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This paper considers the possibility of devising
a technology of fast railroad communication for
the transportation of containers between the
port and customer enterprises in the course of
intermodal transportation. The purpose of
technology development is to reduce the share of
the use of trucks on intermodal routes and thus
solve a number of related environmental, transport,
municipal, and economic problems. The devised
technology is based on the principles of bringing
the railroad as close as possible to the end points
of the route, minimizing the number of intermediate
modes of transport, and enabling the maximum
speed of movement of containers by rail. For this
purpose, the use of MetroCargo ™ freight terminals
and CargoSprinter modular trains is proposed. In
the course of the study, the task to reliably plan the
operation of the fleet of such trains for the delivery
of containers between the port and enterprises
under the conditions of "noisy" initial data was set
and solved. To this end, the problem was formalized
in the form of a model of mixed programming, based
on the principles of robust optimization. To optimize
the model taking into consideration the principles
of robustness, a procedure was proposed that uses
a two-circuit genetic algorithm. As a result of the
simulation, it was found that the resulting plan
was only 6.5 % inferior to the objective criterion
of the plan, which was compiled without taking
into consideration robustness. It was proved that
the devised model makes it possible to build an
operational plan for the delivery of containers by
rail, which is close to optimal. At the same time,
the plan is implemented even in the case of the
most unfavorable set of circumstances in the form
of delays, shifts in the time windows of the cargo
fronts, etc., that is, under the actual conditions of
the transport process
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1. Introduction

The growth in container flows traveling by water, land,
and air transport has not stopped since April 1956 when
American entrepreneur Malcom McLean first sent a batch of
containers from Newark to Houston on a converted tanker,
thereby revolutionizing world trade. The revolutionary use
of containers in the field of international transportation
was that they provided an opportunity to reduce the cost of
money and time in carrying out cargo operations by several
dozen times, and, by reducing transport costs, significantly
reduce the cost of imported goods. However, the mass move-
ment of goods in international traffic is still a complex and
responsible process, which, in addition to the sea transport,
involves land transport, including rail transportation. The
success and efficiency of this process depends on the reliabil-
ity of all links of the intermodal transport system. The most
important link that should enable the interaction between
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land and sea modes of transport, including through timely
and high-quality planning and execution of cargo opera-
tions, are port container terminals.

Container terminals of seaports have been in a state
of constant modernization and re-equipment since 1990s.
However, along with the increase in the volume of modern
terminal equipment, the container flows that they have to
maintain are growing rapidly. From 1990 to 2021, the total
annual container flow increased more than 10 times and now
exceeds 800 million TEU. Thus, even those with the latest
equipment, modern port terminals face a lot of problems,
which in particular are associated with the use of a large
number of units of automotive rolling stock, including as
auxiliary modes of transportation. Consequently, the further
involvement of road carriers on intermodal routes faces a
number of insurmountable restrictions.

Under such conditions, a rational way to develop in-
termodal transportation is to devise and introduce new




technologies that will enable the restraint of the use of
automotive equipment and resolve a whole bunch of related
problems — from transport and technical to municipal and
environmental. However, the key to solving these tasks is the
development of fundamentally new transport technologies
that will enable cost-effective and competitive rail delivery
of containers. Therefore, research into the construction of
the foundations for such technologies is relevant.

2. Literature review and problem statement

Intermodal container transportation is characterized by
the involvement of a large number of enterprises, equipment,
rolling stock, infrastructure facilities that belong to various
sectors of the economy and whose technological processes
cover various areas of human activity. Thus, the system of
intermodal transportation is a source of complex technical,
economic, environmental, and social problems, which in turn
attract researchers who work at the junction of a wide vari-
ety of scientific fields. However, of particular interest to sci-
entists are the problems of the functioning of railroad trans-
port as part of the intermodal transportation system and the
problems of interaction between field and sea transport.

