failure of loading and unloading machines during container processing. Risk
events are considered, which are proposed to include organizational and technical delays and force majeure circumstances in
the operation of reach stackers. The risk of financial losses is represented by a polynomial distribution law and a second-order
Erlang distribution density function. The proposed model of the container terminal operation technology adapts the existing
technology to the unstable conditions of its operation, which allows to ensure safe working conditions and reduce the risks
of railway transport workers. The study takes into account the risks of potential losses associated with the failure of loading and
unloading machines during container handling. The proposed adaptive model can be used in the future when designing new
container terminals, as well as for modernizing and restoring existing ones.

Key words: container terminal, optimization of technology, container, adaptive model, risk of financial loss, reach stacker.
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Koumetinepni mepminanu 6idieparoms 6ajciugy poib 8 Opeanizayii KOHMeUuHepHUX nepee3eHdb 3aai3HulYer, OCKITbKU
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Tomy 6 pobomi 3amicib CAyiOHAPHUX KPAHIE 3aNPONOHOBAHO BUKOPUCTIAHHS PULCTNAKEDPI8 MA OOIPYHIMOBAHO AKMYALLHICHb IX
3acmocyeanns. Y cmammi popmanizosano mexnonoeilo yHKyionyeanis KoHmetHepHo20 mepminany y uensioi CmoxacmuiHoi
aoanmuenoi mooeni. Kpumepiem onmumansnocmi yinbosoi Qynkyii € MiHIMyM eKxcniyamayitinux eumpam npu nepepooyi
KOHmeliHepie. Y Mooeni 8paxo8ano pusuk MOJNCAUGUX (DIHAHCOBUX GMpam, NOG S3AHUX 3 GIOMOBAMU HABAHMAICYBANLHO-
DO3BAHMANCYBATLHUX MAWUH HpU nepepodyi Konmetinepig. Pozenanymo pusuxosi nooii, 0o aKux 3anponoHo8ano eionecmi
OpeaHI3ayiliHi Ma MeXHIUHI 3aMmpumMKy i Qopc MadlcopHi obcmasunu y npoyeci pobomu puucmaxepis. Bpaxysanns maxux
napamempie 8 MamemMamuyHiti MoOeni 0ae MONCIUBICMb OYIHUMU 8MPAMU MA 30UMKU, WO MOJICYMb GUHUKHYMU NPU BUKOHAHHI
MEXHONO02IUHUX onepayitl 3 KOHmMelHepamu, a maxoxc 8 npoyeci ix 30epieanns. Pusux @inancosux empam npeocmasneHo
3a 00NOMO02010 NONIHOMIANBHO20 3AKOHY PO3NOOLTY ma (yHkyii wineHocmi po3nodiny Epranea 2-20 nopaoxky. 3acmocysamus
3anpONOHOBAHOI MOOeNi 003601UMb BUSHAYUMI ONMUMATLHI NApaMempu pooomu KOHMeUHePHO20 MEePMIHANLY, d came KLIbKICHb
HABAHMANCYBATILHO-PO3BAHMANCYBATLHUX MAWUK (puycmakepie) ma uac ix pobomu. 3anponoHosana mooeny mexHonoii
POOOMU KOHMEUHEPHO20 MEPMIHATY A0ANMYE ICHYIOYY MEXHON02IH0 N0 HeCMADLIbHI YMOBU 1020 (YYHKYIOHYBAHHS, WO 003601€
3abesneyumu 6e3neuni yMosu pobomu ma 3MEHWUmU pPUsuKy POOIMHUKIE 3ANIZHUYHO20 MPAHCHOPMY. 3anponoHoeana
a0anmusna Mooetb Modice 6Ymu GUKOPUCIIANA Y NOOANbULOMY NPU NPOEKMYBAHHT HOBUX KOHMEUHEPHUX MePMIHanie, MooepHizayii
ma 6I0HOBNIEHHI ICHYIOYUX.

KitrouoBi ¢J10Ba: KoHmetiHepHutl mepmina, onmuMi3ayis mexHon02ii, KoHmetiHep, A0anmueHa MoOetb, PU3UK QIHAHCOBUX
smpam, puicmaxep

Formulation of the problem. Container terminals are an integral part of the railway transport infrastructure
and play an important role in ensuring the successful transportation process for container shipments. The efficiency
of container handling at terminals significantly affects rail transportation, and thus the optimization of container
handling is becoming increasingly important [1]. Maximum efficiency can be achieved if the planning of operations
and the use of equipment are well organized and coordinated [2].

