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Abstract:

This article is devoted to the coordination of single stages of the multimodal delivery process, taking into account the fact
that the process is discrete in its content. The tact, which has the content of a time window for performing the operation is
used for discrete processes. Due to the fact that multimodal transportation of goods is carried out on a large network, time
is one of the most important criteria for their perfection. Two timing criteria are applied in the article, which take into
account the fact that the multimodal process must be synchronized and that the transportation of a large group of goods
can be carried out in separate parts. An estimation criterion was also applied, which takes into account constant, variable,
contingent costs, which are carried out depending on the structure of the process. The goal of the study is to create such
multimodal cargo delivery routes that are characterized by the highest level of selection criteria. In contrast to known
studies, the dependence of the optimization criteria of the multimodal process on the total volume of cargo delivery was
shown. The method of analyzing the transport scheme of multimodal transportation and the corresponding algorithm and
computer program were developed. The methodology involves a complete review of all possible route options using three
types of continent transport, namely road, rail, and river. The method of structural optimization is applied to the example
of a transcontinental transport corridor.
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1. Introduction

Multimodal (mixed) cargo transportation is charac-
terized by increasing volumes in Europe and Asia
due to its main advantages, which have become
more relevant taking into account the growth of
cargo turnover and the increase in the average dis-
tance of 1 ton of cargo transportation.

These advantages include a decrease in the share of
automobile transportation in routes, which is asso-
ciated with the use of more ecological types of
transport (railway, river). It is difficult to ensure
working and rest conditions for drivers of trucks and
road trains on long-distance road routes. Multi-
modal transportation partially solves this problem.
On the other hand, road transportation as part of
multimodal transportation is often irreplaceable due
to the much greater availability of the road network
and faster delivery speed than other modes of trans-
portation. Rail transportation is characterized by
low environmental pollution, lower delivery risks
and significantly lower costs per unit of cargo, but
it requires a lot of time for preparatory and final op-
erations, is less flexible in terms of work schedule
and, accordingly, less accessible on the transport
network. Water transport, in particular river
transport, provides large volumes of solid cargo, is
the least energy-consuming, but is characterized by
low delivery speed, and is highly dependent on nat-
ural and climatic conditions. All three types of
transport have similar mutual advantages and disad-
vantages. Therefore, they are logically combined in
a single delivery process between given transport
hubs and terminals so that the overall positive effect
of the combination is maximal. In some cases, the
negative features of various types of transport can
be leveled thanks to certain conditions of combina-
tion and coordination. This article is devoted to
identifying the conditions for the effective use of
multimodal transportation, because such conditions
remain insufficiently researched.

The development of transport systems in Europe
and Asia makes it possible to choose different com-
binations of routes thanks to the development of rel-
evant networks, the growth of the number of vehi-
cles and the development of infrastructure. On the
other hand, the conditions and limitations of the de-
livery of goods are unified. Against the background

of a large selection, the share of international deliv-
ery standards is increasing. The rational choice of a
package of decisions regarding the multimodal
route of delivery of unified cargo should be based
on the technical analysis of individual components,
justification of their choice and coordination. The
final decisions should be justified not only with re-
spect to the qualitative selection of multi-route ele-
ments, but also have numerical criteria. The main
expected result is aimed at evaluating different op-
tions for multimodal transnational routes, taking
into account the volume of cargo transportation, the
duration of delivery and the economic component
in the form of specific costs for delivery.

The purpose of the study is to create such multi-

modal cargo delivery routes that are characterized

by the highest level of selection criteria. The goal is
achieved by selecting such parameters of partial
cargo flows that lead to their best coordination. Re-
search tasks that led to the achievement of the goal:

a) onthe basis of the theoretical model of discrete
cargo flows, determine the signs and condi-
tions of optimality of a multimodal route;

b) develop a method of analysis and selection of
the most rational among competing multi-
modal routes and verify its effectiveness on a
practical problem.

2. Literature review

It is claimed by (Grznar et al., 2021) that multi-
modal (mixed) cargo transportation is aimed at
eliminating regulatory, technical, organizational, fi-
nancial and other barriers in the process of cargo
moving. That is, the main necessary conditions in
the organization of multimodal (mixed) transporta-
tion are the presence of three elements: a regulatory
and legal field for carrying out such transportation;
technical means; corresponding infrastructure
(Ciesla and Opasiak, 2021). However, the presence
of only prerequisites does not eliminate the contra-
dictions that arise when coordinating individual op-
erations of a multimodal process. One of the reasons
for the insufficient development of the share of mul-
timodal transportation is their high requirements for
the coordination of individual transport services. In
order to obtain an obvious advantage from the use
of multimodal transportation, it is necessary to con-
sider and substantiate their structure and relevant
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organizational parameters.

The transport network and geographical conditions
are the most important factors of multimodal trans-
portation, according to (Wang, Y. et al., 2022). The
cargo delivery network is significantly distributed
in space. This means that one of the main factors
affecting its efficiency is time, as well as fluctua-
tions in shipment volumes, delays and failures of
transport systems within the network. In the paper
of (Akyiiz et al., 2023) the problem of replanning
intermodal routes is formulated as the arrangement
of flows of a multi-commodity transport network.
According to this approach, the authors considered
two different network topologies, one of which is
based on the temporal-spatial aspect, and the other
embeds the temporal aspect in a highly scalable al-
ternative structure for large transport networks. The
problem of process reorganization is considered
when there is an unplanned need to find an alterna-
tive transportation if there are failures or delays in
the network. Criterion of optimal solutions (Akyiiz
et al., 2023, Ambrosino and Sciomachen, 2014, Ar-
chetti et al., 2022, Hochbaum and Levin, 2006)
there are general transportation costs. However, the
costs of cargo movement also depend on the volume
of the performed transportation, which was not
taken into account in the previous works. By the au-
thors (Beresford et al., 2021) the impact of changes
in the volume of transportation on costs is not taken
into account at all. Adherence to time tolerances for
transportation is also not considered. This means
that under certain circumstances the recommended
solutions may not be optimal. Instead, at work of
(Wang, Y. et al., 2022) it was noted that a multi-
modal transportation network has more stringent re-
quirements for compliance with time limits and rec-
ommendations than a single mode of transport. The
shortest duration of transportation is a general goal
when designing or optimizing the path of a multi-
modal transportation network . However, the calcu-
lation of the delivery time of integrated systems of-
ten does not coincide with real situations. Accord-
ing to thease authors, the main error is the occur-
rence of flow pulses, time irregularities of the pro-
cess, therefore a dynamic routing model was devel-
oped, which is based on the use of a large database.
However, with such cumbersome calculations, the
error can increase even more. The authors did not

reveal the reasons for this phenomenon.

