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MULTI-STREAM PROCESS MODELING

Multi-stream processes modeling is carried out on the example
of a container ship loading system modeling during maritime
transportation. The relevance of the study is determined by the
need to improve the safety and operational efficiency of maritime
transportation. Traditional cargo placement planning systems are
sequential and unable to effectively manage the continuous loading
process in real time. The aim of the work is to develop a model of
container ship loading as a multi-stream system that ensures syn-
chronization of physical, logistical and engineering operations.

Loading a ship is a continuous process that involves waiting,
reconfiguring equipment, and moving cargo. Unforeseen events
occur in real-world conditions. Time-phased scheduling allows for
minimizing downtime and optimizing the sequence of port re-
source use, which directly impacts operating costs. Temporal de-
composition allows for the creation of an adaptive model that can
quickly change the loading plan for subsequent time intervals, min-
imizing the impact of disruptions.

The concept of a multi-stream approach, within which four in-
tegrated flows (physical, logistical, engineering, and management)
are distinguished, is substantiated and formalized in the article. The
innovative value of the model lies in the transition from sequential
verification to integrated multithreading: the management flow us-
es software synchronization mechanisms (semaphores, locking) to
ensure the atomicity of critical operations and dynamic verification
of all constraints simultaneously.

A multi-criteria optimization objective function is proposed
that minimizes the weighted sum of three key indicators: total ves-
sel downtime, number of unnecessary container rearrangements
and ship stability correction costs. The use of heuristic algorithms
and graph theory to find optimal indicators is justified.

The practical value of the model is in minimizing the impact of the
human factor, increasing vessel safety and reducing port downtime
through integrated and synchronized loading process management.

Key words: cargo placement planning, multi-stream system,
multi-criteria optimization, heuristic algorithms, software synchro-
nization, atomicity.
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Introduction. The container ship loading problem is a prime example of
a multi-criteria optimization problem with diametrically opposed require-
ments. The relevance of the research topic is determined by a number of inter-
connected global economic, technological and environmental factors, the
dominant among which is the critical requirement of ship and cargo safety.
Effectively managing such a multidimensional task is difficult, and violation
of strict loading rules due to the influence of the human factor is unacceptable.
Therefore, powerful computer models with a number of means of controlling
the synchronization of the streams work are needed. Consideration of the load-
ing problem as a multi-stream system, which allows simultaneous optimiza-
tion of cargo, port and ship constraints is proposed in the article.

The problem of cargo placement planning is traditionally considered
in operations research as a variant of the 3D-Packing Problem. However,
classical heuristic decision support systems, as indicated in [1], often work
according to the sequential principle: first logistical placement, then engi-
neering verification. This approach does not allow for effective real-time
system management and leads to iterative adjustments.

A number of works by well-known authors are devoted to the study
of modeling problems related to maritime logistics.

The cargo-mix problem aims at selecting the amount of containers of
a given type to load on a vessel is considered in paper [5]. This paper pro-
poses an extended definition that includes the analysis of a circular route
with draft restrictions, limitations on expected cargo and the use of a block
stowage strategy. A compact formulation of the problem based on the
state-of-the-art heuristic decomposition is shown not to be able to solve
the extended problem, thus a mathematical approach is presented by au-
thors that can achieve high quality results in a matter of seconds [5].

The work [6] is devoted to the container stowage planning problem
(CSPP), a complex optimization problem in maritime logistics aimed at effi-
ciently stowage of containers on ships, balancing revenue, stability, safety and
minimizing costly container movement (overloading). The authors emphasize
the complexity of modeling large ships with real-world constraints.

Optimization of container ship and depot operations is proposed in [7].
The authors show that even the abstract formulation of container placement
planning on container ships is intractable.

Modern research on maritime logistics [2] confirms the need to use
multi-criteria optimization to simultaneously consider economic factors
(minimizing downtime) and engineering factors (optimal trim for fuel
economy). Fundamental constraints related to the technical requirements
for container placement and lashing [4] are the rigid basis of any model.

The innovative value of the proposed model is in the transition from se-
quential verification to integrated multithreading. The model offers a problem
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solution by using software synchronization mechanisms to ensure atomicity of
operations and dynamic verification of all constraints simultaneously.

