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Abstract

The main criterion when planning multimodal routes is the cost of cargo transportation, this indicator, according to the
basic principle of logistics, always tends to the minimum. The paper formulates the objective cost function for the
transportation of containers in multimodal transportation. It is taken into account that in multimodal transportation, one
operator and, accordingly, it is he who formulates the final cost, which tends to the minimum. Also, an important criterion
when carrying out multimodal cargo transportation is the cargo delivery time, which according to the principles of
logistics should have a minimum value. An important quantity that characterizes the flow of cargo movement on a
multimodal route is the function of the probability of movement of a certain number of transport units on it during a given
time interval. All these parameters are relevant for the transport systems of European countries.

KEY WORDS: multimodal route, logistics, transportation operator, freight transportation

1. Introduction

The identification of the structure of the cargo movement system in multimodal transportation and the relationships
between the elements of the structure itself and with other movement systems with which interaction can occur was
carried out on the basis of the methodology of the system approach, which allows finding the optimal solution to the
problem of forming multimodal routes as a system. Based on the postulates of the general theory of systems [1], it is
known that every system is integral, but it can be divided into a number of subsystems, each of which can be considered
as an integral system and vice versa. Indicators of system integrity and divisibility indicate that the elements that make
up a multimodal freight transportation system function only within the framework of this multimodal transportation
system. At the same time, it is necessary for each of the elements to have a certain quantitative and / or qualitative
parameter value in order to achieve the general goal of the functioning of the multimodal system. Outside of a given
multimodal system, elements exist by themselves, just as they can form other systems. In fact, the multimodal system
itself functions due to the functioning of a certain set of elements, and not each element separately. During the physical
movement of material flows on a multimodal route, certain elements of transport systems interact. In particular, the
participation of two or more types of transport, the operator of multimodal transport and other possible participants, which
together with the work of infrastructure elements of transport systems ensure the movement of cargo in multimodal
transport communications. At the same time, a multimodal transport system is a technologically interconnected system
of vehicles, transport communications, transport infrastructure regardless of the form of ownership, and a system for
regulating their interaction [2]. Thus, it is the transport systems of various types of transport that are the physical (material)
basis for the formation of multimodal routes, as a set of interconnected elements of transport systems that interact with
each other to ensure the movement of material flows. In this case, the object of movement is a material flow or cargo.
Vehicles of various types of transport and infrastructure facilities involved in the multimodal route determine the presence
of a "technical-infrastructural" subsystem in the multimodal system of movement of material flows. In the case of
multimodal transportation of goods with the participation of railway transport, the key elements are stations and tracks as
infrastructure objects and locomotives with wagons as technical means, sea transport - respectively ports, sea routes and
fleet, automobile - bus stations, highways and trucks. Accordingly, the multimodal route as a system is characterized by
the presence of an "information-providing" subsystem, the elements of which are the subjects of the transport services
market, such as carriers, the operator of multimodal transportation, terminal owners and possible third parties involved in
the movement of material flows along the multimodal route. The number of them in the delivery system depends on the
complexity of the system being formed - the number of elements included in it and the relationships between them.
Formation of a multimodal route is a process of selection and arrangement in a chronological sequence of elements of
transport systems and relevant subjects of the market of transport services [3]. The complexity of the multimodal system
of movement of material flows depends on the number of elements of transport systems included in it and the number of
involved subjects of the transport services market. The functioning of the technical-infrastructural subsystem of the
multimodal system of movement of material flows is ensured by the subjects of the market of transport services - the
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information-providing subsystem, and the number of such subjects is determined by the complexity of the formed system.
2. Mathematical Modelling

The multimodal transport system can be studied as a stochastic multi-stage transport problem. Then, under the
given conditions and designations, the economic-mathematical model of the d-stage transport problem for determining
the amount of costs (z) at each moment of time from the beginning of the route to various points of its duration takes the
form:

m p p P n
z= Sy Xy +ka1kp Wk, +ZZ%‘ Yy > min (1)
i=1 k=1 k=1 k=1 j=1
r -
dx,<a, i=lm; ()
k=1
P . J—
zyk/:bj’ ]21,71; (3)
k=1
P
a ZZWklkp <b;; 4
k=1
r n JR—
Zx,.k=2yk/.£ck, k=1p; ®)
k=1 j=1
x, 20, i=lm, k=1p; (6)
Wik, >0, k= 1,_p ; (7)
yijOa kzla_pa _]:Ula (8)

where s, , Vik, s L - costs for transporting a transport unit from the i-th customer of a multimodal transportation service
»

(i=Lm) to the k-th intermediate point on a multimodal route (k =1, p), costs for transporting a transport unit between
intermediate points of a multimodal route, costs from the k-th intermediate point to the j-th consignee (/= 1,_n) ,

respectively, um. unit; xi, Wy ko Yy - the number of transport units on the section of the multimodal route from the i-th

customer of the multimodal transportation service to the k-th intermediate point on the multimodal route, between the
intermediate points of the multimodal route, from the k-th intermediate point to the i-th consignee, respectively, units; a;-
the available stock of transport units at the i-th customer of the multimodal transportation service, units; b;- demand of
the j -th consignee for transport units, units; ¢;- capacity of each k-th intermediate point on the multimodal route, unit.