The duration of delivery on individual sec-
tions of a multimodal route often does not corre-
spond to the "just in time" principle. If the cargo ar-
rives at the transshipment point early, then it is nec-
essary to wait until the contact transport arrives at
the point. And this requires additional storage costs.
If the shipment arrives late, fines will be imposed,
or the next shipment period will be missed (espe-
cially by sea). In other words, too early or late de-
livery of the cargo will bring economic losses,
which can be measured with the help of discount
factors. The authors (Karimi and Bashiri, 2018)
consider one of the reasons for the inconsistency in
fixing hierarchical relationships between the main
carriers and the need for decision-making by carri-
ers in maritime freight transportation networks.
Carriers make pricing and routing decisions in
every part of the intermodal freight system and have
consistent relationships. However, technological
and organizational causes of non-synchronism were
not considered in the article.

The uncertainty of the duration of transportation op-
erations between nodes is a significant obstacle to
perform route optimization of a multimodal trans-
portation network to guarantee reliable delivery
times (Lunardi et al., 2020, Oliskevych, 2018,
Oliskevych et al., 2022, Peng et al., 2022). The sto-
chasticity of the processes (Naumov et al., 2020)
also leads to unsuccessful attempts to build a single-
valued optimal schedule of multimodal cargo deliv-
ery (Castelli et al., 2004, Hochbaum and Levin,
2006). Most of the optimization problems of multi-
modal transport routes are stable with respect to the
design conditions. However, the requirements of
customers and transport companies were often di-
verse and even contradictory (Kézai et al., 2020,
Macioszek et al., 2023). Therefore, previous studies
can only provide multimodal carriers with a guide-
line for decision-making when making a transporta-
tion plan under conditions of uncertainty. However,
it does not indicate how the influence of random
conditions on the reliability of decisions can be re-
duced. The issues of synchronization of various op-
erations in time are also not considered by these au-
thors.

Methods of synchronizing of individual flows in an
integrated network were known in the practice of
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intermodal transportation. In particular, one of the
most successful is SYNCHRO-NET. It is a project
consisting of several modules to optimize the inte-
grated management of freight transportation and lo-
gistics at strategic, tactical, operational and real-
time levels (Ambrosino and Sciomachen, 2014,
Giusti at al., 2019). SYNCHRO-NET is aimed at
optimizing the simultaneous interaction of several
interested parties, that is, customers, carriers, termi-
nals, intermediaries. The final selection is made
simultaneously under two conditions. In particular,
the synchronization of schedules between different
parts of the route should be ensured and the use of
different types of transport should be coordinated.
The project uses three different criteria at the same
time (traveled distance, time, and CO2 emissions).
Such problems presented in SYNCHRO-NET are
NP-complex in general and can be solved only us-
ing modified heuristic algorithms. In some cases,
the optimal solution is not guaranteed. More accu-
rate and guaranteed optimal solutions are obtained
in the case of decomposition of the general problem
into the problem of optimization of chains of sepa-
rate deliveries of cargo groups (Taran et al., 2023).

Many studies have been conducted on the cost of
multimodal transport (Archetti et al., 2022, Castelli
et al., 2004, Zhang, X. et al., 2021, Zhang, H. and
Li et al., 2021). But most of them only take into ac-
count the transport fee and the cost of transit. Very
few researchers divide the multimodal transport
process into several operations (Akyiiz et al., 2023,
Baykasoglu et al., 2019, Beresford et al., 2021).
Costs are roughly quantified without reflecting the
exact proportion of remuneration for each link of
multimodal transport. The costs associated with the
temporal inconsistency of the process are also not
taken into account.

It can be seen that the geographical location of
nodes plays a decisive role in forecasting the vol-
ume of cargo, selecting nodes and optimizing
transport routes in a multimodal transport network.
For example, knowing the geographical location, a
company can easily find the most economical
transport route or a storage station for goods. The
influence factors and characteristics of multimodal
transport behavior were investigated at work of
(Wang, Y. et al., 2022) based on logit models and

large volumes of various data. This enabled the au-
thors to achieve the optimal effect of freight trans-
portation by properly reducing the share of road
transport and increasing the share of other types of
transport (Fischer, 2021). However, researchers
miss the indisputable advantages of automobile de-
livery of goods at certain stages of multimodal
transportation, in particular, efficiency. Again, the
effect of improving multimodal transportation de-
pends on the structure of routes and the volume of
transportation, which the authors did not fully con-
sider.

Logistics network design is an abstract optimization
problem. Despite this, such a problem is solved ac-
cording to the criterion of minimum costs. Junctions
are most often represented in the form of an optimal
infrastructure configuration (Archetti et al., 2022,
Grznar et al., 2021, Fan et al., 2022, Lada et al.,
2016, Udomwannakhet et al., 2018). Its solutions do
not have a direct practical application, since it is not
possible to change the established nodes of the
transport network. Most likely, the solutions ob-
tained from the application of cost-time-distance
models offer a systematic view of the relationships
between modes of transport, nodes, methods and
volumes, types and forms of cargo. The revised
multimodal transportation cost model is based on a
relatively simple framework, but demonstrates that
other existing models of mode choice, multimodal
transportation, and inventory placement oversim-
plify the transportation process. The authors (Ar-
chetti et al., 2022) indicate the ambiguity of deci-
sions regarding the choice of the configuration of
multimodal routes and confirm the large non-linear-
ity of the corresponding dependencies.

If land transport suffers from delivery delays, acci-
dents, environmental pollution, cargo loss, then the
main problem of water transport in the supply chain
is the lack of space for storing containers. In fact,
seaports are now suffering from a lack of space at
marine terminals and increasing congestion on ac-
cess roads to inland connections (Ambrosino and
Sciomachen, 2014). The current problem fits into
the class of problems of determining the location of
several nodes and terminals. However, such a prob-
lem is not solved together with others included in
the chain of multimodal transportation. The authors
(Castelli et al., 2004) also confirm that the location
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of intermediate transport nodes are important ele-
ments of multimodal freight distribution networks
and this largely affects their efficiency, overall net-
work management, flow routing decisions and the
choice of transportation mode. Calculating the
global minimum (maximum) of a function of many
variables, which are the coordinates of network
nodes, is usually a difficult problem. The objective
function is nonlinear, and the problem belongs to
the NP-hard complexity class (Sun, Y. 2022). There
is a large list of classic algorithms for optimization
problems that are heuristic or metaheuristic. The ar-
ticle used the annealing algorithm. This is the most
successful solution in this case, however, the ob-
tained solutions apply only to stationary cargo flows
of the transport network. When changing streams,
the solutions obtained cannot be recommended.
The application of mathematical programming
methods in order to increase the accuracy of the
guaranteed solution of the multimodal route optimi-
zation problem is debatable. A mixed integer linear
programming model is presented in frticle (Am-
brosino and Sciomachen, 2021), which aims to min-
imize location and delivery costs while accounting
for external cost components. However, the authors
did not take into account the non-linear nature of the
problem. It is necessary to take into consideration
the capacity of cargo flows on the network, which
may change. The obtained solutions are static, as for
the previous cases when heuristic methods are ap-
plied.