Main part. The efficient loading/unloading process of a container
ship is a complex synchronized work that involves the interaction of phys-
ical objects (containers, crane), information systems (cargo data, plan) and
engineering requirements (ship stability).

In the context of a multi-stream system, there are four main streams that
need to be synchronized and optimized. Let's number them from one to four.

Stream | includes cranes and equipment that are responsible for the
direct movement of containers. The speed and consistency of their opera-
tion is the basis for the formation of the total vessel downtime.

When modeling container operations, which include moving contain-
ers using port cranes and moving them between stacks at the terminal and
berth using port equipment, they must also be considered as distributed
units, separate streams, and software tools must be provided to synchro-
nize the work. It is worth clearly distinguishing the functions of equip-
ment, as they form separate mini-streams within Stream 1.

We define cranes as a key element that determines the overall port per-
formance. The productivity of each crane can be characterized by the number
of its movements per hour or by the number of containers moved per hour.

Intra-port equipment includes vehicles for moving containers around
the quay: horizontal (for moving from one place to another, for example,
trucks for delivering containers from a warehouse) and vertical for stack-
ing containers. The efficiency of Stream | depends largely on the quality
of interaction in the exchange zone between horizontal transport (bringing
containers) and cranes. If the horizontal stream is not fast enough, the
crane is idle, which directly increases the ship's downtime. Ideally, con-
tainers should arrive at the quay just in time to minimize buffering and
waiting, which requires precise synchronization.

It is necessary to provide technical limitations of the cranes that af-
fect the simulation. This includes, first of all, limitations on the crane's
operating area, in particular, limitations on reach, lifting height and speed.
To avoid mutual blocking of cranes by each other, models should take into
account the need for a safe distance between cranes operating on the same
ship, limiting their distribution and speed.

The main optimization aim of modeling the operation of these dis-
tributed elements of Stream | is to minimize the time spent on performing
operations to install a container on a ship. Special attention is paid to the
efficiency of the exchange zone between land transport and the crane. This
is achieved by optimally distributing the cranes on the ship, avoiding their
mutual blocking and minimizing horizontal and vertical movements of
containers at the terminal and the ship.
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In the general model, the operating time of the cranes must also be
synchronized with the loading sequence determined by the balance system,
which we will denote hereafter as Stream I11.

The next stream (Stream I1) is for planning and management of con-
tainer units. This stream is responsible for port logistics and cargo re-
strictions. We can call it the logistics stream.

Port logistics functions include managing the order of unload-
ing/loading according to the ports of destination (for ports that will be first
in the ship's route, containers are shipped last). This is the most important
limitation. Containers destined for early ports of discharge should be
placed above or at least not below containers destined for later ports. This
avoids blocking and minimizes double movements. The order of ports of
call in the model is the main input for this stream.

Cargo restrictions concern the type of cargo (explosive, flammable, re-
frigerated, etc.), its weight (the heaviest are placed lower to ensure the stabil-
ity of the vessel) and dimensions. There are international regulations that
strictly regulate the segregation distances between different classes of dan-
gerous cargo. We also take into account that refrigerated containers can only
be placed in slots equipped with sockets, which is a strict restriction on loca-
tion. Stream modeling should include a compatibility matrix.

Stream |1 logistics also includes internal terminal logistics (where
and in what order containers are stored on the site for loading).

The target task of Stream Il modeling is to minimize the occurrence
of double moves, where containers have to be moved to another location
to ensure the correct location of the containers (for example, heavy con-
tainers at the bottom, light containers at the top, hazardous cargo in isola-
tion). Minimization is not only a logistical target task, but also a direct
financial target task, as each extra container move costs the operator time
and money (through using crane and personnel).

This stream provides strict logistical constraints for Stream | that
cannot be violated, regardless of the desired speed of crane operations.

Stream 11 simulates the operation of the ship's balance system and is
an engineering stream. Its task is to ensure constant monitoring and predic-
tion of violations (exceeding permissible norms) of the ship's stability (cen-
ter height), its heel and trim after each simulated container movement. This
also includes control over hard physical constraints, including local loading
on individual stacks and the maximum permissible draft of the ship.

This stream monitors hard physical constraints that must be taken in-
to account at the placement planning stage, i.e. before the start of crane
operations.