Today’s level of container processing at terminals does not fully satisfy the growing demand for quality
transport services and the requirements of all participants in the transport and production chain of cargo transportation.
Railways and other subjects of the transport process have losses due to non-productive downtime of containers and
loading and unloading machines (LUM) at container terminals [3] and increased operating costs.

In modern conditions, it is important to implement scientifically based technological solutions while saving
costs through the rational use of LUM to improve the quality of the container terminal. The formation of the optimal
technology for the functioning of the container terminal of the railway station is an urgent and difficult task in
connection with the growth of demand for high-quality transport services and requirements for the promptness of
cargo delivery. To ensure the optimal technology, it is necessary to take into account various factors that affect the
amount of necessary loading resources to ensure safe and continuous operation even in unstable conditions.

Unstable conditions are defined as unpredictable changes that affect the efficiency of material, energy and
labor resources. For example, changes in the cost of energy and materials, which makes it necessary to adapt
resource saving strategies and introduce flexible, adaptive technologies; equipment wear and tear and the need for
modernization, which increase the risks of inefficient use of resources and require innovative approaches to energy
saving; updating the regulatory framework for environmental standards, which requires new approaches to waste
disposal and resource saving; climate change and force majeure (accidents, weather conditions, natural disasters,
global crises), which complicate the operation of terminals. Therefore, it is now necessary to take into account the
risks that threaten the stable operation of terminals. This approach will make it possible to find optimal solutions for
minimizing operating costs and increasing safety when recycling containers.

Analysis of recent research and publications. Many scholars draw attention to the promising prospects for
the development of container transportation both in Ukraine and worldwide in their works [4—6]. It was determined
that their rapid development requires the search for effective technical, technological and organizational solutions.

Many scientific studies are devoted to the technology of container terminal functioning. Terminal capacity
is often limited by the presence of bottlenecks in the technological process. Thus, article [7] presents the structure
and proof of the concept for a cycle of bottleneck mitigation consisting of three stages: bottleneck classification,
detection, and elimination. An empirical approach was used to find the cause of the identified bottleneck and proposed
appropriate measures to eliminate it. To eliminate the imbalance in the operational load of terminal resources, [8]
proposes a solution for an innovative mode of planning and optimising unloading operations.

A study [9] has shown that most of the additional costs incurred during container transportation arise at the
initial and final stages. Such costs are caused by the probabilistic nature of the processes when finding containers
at container terminals. These processes have a certain level of uncertainty. Their random nature causes additional
downtime of containers and a decrease in the quality of customer service. In order to reduce the negative impact of
probabilistic factors, it is necessary to develop an automated container transportation technology. To achieve this
goal, a model of stochastic optimization of the process of formation and promotion of container trains to seaports
was developed using the mathematical apparatus of the theory of random flows.

In [10], several simulation models were developed to analyze the operation of a specific container terminal,
and dynamic internal changes in components corresponding to different terminal operation scenarios were identified.
These models were developed to highlight the cause-and-effect relationships that exist within the system and to
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determine how these relationships contribute to the overall operation of the container terminal. However, the authors
of the study [11] developed a two-stage stochastic optimization model under conditions of uncertainty regarding
the arrival of containers at the container terminal. To solve the model, two heuristic algorithms are proposed: an
algorithm based on column generation and a search algorithm with prohibitions. Numerous experiments conducted
by the authors of the article confirm the effectiveness of the proposed algorithms.

The authors of article [12] proposed a risk-oriented technology for managing the operation of a port terminal
and port when organizing container transportation. At the same time, the risks of station and port losses due to the
occurrence of risky events were taken into account. Study [13] proposes a two-stage model for allocating storage
space in order to minimize its volume, taking into account stacking technology and the volume of incoming and
outgoing containers. An annealing simulation algorithm based on heuristics (SAAH) and an improved heuristic
algorithm based on moving horizon (HARH) are presented.