The imperfection of the methods used in solving
problems of multimodal transportation is a typical
drawback. Thus, a multi-commodity multi-modal
supply chain network is being developed for intelli-
gent manufacturing at work (Karimi and Bashiri,
2018). This study aims to find the optimal location
of transport hubs and other network elements to en-
sure efficiency. However, to minimize the total cost
of logistics, a mixed integer linear programming
model is proposed as a compromise between math-
ematical programming methods and heuristic meth-
ods. At the same time, the non-linear dependence of
variable costs on the capacity of the cargo flow, the
random nature of the processes, as well as the lack
of alternative modal routes are not taken into ac-
count. The problem of optimizing the route of vehi-
cles using an adaptive genetic algorithm, which is

based on Monte Carlo sampling, is studied in the
article (Zhang, H. et al., 2021). However, its suc-
cessful application on multimodal networks re-
quires large volumes of input data. It is also neces-
sary to take into account the variability of the initial
optimization conditions, which makes the obtained
solutions unstable.

The main problems of the development of multi-
modal transportation, formulated by the authors
(Lee and Choo, 2016) are proposed to be solved by
heuristic or metaheuristic methods in connection
with problem nonlinearity. At the same time, the au-
thors cite the development of new intelligent tech-
nologies for coordination of different types of
transport as a factor that pushes the need for further
research in this area. The problems continue to
worsen along with the development of modern
methods. These include, in particular, an increase in
traffic jams at network nodes, a rapid increase in
costs with an increase in freight flows, and difficul-
ties in implementing synchromodal transportation.
Article of (SteadieSeifi et al., 2014) presents a struc-
tured review of the literature on the chronology and
correlation of multimodal transportation manage-
ment problems and methods since 2005. The tradi-
tional strategic, tactical, and operational levels of
planning are described in detail. It is characteristic
that the greatest attention in the literature is paid to
networks with a "hub-and-spoke" topology, where
rail and road transport prevail. On the other hand,
the network of corridors, where water transport is
more common, has not been developed sufficiently.
As for transport resources, there is also a large gap
in the research of forward and reverse direct freight
flows.

At (Wang, Y. et al., 2022) it is shown that due to the
integration of individual optimal solutions for repo-
sitioning transport nodes in the network, the global
design solution of multimodal networks is signifi-
cantly more efficient and saves the time of research-
ers and managers. In addition, due to the limited
number and capacity of connecting routes, as well
as additional rules and restrictions (for example, the
rules of working hours for drivers), it is necessary
to perform planning based on universal estimates of
several resources. Taking into account the dyna-
mism and stochasticity of the data (Monek and
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Fischer, 2023) also remains a major research prob-
lem. It is obvious that interaction and competition
between carriers affect the execution of plans. Their
cooperation, for example, ensures timely delivery.
In addition, the integration of different levels of
planning can provide greater reliability, flexibility
and, more importantly, sustainability, creating more
efficient solutions for the industry.

For adequate planning of multimodal transportation,
it is important to adapt to emerging disturbances. A
new mathematical model of linear distribution of
containers with time constraints is proposed in the
article (Van Riessen et al., 2015). This model is used
to determine the impact of three main types of
transit disruptions on network performance: early
departures, late departures and domestic flight can-
cellations. It is applied on the example of the Euro-
pean Gateway Services network. This network is
developed and operated by EUROPE CONTAINER
TERMINALS (ECT). For the expedient economic
use of this network, centralized planning by the sea
terminal of container transportation is required.
However, significant fluctuations in cargo flows
lead to underloading of containers and vehicles that
deliver them to end consumers. The impact of vari-
ous obstacles is measured in two ways. The first
method is based on the difference between planned
and actually incurred expenses. However, at the
same time, the opportunity to record the location of
the malfunction is lost. The second method is based
on the fact that the network operator can select fo-
cus areas to prevent high-impact disturbances and
improve planning updates for high-relevance fail-
ures. However, both methods do not reflect a sys-
temic analysis of the network's functioning, and ac-
cordingly, the decisions are not of a systemic nature.
Works are devoted to the issue of calculating the
cost of multimodal transportation (Beresford et al.,
2021, Castelli et al., 2004, Van Riessen et al., 2015).
The authors mainly used statistical analysis to de-
termine all possible route options, dividing them
into component parts, calculating the cost of each of
them, and obtaining a general assessment of the
profitability/unprofitability of transportation. At the
same time, all possible variants of tours that exist in
practice were considered. However, there are un-
known works where the costs incurred for transpor-
tation were tied to the scale of transportation. The

authors analyzed the factors affecting transport
costs, in particular their constant and variable com-
ponents. There are different formulas for calculat-
ing these parameters. The formulas are based on the
experience of cost estimation by logisticians and
dispatchers of large transport companies. As a result
of each of the well-known studies, the authors pro-
pose a new methodology for calculating the cost of
transportation based on the statistical analysis of
flights. Therefore, it is worth expressing doubts
about the complete objectivity of the calculations.
We can, however, hope that further research, accu-
mulation and analysis of statistical data on the costs
of various options for multimodal transportation of
specific transport companies will make it possible
to identify stable patterns, taking into account the
accumulated experience in the statistics of a specific
transport company (Van Riessen et al., 2015).

The importance of using time windows and large
databases for objective assessment and planning of
high-quality multimodal delivery has been thor-
oughly proven in the work of (Wang, S. and Fu,
2022). Multiple windows are used to increase cus-
tomer flexibility and get service on time. The flexi-
bility of road service and, as a result, the optimiza-
tion of truck operations are investigated by combin-
ing the scheduling of truck departures under traffic
constraints and the optimization of speed with the
route. In order to increase the feasibility and opti-
mality of the problem solution, the routing problem
is formulated in a fuzzy environment, where band-
width and tariffs for resources and services are trap-
ezoidal fuzzy parameters. The combined functions
of route design, vehicle distribution, time window
selection, and rolling stock optimization are as-
signed to the model. However, the structure of the
transport process as a whole is not reflected in the
work, which does not make it possible to determine
its properties on the basis of cause-and-effect rela-
tionships.

An effective algorithm for solving the problem of
multimodal traffic distribution on the example of a
city transport multi-network is proposed in (Grznar
et al., 2021, Fan et al., 2022). An analogy with a
large-scale transport network can be drawn based
on a discrete approach to traffic modeling. The au-
thors showed that traffic delays are a direct conse-
quence of the asynchrony of fixed moments in the
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journey of network users.