The key task of Stream Il modeling is to minimize deviations from
ideal stability parameters, which is a safety priority. The easiest way to do
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this is through a ballast system (pumping water for leveling), but this entails
additional time and energy costs (which are taken into account as a penalty
in the objective function). Therefore, the main strategy is to optimize the
loading plan with a uniform distribution of weight over the entire plane.

At the end of the loading operations, it is necessary to reach an opti-
mized trim, which will provide less water resistance and fuel economy
during the movement of the ship after leaving the port.

Stream IV includes the control and information system. It is the inte-
grating core of multi-streaming and is responsible for synchronizing all
data between the ground (port) infrastructure terminal management system
and the placement planning module. It is responsible for collecting and
processing standardized messages (complete information about the loca-
tion of each container on the ship), generating and transmitting commands
to cranes, and monitoring the ship's condition in real time using the stabil-
ity and strength computing module.

The key task is to ensure the reliability and efficiency of information,
which is the basis for decision-making and allows the system to respond
quickly to unforeseen events (for example, cargo delay or discrepancy in
actual weight).

The control system will be the core of multi-threading, ensuring the
execution of the plan generated by the optimization model and feedback
for correction. It monitors and verifies the current ship parameters after
each loading step.

Successful container ship loading simulation requires that the optimi-
zation algorithm operate not sequentially but simultaneously (multi-
threaded), integrating the tight constraints of Streams Il and Ill with the
time requirements of Stream I, and guided by data from Stream IV.

The need to include software synchronization tools is critical to the tran-
sition from «planning» to «real-time multi-stream system management.

Synchronization mechanisms (semaphores and monitors) are used to
control access of different threads (e.g. cranes) to shared resources, such as
data on free slots or ship stability. This prevents a «data race» when two
cranes try to occupy the same slot on the deck at the same time.

Locks ensure the integrity of the layout plan during its dynamic updates.
For example, when a container is loaded, its slot is locked until the balance
system confirms the new stability state of the ship within normal limits.

The use of parallel programming will ensure simultaneous calcula-
tion of the optimal placement of the next batch of cargo, prediction of sta-
bility parameters, and generation of commands for crane operation.

The function of Stream IV is to ensure the atomicity (indivisibility)
of critical operations. That is, the container movement operation must be
completed and confirmed by all systems (I, I1, 11l — physical, logistics and
engineering streams) before the next operation begins.
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The analysis of key optimization problems (minimizing operation
time, unnecessary rearrangements, and costs for correcting engineering
parameters) fits perfectly into the classic multi-criteria model of minimiz-
ing total weighted costs.

The objective function min Ci should minimize the total costs, which
are the sum of the three weighted criteria representing our Streams (1, 11, 11).

The objective function of minimizing the total weighted costs has the
form:

MiN Ciotat = W1 X Tiotat + W2 X Mrestow + W3 X Challast, (1)
where Ciota — total weighted costs/fines; W1, W,, W3 — weighting factors
(priorities) reflecting the relative importance of the criteria.

Each component details a separate aspect.

Trotal defines the total time (total ship idle time) spent on all crane op-
erations (loading and unloading) in the current port. It is defined as the
total time spent loading containers and the time spent on ballast system
operation (time spent pumping water to correct heel/trim), which is a di-
rect increase in ship idle time.

Mrestow — the number of containers that will have to be temporarily
unloaded at the terminal (or rearranged on the ship) to gain access to the
cargo destined for the current port. Minimizing Myesiow iS key to ensuring
the logistics stream efficiency.

The cost of correction Cpanast is the cost (e.g. penalty) associated with
the need to operate the ballast system. This may include the cost of elec-
tricity for pumps, wear and tear on the equipment, and the environmental
penalty (if applicable).

Thus, the objective function is to find the optimal balance between
speed (Min Tial), logistical efficiency (min Meestow) and engineering safety
and economy (min Chalast).

This formalization allows us to simultaneously take into account
economic efficiency (criteria 1, 2) and engineering safety (criterion 3),
which fully corresponds to the concept of multi-criteria optimization of a
multi-stream system.

Since the container ship loading problem is multi-criteria, hyper-
complex, and combinatorial in nature (a large number of possible solu-
tions), we cannot effectively solve it using only classical mathematical
programming methods.