In [1], with the help of methods of mixed-integer pro-
gramming, the authors simultaneously consider submitting
a plan for transshipment of containers between ships, yards,
and trains, and the schedule of train departure. However,
not enough attention is paid to the process of forming trains.
In [2], the problem of profitability of railroad operators is
solved when interacting with sea transport during inter-
modal transportation under conditions of changing condi-
tions and unstable pricing. The model uses the principles of
robust optimization but the complex problem of interaction
between sea and rail carriers is proposed to be solved only
through the redistribution of income, that is, purely in the
economic plane. In [3], the same authors propose a solution
to a similar problem of interaction between marine and rail-
road operators using a dynamic programming model but only
economic rather than technical measures are also proposed.
In [4], the problem of organizing intermodal transportation
is solved on the basis of the model of finding the optimal
balance of energy costs between rail and sea transport,
but this approach can only affect the choice of route and
does not solve the technical problems of interaction when
changing modes of transport in ports. In [5], it is proposed
to solve the problem of interaction of modes of transport in
an intermodal terminal based on the optimization of its pa-
rameters using multi-agent models as part of the AnyLogic
software, but this approach can be useful only at the design
stage and, moreover, it still does not solve even the problems
of ecology and the territories adjacent to the port. Paper [6]
examines the challenges facing researchers of the problems
of interaction between the port terminal and rail transport,
highlights in detail a large number of important problems of
both strategic and operational planning but does not provide
any models for their solution. Study [7] considers ways to
optimize the interaction between the port and the railroad
in the first turn by agreeing on the schedule of departure of
trains and the plan for transshipment of containers entering
the port in order to increase the share of direct transship-
ment of containers from ships to trains, but the practice of
recent years has revealed the limitations of such approaches,
especially if they are used without taking into consideration

the probabilistic component of transport processes. Funda-
mentally new technical or technological solutions for solving
the problem of overloading port terminals were also not
presented in the work, but only an increase in the capacity
of cranes and shunting facilities was proposed. In [8], the
problem of forming container trains for the delivery of con-
tainers from the port of Genoa to consignees in the depths
and in the north of Ttaly is considered. The proposed model
makes it possible not only to rationally form blocks from fit-
ting platforms but also considers a more detailed level — the
formation of blocks of containers that are loaded onto the
platforms. However, it should be stated that this model can
only significantly reduce the delivery time and is not aimed
at providing fast rail communication for the transportation
of containers. In [9], the possibility of organizing an effective
long-distance railroad connection between Asian countries
and the ports of Northern Europe (Scandinavia, the Baltic
countries) and the Mediterranean (Greece) for the trans-
portation of containers during intermodal transportation
is considered. The ReOrient project provides a solution to
the main problems of compatibility of railroad systems in
Europe, such as the presence of a large number of different
alarm systems, centralization and blocking (SCB), various
standards of traction current, communication, etc. These
problems significantly hinder the development of container
rail transportation throughout Europe.

Thus, the problem of interaction between rail and sea
modes of transport is complex. It is closely connected with
the problems of the capacity of port terminals, the negative
impact on the urban infrastructure adjacent to the termi-
nals, and environmental problems. Recently, however, an-
other important problem has been added to this whole bunch
of problems: in general, the possibility of the existence of rail
container transportation over short and medium distances.
After all, for various reasons, rail transport loses competi-
tion to the road in this market segment due to many factors
and not only technical, such as the speed of delivery, etc. but
also economic, including those that are not directly related
to the transportation process. Therefore, this problem is
complex and thus will require comprehensive approaches to
address it. However, modern developments, both in the fields
of port equipment and railroad transport, and in the field of
information technology, give a certain optimism along the
way.

3. The aim and objectives of the study

The aim of this work is to devise technology for the use of
railroad transport for the rapid transportation of containers
on the land section of the route during intermodal transpor-
tation, which will be able to improve the interaction between
the railroad and the port and will allow railroad enterprises
to successfully compete with road transport in the inter-
modal transportation market.