A heuristic procedure based on Lagrange for plan-
ning the transport schedule of multimodal transport
networks is presented in the article (Castelli et al.,
2004). This is one of the few attempts to show the
properties of the network under the dynamic effect
of disturbances and changes in the requirements for
the parameters of goods delivery. At the same time,
the configuration of routes and the quality of deliv-
ery remain constant. And Lagrangian multipliers
were used to build sustainable schedules of the de-
livery system. When Lagrangian relaxation is per-
formed using multipliers and after some regrouping
of variables, a problem can be obtained, which con-
sists of a set of subproblems, very similar to the
problem of dynamic replenishment of the common
stock when the volume of requirements changes.
However, it can be agreed that no analytical mathe-
matical model can fully capture the economic and
social consequences of meeting delivery schedules
for complex transport networks, which are multi-
modal. Therefore, means of operational interven-
tion should be provided in the management of de-
livery processes. They can be developed on the ba-
sis of structural analysis of processes.

The general problem of substantiating the power of
a multimodal network is solved in the paper of
(Wang, Y. et al., 2022). The authors developed a
three-level problem of designing a multimodal net-
work in order to maximize its throughput. The mod-
els are solved using an efficient optimization algo-
rithm based on the surrogate Kriging model in urban
transport networks. The obtained results demon-
strate the high productivity of the method. However,
this method cannot be applied to multimodal long-
distance/transnational networks, since the duration
of one delivery cycle on an urban network is not
comparable to the duration of transportation, as it is
on large-scale networks. Therefore, this approach
needs to be modified for appropriate use.

3. Research method

Cargo flows are considered discrete in the modern
methodology of transport systems, and cargo units
as individual products, transport packages, contain-
ers are mostly moved in groups. This means that
qualitative changes in cargo flows occur at fixed

moments of time, and the flow itself has the proper-
ties of accelerating / decelerating, splitting or merg-
ing. As a matter of fact, the first two properties are
implemented in direct-flow transport and techno-
logical schemes thanks to the bulk movement of
goods. If a discrete material flow has an average in-
tensity u of movement between given route points
g: and gz, and movement is carried out by a group
of ki cargo units, then, based on the principle of
flow continuity, this intensity will be preserved
even when after point gz the flow changes its prop-
erties, and will further move with group size k.
However, the speed of flow will change inversely
proportional to the changes in the size of its bulk in
this case. We will call all such changes Elementary
Logistics Operations (ELO). They can be followed
if the flow is divided into separate divisions, the du-
ration of which is called a tact (Lunardi et al., 2020,
Oliskevych, 2018, Oliskevych et al., 2022, Grznar
et al., 2021). A cycle is a period of time between
successive qualitative changes of the same material
flow (cargo flow, vehicles flow). For example, one
calls a tact the period between the moments of
change in the size of the group ki, and kj between the
change of vehicle for the further movement of a sta-
ble group of goods k, between the release of another
vehicle for the movement of a given amount of
transportation. It was claimed previously that the
tact is characteristic only for periodic processes
(Oliskevych, 2018). But s the tact is a time window
in its meaning imultaneously, within which the
ELO should be performed. An ELOj can be per-
formed once during the cycle. If at the same time
ki<Ks, where Ks is the total group size of goods,
which have to be transported according to the given
multimodal scheme, then the number of repetition
cycles of ELO;j will be more than one. We can write
than, based on the definition of the tact

=k
T=0 hours. 1)

If the tact value of two neighboring ELOs ei, €j,
which refer to the same cargo flow, are different in
value, ti£tj, it means that these ELOs differ only in
the size of the cargo group kizk;, since p=const. For-
mal restrictions are imposed on the numerical value
of the tact of any ELO:
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where: T, = max (%) ?3)

i

ti— duration of the ith ELO, fi is the front of vehicles
that simultaneously transport cargo during the exe-
cution of the ith ELO. The value of the ELO front
was chosen in this way due to the fact that for the
ith ELO its duration may exceed the cycle time
(tact) determined by (1). In this case, several vehi-
cles are used to transport goods, and they work ac-
cording to the cyclogram (Fig. 1).

It can be seen from the cyclogram that ti >ti. At the
same time, the tact is selected from (1). In order for
condition (1) to be fulfilled, it is necessary to addi-
tionally ensure the ratio:

r=[4 @

where thease square brackets mean rounding to a
larger whole.

Thus, if t=3.8 hours, and the cycle time t=2 hours,
for a sample then 2 vehicles are needed to perform
ELOj within the cycle time according to Fig. 1. This
can be seen from the cyclogram. There will be no
more than two segments in any of its cross sections.
The maximum tact value tmax follows from the con-
dition that tmax < f'ti, otherwise there is no point in
setting time windows for the i-th ELO. Thus, the
upper limit of the tact tmax iS set from the conditions
of rational use of the time fund.

Let’s consider the process of multimodal transpor-
tation as a sequence of ELOs, which are elementary

li

discrete material flows. The process can be repre-
sented as a chain of successive arcs connecting the
vertices ey, ... €i, €j, ...en, each of them is the mo-
ment of overloading the cargo to another vehicle at
the corresponding node. Vertex ez is the moment of
cargo departure from the first point g1, vertex en is
cargo unloading at destination gn. Each arc (ei, €j)
has quantitative weights tij, Kij, fmax, pij, which
mean, respectively: the time of transportation (in-
cluding the duration of preparatory and final, load-
ing and unloading actions), the maximum size of the
cargo group units (packages, containers, tons) that
can be transported in one trip, the maximum number
of vehicles that can be used on this section of the
route, the average estimated intensity of cargo trans-
portation, calculated from (1). Separately, the time
parameters of the arc may be subject to restrictions
regarding the allowed time of transportation, which
may be due to a fixed schedule of traffic, for exam-
ple, a railway train. In this case, the parameter is
specified i jm™*=const.

The number of alternative variants of the multi-
modal transport and technological scheme depends
on the possibility of using different types of
transport, the configuration of the multimodal
transport network (the presence and location of
transport hubs and terminals and the communica-
tion routes between them), the capacity of individ-
ual sections of the network. Taking into account the
largest transport corridors of Eurasia, trade cargo
flows, it can be argued that the average number of
intermediate nodes where overloading occurs and
through which the desired route can be built does
not exceed five to six.

|
Ti Ti T

— o
— e

el
- jmax

i |

S

Fig. 1. Cyclogram of ELO;, during which fi=4 vehicles are involved: # is the duration of the i-th ELO; Tmax is
the maximum duration of all cycles during which this ELO; should be performed
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The graph representing the network of alternative
routes G(Q,U) is a oriented graph that may contain
cycles where Q={qs, ¢, ..., dj, ..., qn}, U — set of
arcs between given vertices Q, any uij of them cor-
responds to the available connection path between
gi and gj, taking into account the available modes of
transport. If there are several paths of connections
by different modes of transport between gi and g,
then, in accordance, U contains multiple arcs uij,
Uij% ... Uij%, where 0 is the total number of available
modes of transport. The number of arcs U depends
on the real geographical data, which represent the
routes of communication between transport nodes
available in practice. The direction of each arc
should be chosen for practical reasons. So, if there
are two points gi, gj, which are connected by paths
Uij, Uji, then theoretically a multimodal route can
run along one or the other path. But it is practically
possible to distinguish a number of technological
features, according to which one of the two alterna-
tive directions of the route section is a priori una-
vailable: lack of transport for sending goods at point
i or j, an obvious advantage in terms of the length of
the general route passing along uij than along uj;;
lack of contact charts in one of the two points. An
example of choosing alternative routes can be seen
in fig. 2.