For a complete initialization of the multi-criteria optimization model,
let’s specify a clear list of input variables (state parameters) grouped by
main objects. These variables reflect the current state of the system before
the start of loading and are the initial data for the algorithm.

1. Variables describing the logistical and physical characteristics of each
individual container:

IDy: unique identifier of the k-th container;
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P_DESTy: container destination port (key logistical constraint of
Stream I1).

VGy: actual container weight in tons;

T_TYPEx: container type (20ft, 40ft, etc.);

C_CLASSi: dangerous goods class (IMO Class), if applicable (for
compatibility/segregation testing).

R_REQx: binary variable indicating whether refrigerated power is re-
quired (1 — yes, 0 — no);

P_LOG_INIT: initial location of the container at the terminal (for
calculating ground transport travel time in Stream 1).

2. Variables describing the physical and operational limitations of cranes

(Stream 1):

Ncrane: total number of cranes for operation on the ship;

Viir_i: maximum vertical lifting/lowering speed of the crane i (meters
per second);

Virav it maximum speed of horizontal movement of the crane along
the quay (meters per second);

Rmax_i: maximum crane boom reach (working area);

Dsave: minimum permissible safe distance between two cranes operat-
ing on the ship (to avoid blocking);

Teyele i @verage crane operating cycle time (minute/container) includ-
ing lifting/lowering.
3. Variables describing the current physical state and available resources

of the ship:
Nsiots: total number of available slots for placing containers on the ship;
Maim: dimensional matrix of the ship (bay, row, tier) for determining
coordinates;
Rsiots: binary matrix (or list) of slots equipped with sockets for reefer
containers;
Lmax(X,y): maximum allowable stack load limit in the coordinate (X,y);
Prorts: sequence of ship ports of call (key logistics parameter);
Dinit: initial draft of the ship before loading;
Drmax: the maximum permissible draft of the ship;
Lship: current center of ship gravity (longitudinal coordinate Lcg);
Tship: the current center of ship gravity (lateral coordinate Tcg);
Vsnip: the ship's current metacentric height (GM), a key indicator of
stability.
4. Variables describing stability correction capabilities and associated
costs:
Vpump: ballast water pumping rate (m*/h);
Tpump_min: Minimum time required to activate and complete the ballast
operation cycle;

77



MatematuyHe Ta KOMI'I,I'OTepHe Mo entoBaHHA

Challast_unit: COSt/penalty per unit of time of the ballast system opera-
tion (e.g., monetary unit/min);
Qunk: current volume of water in each ballast tank.

Let’s detail the impact of key variables on the optimization streams
(Stream |, Stream Il, Stream I1I). This will help to better understand how
the input data is used by the objective function min Cioa to Synchronize
the system.

Stream | focuses on speed and efficiency of crane operations to min-
imize overall ship downtime (Trotar).

Both variables (Vi i and Viay i) directly affect the time it takes for a
container to move from the terminal to the slot. The algorithm uses these
speeds to calculate the expected loading time Tioad, Which is part of Tiotal.

Variable Dsate (Safe distance) sets spatial constraints for the distribu-
tion of cranes (Nerane) ON the ship. The optimization should find a distribu-
tion of taps that maximizes parallelism but avoids deadlock, preventing
downtime (increasing Totar).

Variable P_LOG_INIT (initial location) affects the efficiency of the
exchange zone between ground transport and the crane. The closer the
container is to the crane's work zone, the shorter the waiting time (de-
crease in Tiotal)-

Stream Il is responsible for the correct placement of cargo according
to safety requirements and unloading sequence to minimize unnecessary
rearrangements (Mrestow).

Variable Pporr (port sequence) imposes a top-down constraint. A
container with a later destination port must be placed below containers for
earlier ports. Violation of this rule leads to the growth of Myestow.

Variable C_CLASSk (hazard class) sets strict segregation (distance)
constraints between incompatible cargo classes. Optimization must find a
location that satisfies all compatibility requirements to avoid the need to
rearrange Myestow later.

Variable Rgiots (Slots with sockets) sets a strict positional restriction
for reefer containers (R_REQyx = 1). The algorithm can only consider slots
with sockets to prevent logistics disruption.