The formation of multimodal container logistics terminals is important for the realization of the country’s
export potential. Their optimal operation can ensure a high level of reliability, safety, and quality of service [14]. In
addition, logistics container terminals are aimed at ensuring the functionality and reliability of transport services. In
addition, logistics container terminals are designed to ensure the functionality and reliability of transport services,
contributing to the acceleration of material flows and their continuity, and reducing the cost of moving products
from production sites to consumption sites by 30—40 % [15]. Such a result can be obtained thanks to a more efficient
logistics scheme and optimization of transportation routes.

Thus, the considered studies are aimed at improving a certain link of the technological process of the container
terminal. In addition, the impact of the risk of possible financial losses on the container handling process has not been
sufficiently studied. Therefore, it is advisable to study the technological cycle of processing containers at the container
terminal, taking into account the delays that may occur during their processing and lead to possible financial losses.

The purpose of the article is to develop an adaptive model of the technology of container terminal operation,
taking into account the risk of financial losses that threaten its stable and safe operation.

Presenting main material. Container terminals must ensure convenient and safe execution of cargo and
commercial operations with the lowest costs in the time set by the technological process. In addition, the use of
modern LUMs, which ensure the necessary and sufficient intensity of container processing at container terminals, is
important for the organization of effective container maintenance. Therefore, in the work, instead of stationary cranes,
the use of reach stackers, which carry out cargo operations with containers at the container terminal, is proposed.

The replacement of stationary cranes with reach stackers is a relevant option for container handling in
unstable conditions. Reach stackers are more mobile and flexible because they can move throughout the container
terminal [16] and along railroad tracks. In today’s environment, the speed of container processing can be critical.
Ukraine’s energy infrastructure is constantly under significant strain, which seriously complicates the operation
of container terminals. They are forced to operate in a reduced mode instead of round-the-clock due to energy
saving requirements. Additional difficulties arise during power outages, which lead to the shutdown of electrically
dependent LUMSs. This leads to a backlog of containers at the terminals, additional downtime as container trains
continue to arrive on time due to the use of diesel locomotives. It is the use of reach stackers that will be able to
solve these problems. The operation of the reach stacker does not depend on the state of the power grid, which
ensures continuous container handling at the terminal [17]. In addition, reach stackers significantly reduce container
handling time [18] due to their fast and accurate placement on sites of any shape.

Reach stackers have a built-in stabilization system, which allows them to withstand greater static and dynamic
loads, as well as to work more efficiently on different types of container terminal covers and uneven surfaces. This
ensures an increase in the level of driver safety during operation.

Reach stackers allow efficient use of resources, as they can perform many functions independently, replacing
the work of many people. This makes it possible to reduce the number of personnel and increase the efficiency
of work. Also, their functionality allows you to stack containers in 4-5 tiers, effectively using the terminal area.
Richstackers help optimize loading and unloading processes when time is of the essence. They also provide more
precise handling of containers, which avoids damage and reduces repair costs.

To determine the optimal technology for the operation of a container terminal, an adaptive model is proposed
that takes into account unstable operating conditions. The optimality criterion of this model is the minimum operating
costs R. To formalize the technology of the container terminal, the theory of inventory management is applied.

The target function of the model for determining the optimal technology for the operation of the container
terminal:

R(M, T) — min (1)
with restrictions

mP, <0,

MM™ <M, <M™, 2

™ <T <24
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where M, is the quantity of LUM for processing containers of the i-th type, pcs.; T’ is the working hours of the LUM
when processing containers of the i-th type at the container terminal, h.; m, is the number of containers of the i-th type,
pes.; P, is the static load of the i-th type container, t/cont.; O is the processing capacity of the container terminal, t.

R=R,+R _+R, _—> min, 3)

where R, are the container storage costs, UAH; R are the risk of financial losses due to downtime of the LUM,
UAH; R are the container recycling costs, UAH.

The volume of containers at the container terminal is described by the equation relating the volume of
containers at the container terminal at time # with the volume at a later time #'. Q, is the volume of containers at
the container terminal at a moment in time ¢, Q is the arrival of containers at the container terminal (up to the
maximum volume) in the interval from 7 to #' and Q_is the sending containers. The physical volume of containers at
the container terminal at the time ¢ is defined as O, = O + O, — Q.. The cycle of changing the volume of containers
at the container terminal is shown on Fig. 1.