Fig. 2 shows that there are two alternative routes: 1-
i-j-N and 1-j-i-N. None of them has an advantage
over the other in terms of length. However, it is nec-
essary to check the following signs: a) whether the
contact transport is in the i-N direction in the case
of choosing the 1-j-i-N route, or in the j-N direction
in the case of choosing the 1-i-j-N route; b) does the

direction of movement j-i or i-j comply with legal,
transport regulations (does cabotage take place, is
there an advantage of road/transport conditions)? In
every case, when there is any advantage in choosing
one of the opposite directions, it must be used, oth-
erwise the task of finding routes cannot be solved
due to the presence of cycles (Lunardi et al., 2020).
Ordering chains in a directed graph is another, more
complex task that was not considered in this study.
The initial unordered model of the multimodal
transportation process is a graph H(E,Y), which dis-
plays the graph G, where E={ey, €i, ..., €j, ..., en} is
a set of vertices that represent the starting points of
the corresponding ELOs, Y is the set of arcs that cor-
respond to the practical information about the
movement parameters between given vertices of the
graph G, while e1 is the initial vertex of the graph
H, the one to which no arc enters, en is the final ver-
tex, from which no arc from Y departs. If there are
multiple arcs in the graph G that connect the verti-
ces, for example, g, gj, with the help of n arcs, then
n such vertices as €i1, ... €in, €j.1, ... €j.n are entered
in the graph H, between which n corresponding arcs
are drawn. All other vertices of the graph H have at
least one input and at least one output arc. It is nec-
essary to find all possible paths from the vertex e1
to the vertex en, such that only one path passes
through any vertex. A subgraph Hx of the graph H
is a simple chain, and represents one multimodal
transport process. In the chains of all routes to each
vertex, except e1, en has one entry and one exit arc.
It will be the finite set of paths that reflect alterna-
tive processes, given the restrictions imposed on the
graph H.

Fig. 2. Route selection scheme
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The recursive search procedures were applied since
the search for routes on a graph H with the number
of vertices N is a combinatorial problem. The num-
ber of possible alternative routes from e:1 to en,
which can include vertices e,...en-1, that is, a maxi-
mum of N-2 vertices of the graph H, is determined
by the ratio

. - 1

T 5)

where i is the number of vertices of the graph H,

except for e1, en, which are included in the alterna-

tive route. Thus, for a sample, with N=10 and two
fixed vertices included in each route, the number of
alternative routes could be 69,280. However, due to
the constraints of existing connections between
pairs of vertices of graph H, the real number of route
options is reduced to 3y? times, where y is the num-
ber of arcs of the graph H. So, if there are 15 arcs
between the vertices of the graph, then the number

of alternative routes is 34. This is not much for a

backward time search, and the computational com-

plexity of the algorithm for their search with a com-
plete search of options is O(N¥1). It is also neces-
sary to perform a deep search for paths in the graph

H, which is quite small. It is advisable to use a full

selection of options using recursion, therefore when

choosing the optimal multimodal route.

The initial data for the application of the technique

are:

a) matrix of ELO durations (ti;), such that tij=+oo
means no arc between corresponding vertices
of the graph H;

b) matrix of type and type of transport (0i;); dif-
ferent types of transport also include vehicles
of the same type (automotive, railway, water),
which have a load capacity of different ranks,
for example, large-, medium- and low-tonnage
trucks, river barges, ferries, etc.;

¢) matrix of the maximum actual carrying capac-
ity of vehicles (kij);

d) matrix of available restrictions on the number
of vehicles (fij);

e) matrix of the available time constraints of the
work schedule of vehicles (zij).

If there are no actual constraints on the arcs of the
graph H, then the corresponding elements in the ma-
trices are in place c), d), e) are kij=+o0, fij=+oo0,
Tij="to0.

If there are no actual constraints on the arcs of the
graph G, then the corresponding elements in the ma-
trices are in place:

Cc.r — constant costs for transportation on one sec-
tion of the route, which do not depend on the vol-
ume, distance, or time of transportation, but only on
the type of vehicle;

Ct.r—the component of costs that depend on the time
of transportation in this area, regardless of whether
the movement or idleness of the vehicle takes place,
in practice these are the so-called conditionally con-
stant costs that depend on the time of employment
of this type of transport r;

Cir — variable costs for 1 hour of movement when
moving cargo.

The specified cost elements are selected from
known studies (Akyiiz et al., 2023).

Since the variable mileage costs depend on the av-
erage operating speed of the vehicle, the following
values were adopted for the respective types of
transport: heavy-duty highway vehicles - 60 km/h,
medium-duty vehicles - 66 km/h; railway trains (32
carriages) — 30 km/h; river barges - 12 km/h.
(Akyiiz et al., 2023, Lee and Choo, 2016). Accord-
ing to these assumptions, the actual distances be-
tween transport nodes, which are measured on
maps, were converted into average travel times ti;.
The algorithm consists of seven steps that are re-
peated periodically (Fig. 3). Check for the presence
of closed cycles in the initial graph G(Q,U) during
initialization, as well as its derivative graph H(E,Y),
which is written in the form of matrices (ti;), (kij),
i ), (fij™), (zij™) before performing calcula-
tions. If such cycles are detected, it is necessary to
analyze all the arcs included in the cycle and elimi-
nate the conflicting arcs. Also specify the total vol-
ume of transportation Ks, which must be performed
on this multimodal route. To study the influence of
transportation volumes on the optimal structure of a
multimodal chain, it is necessary to set the range of
change of K, i.e. [Kz™" ... Ks™®] based on market-
ing requests. It is necessary to determine the period,
during which Kz of goods must be transported when
determining the given range. The first step is that it
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is necessary to construct all possible combinations The number of ELOs in the route, except for e, en,
of routes in the form of an ELO sequence without is not known in advance, although the ELOs are se-
repetitions. lected from the previously known set {e2, en-1}.

Input (#; ). (8: ), (k). (=),

(Ti‘;mjs Cc.r, C_f.r, Cf.rs [KI.mJJl —en

Kz mz]. Specify the simulation
step AKX

!

Starting from 5:=1, find by the matrix (7;;) the s-th path in
the graph H from i-=1 to N, such that any arc (i) of the
path has weight f; =0: remember the sequence of vertices
of the path and add it to the set M.

Determine the minimum cycle time 1; /= for each section of the path 5
according to (7). Determine the maximum capacity of each section of the
route according to expression (8). Determine i, for which
Umin=min {p; #=} Mark the critical arc of the path s: (g, gf)

For each arc 5 (g.q7)2(g#.q9) yes
of path compare

Determine the actual f; ; from the expression (4)
and n. ;; from (10). Determine » =

v

Determine route indicators: Tz, Ty, Co
Determine root mndicators

!