To solve the problem, you can apply the simplex method or reduce it to a classic one-stage transport problem and
solve it using the potential method. The conditions for the existence of a solution to the problem are as follows:

1) the total stock of products of all customers of the multimodal transportation service allows to satisfy the
aggregate demand of all consignees:

Ya,2Yh; )

2) the throughput capacity of all intermediate points is sufficient to process the total flow of cargo in the
multimodal transport network:

quf%. (10)

Such formulation of the transport problem is classical. The constraints in the problem are presented in the form of
inequalities, so it is open. If the constraints have the form of equalities, it is called closed. If we take the demand for
transportation as a variable value, that is, the demand of consignees for transport units, then the restriction will take the
form:
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where ©Q;—1is the set of events w, namely, the number of multimodal transportations that ended with delivery to

consignees; b, (w) — is a random variable of the demand of consignees and has a mathematical expectation b, (w) and a

mean square deviation 0, then:
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where @ — is the distribution function of the demand of cargo receivers for transport units.
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If the variable value is the offer of customers of the multimodal transportation service, that is, formula (2) changes:
14

P| Y x,<a(v)|<b, veQ, (15)
=1

where Q, — is the set of events v, namely, the number of multimodal transportations that started as shipment of cargo units
from customers of multimodal transportation services; a;(v) — random variable of the offer of customers of multimodal

transportation services and has a mathematical expectation a, (v) and a mean square deviation o;, then:
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where F — is the distribution function of the offer of multimodal transportation service customers.

T
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In order to assess the necessity and relevance of the study of the system of multimodal transportation as the
transportation of transport units of containers, a statistical analysis of transported containers over the period of the last 14
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years was carried out (Fig. 1). A trend towards an increase in container transportation was obtained in the forecast for the
period from 2009 to 2021 with an accuracy of almost 80%. The year 2022 in Ukraine showed a sharp decrease in container
transportation, which is associated with military actions and, accordingly, a significant impact on the transport industry,
but even then, there is a trend towards a projected increase in container transportation with a probability of 74,7%.
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Fig. 1 Histogram of the number of transported containers for 2009-2022 with an exponential trend line [4, 5]

The main criterion when planning multimodal routes is the cost of cargo transportation, this indicator, according
to the basic principle of logistics, always tends to the minimum. In [6], the objective function of costs for the transportation
of one container was formulated for intermodal transportation, but for multimodal transportation, one transportation
operator and, accordingly, that it is he who formulates the final cost, which tends to the minimum.

If the objective function is formulated in the form of costs per transport unit for multimodal transportation, then it
will have the following form:

r=l

#A4
_ add .1 add .2 vert del.
Z(A’IO)_LZLIO(‘. +NZ(La/ .Za;/ +Za7 +Zay +9(T;17 _T;zﬁl )'Zsﬁnv 50 +( ST +Z \J'Tyﬁn, ¢t (tO))J/n_)
ay Tay K “7 “ay Tay

—> min, (19)

where A4 — is an ordered variable vector (set) of arc numbers corresponding to the cargo movement route on the graph of
possible elements of multimodal routes; 7 — the moment of starting the implementation of the multimodal route, min.;
Zdoc. — cOsts for processing transport documents, um. unit; N — the volume of the cargo lot, reduced to the capacity of the

transport unit, units; #4 — the power of a set of elements of a variable vector 4; L(,y — the length of the section of the

route corresponding to the y — th element of the set @, km; Z, — specific costs for moving a transport unit in the section

add .1

corresponding to arc a,, um. unit; Z,  — additional expenses on arc a, related to the cargo (fee for additional fastening,

overloading, packaging, etc.), um. unit; ZZjd'z — additional expenses on arc a,, related to the specifics of moving the

vehicle (court fee, fee for ice passage of the vessel, seasonal surcharge to the tariff, etc.), um. unit; z ,, - specific costs
{l;/ ,.Say
associated with the unloading of a transport unit at the final terminal of the arc a,, movement and loading at the terminal
of the arc a,+1, um. unit; zSﬁf’_ " — specific cost of guarding the container in the terminal warehouse, which is located at the
4y

rt.

initial vertex of the arc a,+; during the waiting period, um. unit; z”e — the specific cost of guarding the container in the

7
terminal warehouse, which is located at the initial vertex of the arc a,+ during the waiting period, um. unit; y — a boolean
variable that takes the value 1 if protection is required and 0 otherwise; — type of transport connection on arc ay;