Q, tons
B

A D E F

0 tl t2 t3 T, hours

Fig. 1. The cycle of changing the volume of containers at the container terminal

Source: compiled by the authors

Fig. 1 shows that there is a cycle of changing the volume of containers at the container terminal. Its initial
volume is zero, and growth continues during period 7. Containers are then dispatched during period ¢, if there
are sufficient mechanization facilities or until the volume of containers to be dispatched reaches zero, or there are
not enough wagons and cars to dispatch the containers. From this moment, a downtime of LUM begins, which
continues during the period .. Then this cycle, which has a duration of 7, + 7, + 1, is repeated.

Currently, the maximum processing capacity of container terminals is defined as the amount of cargo in
containers with which it is possible to carry out cargo operations at the same time, and the term of these and
auxiliary operations. But the maximum processing capacity is calculated taking into account the maximum technical
equipment, which does not always correspond to reality. In the paper, it is proposed to determine not the maximum,
but the optimal processing capacity of the container terminal, taking into account its optimal technical equipment
and setting certain parameters of the terminal operation.

So it’s time to carry out cargo operations with containers of the i-th type at the container terminal

k vmzpsz
nv = ];.PLUA; ’ (4)

where k_, is the ratio of double operations; P is the productivity of LUM when processing containers of the
i-th type
Time for maneuver operations

b =20, +mft +1 +1), (5)

man

where 7, ol is the average time for feeding-retrieving, placing, rearranging and collecting containers of the i-th
type at the container terminal, respectively, h.
Working hours of the LUM when processing containers of the i-th type at the container terminal

1 LUMj my LUM
T =|1-—T: 24-T 1 N 6
i ( 365 ri ( i ) addi ( )

where T is the length of stay of the NRM in a non-working state, h.; 7™ is the time when the i-th cargo front
TLUM

is out of operation, taking into account unstable operating conditions, h.; 7" is the time of LUM execution of
additional warehouse operations per day with containers of the i-th type, h.

ml PS[l kS
aLde/I = pLUM M PLM (7)

where k_is the warehouse processing ratio.
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Taking into account that in the work instead of stationary cranes it is proposed to use reach stackers, as well
as to perform overloading of containers according to the direct option, the determination of the optimal processing
capacity of the container terminal will be equal to

1-k )k,
((1—1TLUM)(24 Ty Mk MECZ) JmP

! 365 M MwaM
Qpc = k_mP ' (8)
i 21, +my(1, +t,e+fl.)+W

where 7 is the number of containers by type (20-foot, 40-foot), pcs.; kp is the coefficient of direct overload according
to the direct option.

When constructing cargo storage costs, geometric ratios were used to determine optimal work parameters.
Storage costs are the product of C,, (container storage costs) and the area of the triangle ABE. The height BD of
the triangle ABE determines the maximum processing capacity of the container terminal, and its base AE is equal
to £, + 1,

Therefore, the costs are equal

1
sz =5 2 z nep (t +1 ) (9)
where C, is the hourly cost of storing a ton of cargo, UAH/t-h.
The risk of financial losses due to the downtime of the LUM, taking into account the probability of LUM
being at the container terminal, different in their condition, is determined as follows:

t&
= ; XX 0% 22 -2un
Rpr - CprmMi xlllex3!pl D> P (2“) ;I.t3 e, (10)

where Cprm is the cost of an hour of downtime of one LUM, UAH/mach.-h.; x,, x,, x, is the number of out-of-
service LUMs due to organizational delays, the number of out-of-service LUMs due to technical delays (technical
malfunctions), the number of LUMs in forced downtime due to force majeure, respectively; x is the number of
LUMs that are idle, at the same time x = x| + x, + x,; p,, p,, p, are the probabilities of having non-operational
LUMs at the container terminal due to organizational delays, LUMs with technical malfunctions, LUMs in forced
downtime due to force majeure, respectlvely At the same time p, +p, +p, = 1;1,, ¢ 1s the begmnmg and end of the
reporting period, respectively; ¢, is the average duration of downtime of LUM, h; m is the service intensity.