Write the data to the results file
( Finish *

Fig. 3. Block diagram of the algorithm for calculating parameters of multimodal routes
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The easiest way to organize such a combination is
to use nested loops, in which each loop will go
through all the elements of a given set sequentially.
In the first step, determine all possible paths in the
graph G based on the recurrence relation:

Xij=T(Xej = 1) 0 (6)

where Xij is a vector of variables, each of them get
a value xij=y, y =1, 2, ... ¥, which means that arc
xij of graph G is used by routes. The recursive pro-
cedure for finding all possible routes that run from
g1 to gn is developed on the basis of (6). Recursion
is based on searching with nested loops (Chen, Q.,
and Chen, H., 2013). If the vertices g, g are in-
cluded in the s-th route found, they should be in-
cluded in the set Ms, s=1..S. The following steps 2-
7 are repeated for every s-th route found. Determine
the minimum tact for each section of the route in the
second step using the expression:

. ¢
Tmln = f;l"]lx‘ @
ij

where fijm¥ is the maximum actual number of vehi-
cles that can be used on the route section gi-g;.

The third step. Determine the maximum throughput
of each section of the route using the expression:

W = ®)
ij

Among all sections of the route, determine the one,
for which pij™ is minimal. This section will be the
bottleneck of the route, and relative to it, the param-
eters of all other sections are selected so that the
condition pij=const is fulfilled.

In the fourth step, we adjust the actual carrying ca-
pacity of vehicles of each section of the route, ex-
cept for the one for which min{pi;"®}, so as to en-
sure the condition of constancy of the average in-
tensity. Let's introduce the notation: pmin =
min{pij™*} — the throughput of a multimodal logis-
tics chain. Then the adjustment is performed ac-
cording to the expression:

ki
Tij

~ Umin, (9)

where k’ij is corrected actual vehicle carrying ca-

pacity on the site, £’ij<kij. Adjustment can be made

only to the side of decrease ki,.

Determine the actual number of vehicles required

by expression (4) and the number of cycles that

need to be performed in order to transport goods on

the site in the fifth step:

Nejj = :—E (10)

ij

Determine the section among all sections of the

route where the number of cycles is minimal n¢™n,

In the sixth step, determine the indicators of the

multimodal route:

— the total duration of movement of vehicles
with cargo:

Ty = X, Yo e - tij, i,j € Mg, (11)
— the maximum possible duration of the project:

TZ?I:1 ijzz tij+Ten: (nc.f.N - 1)max '(12)
i,j,§ €M,

where Mx is the set of vertices of the graph H be-
longing to the route x under consideration; ten is the
ELO tact, which is performed last in the multimodal
route chain; ncen is the number of execution cycles
of the last in the ELO chain.

We calculate the costs per unit of the moved product
according to the expression:

N N
Ck = (Zizzi Z]‘:Ez(cc.r + Cl.r : ti.j “MNeij +

1 (13)

Ct.r : Tmax) K_);)’

As it can be seen, the cost of funds depends, first of

all, on the type of transport used. According to the

data given in the works (Akyiiz et al., 2023, Van

Riessen et al., 2015), the components of these costs

are:

—  for automobile heavy-duty transport:
Cc.r=€76.5; Cl.r =€ 0.58; Ct.r=€1.36;

—  for automobile medium-load transport:
Cc.r=€44,8; Cl.r = €0.28; Ct.r=€0.45;

—  for railway transport in closed wagons of 66
tons:
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Cc.r=€153.0; ClL.r = €0.037; Ct.r=€0.048;
—  for river barges:

Cc.r=€0; Cl.r =€0.082; Ct.r=€3.2.
We will show calculation examples for two arbi-
trary routes Mz, Mz. Let's assume that the volume of
transportation for all examples is the same and is
Ks=170 cargo units. The first example concerns the
all-motor route M1, which consists of three sections
1-2-3-4. Trucks of the same load kij"=34 pack-
ages can be used on each site. The maximum num-
ber of involved trucks can be, respectively,
fromax=3, fosm*=5 f34M*=4. The duration of the
movement of trucks along the sections of the route,
together with the preparatory and final time is
t12=7.5 hours, t23=8.5 hours, t34=14 hours. There
are no time window restrictions on sections of the
route. The minimum tact for each section of the

. B min7?5 min%
route, according to (7) is 7, hours, 7, ,

hours, r:_l inT hours. Checking the capacity of the
34

34
max— max;
1.7 3.5

. maxﬁ
route sections: p, , *% p, 5 MUy, OP
The minimum throughput of the third section is 9.7
packets per hour.
The other two areas are adjusted for carrying capac-
ity, reducing the actual load of vehicles. So, on sec-
tion 1-2, with an actual load of 25 packages, the
throughput will be p12=25/2.5=10 = 9.7 pack-
ages/hour.
In section 2-3 at k23=17 p2.5=17/1.7=10 = 9.7 pack-
ets/hour. The carrying capacities of the sections are
equalized in case of underloading of vehicles, or the
use of vehicles with a lower load capacity. The ac-
tual number of vehicles per section of the route.

Section of the route 1-2:f; , = [%] =3;
Section of the route 2-3: f, 5 = [%] =5;

Section of the route 3.4: f3, = [%] =4

Since the tact of the transportation in the areas has
not changed, the maximum specified number of ve-
hicles was used. The number of transport cycles in
sections, according to formula (10) is: 1-2 — 7, 2-3
-10, 3-4-5.

The total duration of movement of vehicles with
cargo:

Ty =75-7+85-10+ 14 -5 = 207.5 hours.
The maximum possible duration of the project:

Tmax=7.5 + 8.5 + 14 + 3.5:(5-1) = 440 hours.

The specific costs of transporting a unit of cargo on
a given multimodal route are calculated as follows.
We take into account the costs of heavy-duty
transport. Due to the fact that on the second section
the actual load of vehicles is reduced to 50% of
heavy-duty vehicles, k23=17, it is advisable to use
medium-duty vehicles and choose the appropriate
structured costs for them.

Cx =
(76.5+0.58-7.5-7 4+ 1.36 - 440) +
+(44.8+0.28-8.5-10+ 1.36 - 440) + 70
+(76.5+0.58-14 -5+ 1.36 - 440)

= 12.28 €/cargo unit.

The coordination of the work of trucks on the sec-
tions of the route is shown in the cyclogram of
fig. 4.

As it can be seen from Fig. 4, the ELO of the multi-
modal delivery process consists of cycles that are
subject to the tact. Tacts of different ELOs may dif-
fer, but ELO synchronization is achieved by chang-
ing the number of cargo units band. If one makes a
cross-section of the cyclogram in any period it can
be noticed that the estimated number of vehicles
that are on the route section at the same time, i.e. the
front, is preserved. It can also be seen that the or-
ganizational downtimes, which are displayed as
gaps between segments, are minimal.