Stream 11 controls the stability, roll and trim of the shiop, minimiz-
ing correction costs (Coallast)-

Variable VG (container weight) is used to optimize placement
(heavy containers at the bottom and closer to the ship's axis) to ensure
maximum stability (GM) and reduce heel, minimizing the need for Chpajiast.

Variables Lship, Tship, Vsnip (Current center of gravity) are used for dy-
namic verification. After each simulated loading step, the system calcu-
lates a new center of gravity. If the new parameters are outside the ac-
ceptable limits, the algorithm either rejects the step or imposes a penalty
(Cranast) for activating the ballast system.
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Variable Lmax(X, ¥) (local load) sets a strict limit on the total weight in a
single stack. This prevents structural damage and is also a safety measure.

Variables Vpump and Chaiast_unit (Speed and ballast cost) determine the
size of the penalty. The higher the cost (Cbaiast_unit), the higher the priority
given to optimization solutions that avoid the use of a ballast system, even
if this may slightly increase T OF Mrestow (the influence of weighting
factors Wi, W, W5).

Thus, all these variables serve as constraints and coefficients within
the multi-criteria model, where Stream IV (management) synchronizes
their dynamic verification.

Time relationships describe the dependence of the total downtime
(Twotar) ON the duration of individual operations:

Ttotal = Tioad + Thallast, (2)
where Tipad — total loading time, which depends on the speed and number of
cranes, their work cycles, and the efficiency of the exchange area. The math-
ematical relationship here consists of the sum of the cycle times of all cranes
operating in parallel, taking into account speed limits (Viit, Viray) and safe dis-
tance (Dsate); Thallast IS the time for stability correction. It depends on the re-
quired volume of water pumped and the performance of the pumps (Vpump).

The engineering relationships of Stream Il describe the depend-
ence of the stability and ship’s stability on the placement of cargo.
They are the basis for calculating ballast cost (Cpaiast), which depend
on the degree of deviation of engineering parameters (list, trim, meta-
centric height Vsnip) from ideal values. The center of gravity of the ship
depends on the weight of each container and its specific coordinates of
placement on the ship.

The new position of the ship's center of gravity (or object) is calcu-
lated as a weighted average of all weights on the ship. For simplicity, this
is considered as the movement of the center of gravity (CGghit).

If the ship has an initial weight Wini: and an initial center of gravity CGini,
and a container with a weight VG is installed on it in the coordinate ry, then
the new position of the center of gravity is determined by the formula (3):

CGyoy = Winit - CGinit +VG - I , 3)

Winit +VGy

where CGpew — New position of the ship's center of gravity after loading
the container. This is a vector that has three components: longitudinal
(L), transverse (T) and vertical (V) coordinates: CGnew = (Lcenew, Tc6 new,
Vee,new); Winit — initial weight of the ship (including cargo, fuel, stores,
etc.); CGinit — the initial ship's center of gravity (its coordinates); VG —
weight of the container to be installed; r,— coordinates of the gravity
center of the container being installed (r« = (L, Tk, Vk)); Winit + VGx—
new gross weight of the ship.
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Formula (3) is applied separately for each axis (longitudinal, trans-
verse and vertical) to ensure full engineering control (Stream I11):
1. Longitudinal coordinate (L), affects trim:

Winit - Leg,init +VGi - Ly

= 4
LCG,neW Winit +VGk ( )
2. Transverse coordinate (T), affects roll:
Wi *Teg init + VG - T,

T _ init ~ "CG,init k™ k ] 5
CG,new Winit +VGk ( )

3. Vertical coordinate (V), affects stability (metacentric height):
Vs now = Winit -Vea,init +VGx -V . ©)

Wit +VGy

This dynamic variable Vcgnew is critical because it determines the
new stability index of the ship. If it goes beyond the norm, it leads to addi-
tional costs Chailast.

The formula for the dependence of ballast costs (Chaiast) On the de-
gree of engineering parameters deviation is given as a proportional de-
pendence. In a full mathematical model, this dependence can be formal-
ized as a specific penalty coefficient: the greater the violation of engineer-
ing norms, the greater the cost (penalty).