H

rfﬁi o (to) — the time interval of the delay during the transition between arcs @, and a,+; (when changing one mode of

ay Tay
transport to another or performing operations with trains at railway stations, customs operations, etc.), which depends on
the time of the start of the route #; 9(a) — the Havisside function takes the value 0 at a <0 and 1 at a > 0 ; n — number of
transport units in a multimodal shipment, units.
Also, an important criterion when carrying out multimodal cargo transportation is the cargo delivery time, which
according to the principles of logistics should have a minimum value:
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#A

T(At,)= Z[(Lay /v, )'kj:” () + 7% . (4 )j — min,, (20)

y=l

where Ve, = is the average speed of movement along the arc a,; k;f[' (to) — is the delay factor when moving along the arc

a,, which depends on the moment of the start of the implementation of the multimodal route #.
In order to obtain an adequate solution to the given task, certain restrictions are imposed on the control variables
of the model:

tsl,r. Sto Sfﬁ’”'; l;‘y :Z:;/ " }/:LZ#A,

) 21
n n, k _ gk, _ .
L= 1 =1 n<M, (1), p=12.54

st.r. in.r.
!

where ¢ — are, respectively, the initial and final limits of the interval of the possible start of the implementation

of the multimodal route, which are usually determined by the customer of the multimodal transportation service;
[", 1" —numbers of vertices of the transport network graph, which correspond to the starting and ending points of the

multimodal route, respectively; I+

B
4y

[, ., —the number of the final vertex of the arc @, and the number of the initial vertex

of the arc a,+1, respectively; / :1 , l{’;A — the number of the starting vertex of the first arc of the multimodal route and the
number of the final vertex of the last arc of the multimodal route, respectively; M, (to) — the number of free seats for
'

each transport unit (slots on board a container ship or fitting platforms for loading containers, etc.) at the time of starting
the movement of cargo along the arc a,, depending on the time of starting the implementation of the route .

The first constraint in formula (21) ensures the search for an optimal solution, in which the moment of starting the
implementation of the multimodal route is within a certain time interval that corresponds to the conditions of the customer
of the multimodal transportation service; the second - ensures the continuity of the multimodal route due to the
coincidence of the final vertex of the previous arc and the initial vertex of the next arc; the third and fourth - ensure the
selection of only those options of multimodal routes connecting the vertices of the transport network, which are specified
by customers of the multimodal transportation service as the initial and final points of cargo movement; fifth - ensures
the selection of only those multimodal routes that ensure the availability of a sufficient number of free cargo spaces to
ensure the possibility of moving a consignment of cargo in full along the entire multimodal route [7, 8]. Thus, in such a
setting, the task of choosing the optimal multimodal transportation plan is a task of multi-objective or vector optimization.

Another important quantity that characterizes the flow of cargo movement on a multimodal route is the function

of the probability of movement of » transport units on it during a given time interval [#,,7]:

) o5 s ['T[/lf(t)dtquf
P(n, [to,r])zl—exp[—fﬂZ(t)dtJ- Z H’O— , Zf-qg/ <n q,€B, (22)

g=1 f=1 9,

where Af(t) —is the intensity of the flow of transport units of multiplicity £, as a function of time; ¢,, — the number of
events of the flow of multiplicity f'in the time interval [zo,r] in the g-th version of the development of events; S — the
maximum multiplicity of the flow at the p-th intermediate point; G(S,n) — the power of the set of probabilistic cases of
the development of events at the given values of § and n, when the case is understood as one of the possible
implementations of the flow characterized by the set {qgl,qu,...,qgs} of the flow at the p-th intermediate point;

T T . . C ey s . . . . .
fto Af()dt = fto AX(t)dt — “leading flow function”, i.e. the cumulative total flow intensity of all multiples as a function

of time.
3. Conclusions

The multimodal transportation system is studied as a stochastic multistage transportation problem. This made it
possible to formulate an economic-mathematical model of the d-stage transport problem under the given conditions and
designations to determine the cost of multimodal transportation of transport units at each moment of time from the
beginning of the route to various points of its duration. This approach makes it possible to choose in advance the most
acceptable multimodal route option for the customer of the multimodal transportation service, because the main criterion
when planning multimodal routes is the cost of cargo transportation. Therefore, the objective function of the research was
chosen as costs per transport unit in multimodal transportation, and the second criterion in the implementation of
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multimodal transportation of goods - the time of delivery of goods. And the question of choosing a multimodal route is
reduced to the problem of multi-objective or vector optimization. And the value characterizing the flow of cargo
movement on a multimodal route was chosen as the function of the probability of movement of a certain number of
transport units on it during a given time interval, which made it possible to bring the obtained mathematical models closer
to the realities of the movement of material flows in space. The obtained results indicate the relevance and theoretical
effectiveness of the active development of the system of multimodal transportation with the participation of railway
transport and, accordingly, the need to study the main criteria of their planning and organization. And the determination
of such factors as the cost of transportation, the time of finding material flows on the road are the main criteria for the
effectiveness of the functioning of multimodal transport systems.
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