Another variant of the Mz route, which is taken for
comparison, is the road-water route. Sequence of
route operations 1-3-7. The duration of the move-
ment of vehicles on the sections of the route: ti13 =
9 hours, t3-7 = 29 hours. The schedule of movement
of a river barge depends on the level of its loading.
The number of vehicles (trucks with a capacity of
34) is fi3=2. Number of water barges fs7=1. The
cargo capacity of the water barge is more than 600
transport packages, so we believe that ks 7m
=K3x=170.

Let’s determine the following parameters of the
route after completing all steps of the algorithm.

.. ming ‘minz—l9
Minimal tacts: 7, , ? hours, 7, , * hours.
ﬁ maxﬂ

Ca H H . max4—.5- 29
pacity of route sections: 1, , *% ., >°.
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River transport is the bottleneck of this route. As a
result of adjusting the carrying capacity of trucks, it
was determined that ki3=26, which equalizes the
carrying capacity of the sections. The required num-
ber of vehicles on the section 1-3 coincides with the

Ti12 T2.3 T3.4

1

given one. The number of cycles in section 1-3is 7.
The total duration of the project along the route 1-
3-7, calculated by formula (12) is Tmax=146 hours.
The duration of cargo transportation by all modes of
transportis Ts =97 + 29 -1 = 92 hours.

2t

2——3

Tmax=440 hours

Fig. 4 Cyclogram of the multimodal route M1

l————3
I3
13

N —3

113=4.4 hours

Tmax=146 hours

3
e
1 3 3

T ‘ 7

Fig. 5. Cyclogram of the M2 route at Kx=170 total units of cargo
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4. Computational experiments

The developed analysis and optimization methodol-
ogy was applied to the transnational multimodal
route, which is being designed (Poland-Ukraine set
up ‘Black Sea to Baltic’). The transnational multi-
modal route should run from the Turkish seaport of
Karas in the Black Sea to the seaport of Chorno-
morsk, near Odessa (Ukraine). Next, the mainland
part of the route will run through the territory of
Ukraine and Poland to the seaport of Gdansk in Po-
land (Fig. 6).

Actually, the continental part of the route is multi-
variate. It can consist of several sections and be car-
ried out by three types of transport: by road (by
heavy-duty road trains with a capacity of 34 stand-
ard transport packages, or 2 TEU), by rail (with a
capacity of 66 TEU), or by river dry cargo feeder
barge (with a capacity of 4,000 tons or about 300

Warshaw
Chornomorsk
— = -searoute
— - road route
— - river route
----> - railway route
—15 — - duration of movement, hours

TEU). At the moment, it has not been decided
whether this transport corridor will be intermodal.
Let's consider the problem of substantiating the
route structure, taking into account the possibility of
dividing cargo delivery groups, without loss of gen-
erality. In fig. 6 presents an oriented graph, the ver-
tices of which are the possible times of arrival of the
corresponding type of transport at the nodal point of
the transport network.

To determine the duration of transportation on the
mainland part of the route, one needs to lay out all
possible paths in the graph from the top e1 (Chono-
morsk) to the top e1o (Gdansk). There are no cycles
and loops in the graph due to the fact that all con-
nections between the vertices of the graph were an-
alyzed for the rational expediency of performing the
corresponding ELO.

Fig. 6. Scheme of possible routes for cargo delivery along the transport corridor between sea terminals: Karas
(Turkey) — Chornomorsk (Ukraine) — Gdansk (Poland)
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So, for example, although there is a road from Chor-
nomorsk through Kyiv to Gdansk, it was not taken
into account, because its length, the transport con-
ditions for making a trip on it are a priori unaccepta-
ble in terms of duration, delivery delays, working
time of drivers and the required number of trucks.
All other arcs that reflect communication paths, can
ensure high-quality and uninterrupted delivery in
the required direction when included in a combined
delivery route. These arcs have an estimate of the
average duration of movement of the respective ve-
hicles, taking into account statistical data. Individ-
ual transport points are multimodal nodes, as they
contain transshipment docks and stations of various
types of transport (Chornomorsk, Kherson, Kyiv,
L’viv, Warsaw). They also provide for short-term
storage in the form of intermediate warehouses
and/or container sites. Other transport points are
transit, but they also have the possibility of trans-
shipment to another transport of the same type. This
is especially important for road delivery, as it
greatly simplifies the construction of the permissi-
ble transport cycle of trucks and reduces their down-
time and idle mileage. The availability of the maxi-
mum number of vehicles on this or that section of
the network was determined based on the transpor-
tation capacity of the transport and logistics com-

pany.

5. Discussion of results

When applying the algorithm to this multimodal
scheme of transportation along the route Chorno-
morsk-Gdansk, the range of changes in the total
cargo flow was set within the limits of 100-5000
transport packages per one working hour of the ter-
minals. If we take into account the average weight
and dimensions of one standard transport package,
then in the equivalent it turns out to be 0.036 .. 1.15
million TEU per year. The number of 1.15 million
TEU corresponds to the maximum throughput ca-
pacity of the Chornomorsk seaport as of 2016.
Group party transportation was considered. The
multimodal scheme is designed for the transporta-
tion of goods that are sent in a large group, such that
a single shipment from the initial continental point
of the route is significantly smaller than the size of
the entire order group, that is, ki.i < Ks. Reloading

and transportation of adjacent shipments are not al-
lowed along the route. At the nodal points of the
route, transshipment to another vehicle may be car-
ried out in order to reduce the cost price/reduce the
duration of delivery of the entire group of goods.
The total duration of the entire project (transporta-
tion of the entire amount of cargo from the port of
Karas to the port of Gdansk via the port of Chorno-
morsk) is not standardized, except for those cases
when, the duration of delivery is limited by the max-
imum allowable time fund of vehicles on certain
sections of the route. The task is to choose the routes
of multimodal cargo transportation that are optimal
in terms of specific costs for the movement of one
package with a given total volume of transportation
Ks. To perform such a task, the developed method-
ology and algorithm for calculating the dependence
of c(Ks), Tmax(Ks), Tx(Ksx) were applied. After per-
forming the 1st step of the algorithm, 28 possible
variants of multimodal routes were found, which
are shown in Appendix. The resulting routes can be
divided into four groups according to their compo-
sition: 1) purely automobile; 2) road and railway; 3)
rail and water; 4) railway, water and road. After the
execution of the calculation schedule, ck(Ks) de-
pendences were obtained for all 28 routes (Fig. 7).