The cost of correcting Chpainast is determined as the sum of two main
components: operating costs (time penalty) and the penalty for exceeding
the permissible engineering limits:

Cballast = Tballast . Cballast,unit + F>penalty- (7)

Operating costs (time penalty) associated with the need to activate
the ballast system, which increases the ship's downtime Tioal:

AV;

J
Tballast - Z jv +Tcyc|e,adjust ! (8)
pump

where: Tpaast — total time spent pumping ballast (added t0 Tiotal);
Channastunit — cost/penalty per unit of time of the ballast system operation
(e.g. $/min); AV;— required volume of ballast pumping in the tank j (m?);
Vpump — pump performance (m?/ min); Teycleadiust — additional time, that
takes into account continuous operations (e.g., time to open/close valves).

The penalty for exceeding the permissible limits that the algorithm
imposes on the solution, which leads to a critical deviation of the engineer-
ing parameters, can be calculated by the formula:

Ppenalty = Wpenal[y - (maX(O, |Kren| - Krenmax) + maX(O, |D|f | - lemax )) (9)
where Wyenaty — high weighting coefficient (penalty factor) reflecting the
priority of safety (for example, Wyenairy Significantly exceeds Wi, Wa, Ws);
Kren — absolute value of the current ship's roll (lateral tilt); Krenmax — max-
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imum allowable roll (hard limit); Dif — absolute value of the current trim
(bow/stern tilt); Difnax — maximum allowable trim.

The function max(0, x) ensures that the penalty is only charged when
the deviation x is positive (i.e. exceeds the allowable limit).

Thus, Crailast in the objective function is the cumulative cost of ballast
activation (increase in Tiwowi) and an additional penalty if even after simu-
lated loading and/or correction the parameters are still unacceptable.

The local load Lmax is expressed as a hard constraint-inequality: the
sum of the weights of containers in a particular stack must not exceed the
maximum allowable load La.

The mathematical relationships for Stream 11 logistic constraints (for
example, for Mresow OF Segregation requirements Ccrass) are usually ex-
pressed not as formulas, but as Boolean (logical) constraint functions or
compatibility matrices that the algorithm must check at each step.

A model that considers the system as multi-threaded usually requires
the use of heuristic and meta-heuristic algorithms to find suboptimal solu-
tions in an acceptable time. We can rely on any algorithm from the main
group, which includes genetic algorithms, simulated annealing, ant colo-
nies, heuristic priority rules. It is better to combine them, where one algo-
rithm searches for a feasible solution and the other tries to improve it. It is
also advisable to conduct several experimental runs of the algorithms and
choose the best of the resulting solutions.

It is advisable and useful to use graph theory. It provides an ideal
mathematical apparatus for visualizing and analyzing the relationships
between elements of a multi-stream system. Graph theory is a formaliza-
tion framework for the multi-stream model. It makes rigid logistical and
physical constraints measurable and algorithmically processable.

Conclusions. The concept of a multi-stream system for modeling the
container ship loading problem is substantiated and formalized in the
work. Four streams (physical, logistical, engineering and management) are
isolated and characterized. They provide comprehensive integration. The
proposed model provides software synchronization and atomicity of criti-
cal operations. This allows minimizing the impact of the human factor,
increasing ship’s safety, and reducing port downtime due to dynamic veri-
fication of engineering parameters in real time.
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MOLOENIOBAHHA BATATONMOTOKOBUX NPOLIECIB

MogentoBaHHs 0araToOMOTOKOBUX IPOIECIB 3MIHCHIOETHCS Ha TIPUKIIAII
MO/ICITFOBAHHS CHCTEMH 3aBaHTaXCHHs KOHTEHHEPOBO3a IIijl 4aC MOPCHKHX
MepeBe3eHb. AKTYalbHICTh JIOCTIIKCHHS BH3HAYAETHCA HEOOXiTHICTIO
miBUIIEHHsS Oe3leky Ta omnepaniiiHoi e(eKTHBHOCTI MOPCHKHX IepeBe-
3eHb. TpaauMLiliHi CHCTEMH IIaHYBaHHS PO3MILIEHHS BaHTaXy € MOCIiI0-
BHHMMH Ta He3/aTHI e()eKTHBHO YIPABJIATH HEMEPEPBHUM MPOLIECOM 3aBaH-
TaXEHHsS y peaJbHOMY 4aci. MeTolo poOOTH € po3poOKa MOJeli 3aBaHTa-
KEHHS KOHTEHHEePOBO3a K 0araToroTOKOBOI CHCTEMH, 110 3abe3nedye cu-
HXPOHI3aIifo (Hi3WIHUX, JTOTICTUYHUX Ta IHKECHEPHUX OIEpaIii.