Research has established that the number of LUMs in various states and their idle time are random variables.
The polynomial distribution law was used to determine the probability of being at the container terminal of LUM,
which differ in their condition. The idle time of the LUM ¢, is subject to the Erlang distribution of the 2nd order,
which is taken into account when determining the risk of financial losses in formula (10). An assessment of the
actual value of the risk will allow to objectively present the volume of possible losses and determine the ways of
their minimization.

Container recycling costs are

=00, (11)

where C_is the cost of processing one ton of cargo in a container, UAH/t.
The objective cost function for the selected work technology in the expanded form is:

sti

1=k, )k,
(1—1T5”M](24—Ti””’)— mPl _mEi k) m,P,
) 365

C M,-ELUM M ELUM
R(M;, T)=—" kmP, e
. m;
2 5 2, +m (L, +t, 1)+
~ M,P,
| re (12)
x! 2 -
+C M, ——— P Py (20) [ e dr +
xl x2 x3 ty
1 LUM [ m.P k m; Ly, (1 k )k
1_7T 24 Tm _ iTstitts mP
. [( 3657 ) gt g i
+Z Pa— C” — min.

The implementation of the model showed that it is possible to determine the optimal technology of the container
terminal’s operation under unstable conditions. The simulation was performed in the MATLAB environment (Fig. 2).
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The calculation was carried out for the container terminal of station L with the existing volumes of container
processing. The minimum operating costs amounted to UAH 4,258.45 ($115) for the operation of two reach stackers
for 8 hours of their operation, which is 14 % less than with the existing operating parameters of the terminal.

Fig. 2. Dependence of operational costs on the number of LUM and their time of operation

Source: compiled by the authors

The developed adaptive model can be considered quite universal in its structure. At the same time, only the
parameters of the model will change, depending on the specifics of the operation of a certain container terminal,
cargo operations and local conditions. Thus, a significant achievement of this study is the creation of a stochastic
adaptive model of the container terminal functioning with optimal technical equipment in unstable conditions.

A considerable number of mathematical models for optimizing container terminal operations have been
developed and reviewed in the literature. However, the studies have only examined certain aspects of the technological
cycle of container handling at terminals. It should be noted that in many scientific works [12, 13], when formalizing
the technology of terminal operation, container processing, and the process of organizing container transportation,
the optimal technical equipment of the container terminal was not taken into account. However, the authors of the
study [13] took into account time and weight constraints in the developed model.

An exclusive feature of the proposed model, unlike the studies analyzed in the article [9—11], is the consideration
of the possible risk of losses due to the occurrence of risky events that threaten the stable and safe operation of the
container terminal of the railway station. In developing a model aimed at minimizing all possible manipulations in
the process of loading containers at the terminal, the authors of [1] did not take into account possible losses due to
malfunctions of loading equipment. In addition, the mathematical optimization model proposed in article [2], which
simultaneously takes into account the distribution of warehouse space and the use of crane equipment for tactical
management of a container terminal, does not take into account possible losses associated with the failure of the
necessary equipment.

This study considers risk events, which include organizational and technical delays and force majeure in the
process of the LUM operation. Taking into account such parameters in the mathematical model makes it possible
to estimate losses and damages that may occur during technological operations with containers, as well as during
their storage.

Conclusions. Studies of the container terminal functioning technology in modern conditions have proven that
the existing technical equipment does not ensure the stability and safety of work. This causes significant losses and
reduces work efficiency. Therefore, in the paper, instead of stationary cranes, the use of reach stackers is proposed
and the relevance of their use is substantiated.

Under such conditions, a stochastic adaptive model was developed to determine the optimal technology for
the functioning of the container terminal in order to minimize both operational costs and financial losses directly
related to container processing. When forming the model, the optimal processing capacity of the container terminal
with optimal technical equipment and certain operating parameters was taken into account. The concept of risk was
used to model financial losses associated with the possibility of unwanted events. At the same time, the risk of losses
in the event of LUM downtime due to the occurrence of risky events that threaten the stable and safe operation
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of the container terminal was taken into account. When determining the magnitude of the risk of financial losses,
the random nature of the studied components is taken into account. The polynomial distribution law and Erlang
distribution density function of the 2nd order were used. The proposed technology can be used in the future in the
design of new container terminals and in the modernization of existing ones.
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