For all routes, the dependences ck(Ks) are piecewise
continuous with continuity on the left. Each contin-
uous section means one, qualitatively different
transport and technological scheme. For example,
when organizing the delivery of goods by Route 25,
which is as follows (see Fig. 6): 1-5 (railway) 5-9
(road) 9-10 (road), with the volume of transporta-
tion 1170..1540 packages of transportation, costs
per package is €l/package. And with
Ks=1540..2220 the costs are €0.9/package. The de-
pendencies of those routes in fig. 7 have the lowest
costs among all routes over the entire range of Ks.
If for some route the costs are higher for the entire
range of transportation volumes, then such routes
are excluded from consideration. However, it can be
noted that for some routes the dependences ck(Ks)
intersect. Fig. 7 shows that, for example, routes 21
and 25, 23 and 26, 21 and 26 have intersection
points. The presence of such intersections of the de-
pendencies cki(Ks) and ckj(Ks) at the point Kz
means that the route, which costs are lower before
Kz.1 has an advantage in the choice. The route will
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lose ground in the competition after the growth of
volumes above Kx1. for a given volume of transpor-
tation. This gives grounds for a reasonable choice
of routes according to the criterion of specific costs
(10). Fig. 7 also shows that some routes, for exam-
ple, route 15 (items 1-3-5-10) cannot be applied for
the entire proposed range of Kz. This can be ex-
plained by the lack of transport capacity of vehicles
on this route. Because of this, the mentioned route
15 (completely by road) can be used only for the
transportation of goods with a volume of up to 540
packages. Otherwise, it will be necessary to use in-
termediate storage, which will significantly in-
crease the duration and cost of delivery. By compar-
ing the received routes by the cost of delivery over
the entire range of Kx, we can distinguish three con-
ditional zones of route profitability. The first zone
Kz,<300 packets is a zone of high sensitivity. Each
additional 10 packages in the volume of transporta-

¢k, €

pested ¥

tion reduces specific costs by €0.1. Water transpor-
tation here is inferior to rail and even automobile
transportation in terms of costs. If we also take into
account the environmental friendliness of transpor-
tation preference should be given to rail transporta-
tion.

The second zone is the range of Kx=300..1200 pack-
ets, where various routes by type of transport can
compete by costs. The choice of routes in this area
is very large and additional criteria should be ap-
plied to make an informed decision. The third zone
is a zone of large volumes of transportation, where
transport and technological schemes operate almost
stably, and the choice of a multimodal transporta-
tion scheme is almost obvious. For the specified ex-
ample of delivery, the best in terms of minimum
costs are rail-water and road-water routes, for which
transportation costs per package almost do not
change with increasing volumes.
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* Route 15
+ Route 24
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Fig. 7. Dependence of the total specific costs for the movement of a unit of cargo by various multimodal
routes on the total volume of cargo flow on the Chornomorsk (Ukraine) - Gdansk (Poland) route
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If we compare the received routes by the maximum
duration of delivery of the entire volume (Fig. 8),
then the priorities of choosing routes are fundamen-
tally different here. Road routes have an obvious ad-
vantage over the entire permissible range of Ks.
However, their range is quite short. Road and rail-
way routes are predominant in the zone of high sen-
sitivity. Water and water-rail routes have an ad-
vantage in the stability zone, while rail-road deliv-
ery times are increasing rapidly.

The received routes can be similarly characterized
by the indicator of the total transportation time
(Fig. 9). However, purely water routes have a total
advantage in terms of this indicator over the entire
range of possible volumes of transportation. This is
explained by the large volumes of loading of barges,
ferries, and ships. At the same time, large time win-
dows of water transport are leveled by consolidated
cargoes.

As can be seen from the dependence, purely auto-
mobile routes do not have an advantage over com-
bined ones, because in order to avoid traffic idling,
trucks are often underloaded to the nominal value.

Timax, hours
800

700
600
500
400
300 P,

200 o 1

The increase in the volume of transportation on
combined rail-road roates or rail routes requires the
use of wagon shipments, as a result of which the du-
ration of transportation of the entire volume of
cargo increases almost linearly.

6. Conclusion

The obtained research results are distinguished by
new principles of analysis of alternatives and syn-
thesis of optimal transport and technological
schemes, which were previously not taken into ac-
count by researchers. These principles have ma-
tured due to the fact that the volumes of goods de-
livered in multimodal communication have ac-
quired very wide intervals of numerical values.
Freight carriers try to satisfy the most diverse de-
mands of consumers. However, due to the limita-
tions of modern transport technologies, there are
permissible values of the duration of delivery, or
parts of delivery, of the minimum or maximum size
of a group of goods. Hence the urgent need to con-
sider time windows, process timing and synchroni-
zation, bulkiness of cargo and a new understanding
of the transport package.
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Fig. 8. Dependence of the maximum duration of transportation by various multimodal routes between Chor-
nomorsk (Ukraine) — Gdansk (Poland) on the total volume of cargo units
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Fig. 9. Dependence of the total travel time during transportation by various multimodal routes between Chor-
nomorsk (Ukraine) — Gdansk (Poland) on the total volume of cargo units

When considering the model of multimodal freight
transportation, it is necessary to accept it as a dis-
crete flow characterized by time windows. Such an
indicator as the tact of a discrete cyclic process can
be used in this case as an argument for substantiating
interoperational interaction at individual stages of
the transportation process. Another important mod-
eling principle to consider is process continuity. Due
to the fact that multimodal cargo transportation is
carried out on very long routes, time is one of the
most important criteria for their optimization. The
sum of the durations of individual stages of a multi-
modal process is not equal to the duration of the pro-
cess as a whole.

Glossary

Elementary Logistics Operation is qualitative trans-
formation of the material flow, which leads to one of
the possible changes in cargo flows occur at fixed
moments of time, and the flow itself has the proper-
ties of accelerating / decelerating, splitting or merg-
ing.

Tact is the duration of separate division of discrete
material flow, which limits its duration.

Cycle is a period of time between successive quali-
tative changes of the same material flow.

Cargo group it is a set of cargo units that are in one
ELO.

Front of vehicles is that number of vehicles which
simultaneously are transporting cargo during the ex-
ecution of the one ELO.

Conflicting arcs these are arcs that cannot simulta-
neously represent the same transport process due to
the presence of ambiguity in its schedule.
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Table A. Routes Details

Route number The sequence of the route The sequence of the route
1) 1235610 river and road

2) 1235910 analogue (1)

3) 123510 river and road

4) 1245610 river and road

5) 1245910 analogue (4)

6) 124510 river and road

7) 124610 river and road

8) 1247610 river-railway-road

9) 124710 river and railway

10) 124910 river, road and railway
11) 12410 river and railway

12) 12810 river and railway

13) 135610 road

14) 135910 road and railway

15) 13510 road

16) 145610 river and road

17) 145910 river, road and railway
18) 14510 river and road

19) 14610 river and road

20) 147610 analogue (9)

21) 14710 analogue (9)

22) 14910 river, road and railway
23) 1410 analogue (11)

24) 15610 railway and road

25) 15910 railway and road

26) 1510 railway and road

27) 17610 road

28) 1710 road and railway