3aBaHTaXCHHS CyIHA — L€ HEMEPepBHUN MPOIIEC, IO BKIIIOYAE OYiKY-
BaHHS, IIepEeHAJIAIITYBaHHs 00JIalHAHHA Ta MEpeMillleHHs] BaHTaxy. Y pe-
aIbHUX YMOBaX BHHHUKAIOTh HemrepenOadeHi monii. Po30utrst Ha 4vacoBi
eTamy JI03BOJISIE MiHIMI3yBaTH 4Yac MPOCTOI0 Ta ONTHUMI3yBaTH MOCIIIOB-
HICTh BHUKOPHCTAHHS IOPTOBHX PECYPCiB, L0 MPSMO BIUIMBAE Ha Omepa-
1iitHi BUTpaTH. TeMmopanbHa JeKOMIIO3HUIIISI TO3BOJISIE CTBOPUTH Al THB-
HY MOJIelib, IKa MOXKE IIBHAKO 3MIHMTH IUIAH 3aBAHTAXKEHHS JUIS HACTYII-
HUX YaCOBHUX IHTEPBaiB, MIHIMI3yIOUH BIIUB 300iB.

VY crarti 00rpyHTOBaHO Ta (HOpPMAi30BAaHO KOHIEMIIII0 0AaraTOIoTOKO-
BOTO MiJX0My, B paMKax sIKOi BUJIJICHO YOTHPHU iHTETpOBaHi NOTOKH ((pizu-
YHUM, JIOTICTUYHUI, IH)KCHEepHHMH Ta ympaBiiHChKHWH). [HHOBauiiiHa IiH-
HICTh MOJIEJIi MOJIATAE Y MEePEeXO/i Bifl MOCTiJOBHOI MEPEBIPKHU 0 iHTErpo-
BaHOI 0araToOMOTOKOBOCTI: YIPABIiHCHKHIA MOTIK BUKOPUCTOBYE MEXaHi3-
MH TIPOTPaMHOi CHHXpOHi3amii (cemadopu, OI0KyBaHHS) Il 3a0e3MeucH-
HS aTOMapHOCTI KPUTHYHHX OIepamiii Ta IuHaMidHOi Bepudikamii ycix
00MeXeHb OJJHOYACHO.

3anponoHOBaHO IITHOBY (YHKIIIO GaraTOKpHTEepiaIbHOI ONTHUMI3alii,
sIKa MiHIMI3y€ 3Ba)kKeHy CyMy TPhOX KJIFOUOBHX ITOKa3HHKIB: CyMapHHUH 4ac



Cepis: TexHiuHi Hayku. Bunyck 28

MPOCTOKO CyJIHA, KUTBKICTh 3aiiBHX MMEPECTaHOBOK KOHTEHHEPIB Ta BUTPATH
Ha KOpeKwito octiiiHocTi. OOIpyHTOBAaHO BUKOPHUCTAHHS €BPHCTHYHHUX all-
TOPUTMIB Ta Teopii rpadiB s 3HAXOKEHHS ONTHUMAIBHUX TOKA3HHKIB.

[IpakTuyHa HiHHICTE MOJEINI NOJATAE Y MiHIMI3alli] BIUTUBY JIIOACEKOTO
(akTopy, miABHIIEHHI OE3MEKH CyAHA Ta CKOPOYCHHI 4acy IPOCTOI B
HOPTY 32 PaXyHOK iHTEPOBAHOTO Ta CHHXPOHI30BAHOTO YIPABIIHHS IPO-
[IECOM 3aBaHTaXKCHHSI.

KiouoBi cnoBa: nianysanus posmiwenns sanmasicy, 6azamonomo-
K08a cucmemd, 6a2amokpumepianbHa ONMUMI3ayis, espUCuUYHi aneopu-
MMU, NPOZPAMHA CUHXPOHI3AYIA, AMOMAPHICMb.

Otpumano: 1.12.2025
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