To accomplish the aim, the following tasks have been set:

—to develop approaches that will enable fast and cheap
delivery of containers by rail, if possible, according to the
door-to-door scheme from the port to the consignee;

— to build a flexible model of operational planning of the
railroad enterprise for the delivery of containers, which will
minimize the cost of container hours during the formation
of trains and make it attractive for customers to use railroad
transport at short and medium distances.



4. The study materials and methods

The object of this study is the process of land delivery of
containers during intermodal transportation. The subject
of the study is the technology of fast delivery of containers
using railroad transport. The main hypothesis of the study
is as follows: at the present stage of development of tech-
nical means of railroad transport, as well as achievements
in the fields of computation, information processing and
management, there is an opportunity to devise a technology
for transporting containers by rail as part of the intermodal
transportation process. This technology will be able to sig-
nificantly replace road transport and thus solve a number
of problems associated with the transfer of container flows
from sea transport to land transport and their advancement
along the land section of the route.

The tasks of operational planning of freight railroad
transportation are usually operated by a large number of
actors and therefore there is always a lack of completeness
of the necessary information and the randomness of events.
Thus, the statement of the problem acquires a certain un-
certainty. Uncertainty in the initial data of the problem
makes it difficult to obtain a high-quality management
solution. Optimization problems dealing with uncertainty
in data or variables, the nature and form of representation
of which may be different, are usually attributed to the class
of stochastic optimization problems. However, this class is
the least studied of the entire set of optimization problems,
which predetermines the fact that the problems of this class
are of considerable interest to theoretical researchers. At
the same time, it is also of even greater practical interest
due to the fact that uncertainty in one form or another is
inherent in any processes of the real world. Therefore, the
development of the theory and obtaining reliable methods
for solving problems of this class is the key to improving
control systems in many areas of production. However, the
tasks that can be attributed to this class are very diverse.
Some authors believe that the nature of uncertainty is of
fundamental importance. As noted above, uncertainty may
be due to a lack of information or, for example, the probabilis-
tic nature of a particular process or phenomenon. Therefore,
the classical approach to the formulation and solution of
stochastic optimization problems involves the maximum use
of available statistical information on the processes under
study, such as the parameters of statistical laws of distribu-
tion, etc., and its representation and processing using the
mathematical apparatus of probability theory. However, this
approach is very complex and costly because it requires the
collection and processing of a large number of statistical data
and still does not guarantee the possibility of taking into
consideration all the necessary factors. Another important
modern paradigm in the field of stochastic optimization is to
obtain reliable (robust) solutions. As it has been proven [10],
most real optimization problems are very sensitive to de-
viations of the initial data. For example, a deviation in the
vector of calculated data from real data by only 1-2 % can
lead to a deviation of the calculated optimum from the real
one by several tens of percent, which completely neutralizes
the practical value of the solution. In order to overcome this
problem, an area was developed, which is termed “robust op-
timization”. Robust optimization can be seen as an addition
to the stochastic programming approach to solve optimiza-
tion problems with incompletely defined data, which in its
terminology is called “noisy”. Robust optimization involves

obtaining such a solution to a stochastic problem that would
not lose its practical value even under conditions when all
stochastic variables will take values that correspond to the
most unfavorable scenario of development of events. From
the point of view of managing the operation of modular
trains along the polygon during the delivery of containers, it
may seem that the worst-case scenario is when all the values
of the duration of the movement of trains between the sta-
tions will take their maximum values. However, given that
this problem is also a combinatorial optimization problem,
this statement may turn out to be false. For example, if one
train overcomes a section in the minimum time and arrives
at a certain freight front faster than another train, freight
operations with it will also begin earlier. In this case, the
other train will be forced to wait, which in turn may cause
it to be late until the closure of the freight front on another
access track according to its work plan. Thus, looking for the
best solution from the worst scenarios, robust optimization
implements the principle of minimax. Thus, therefore, the
magnitude of probability in robust optimization practically
does not matter and therefore such variables as, for example,
the magnitude of the duration of the movement of trains be-
tween stations or the time windows of availability of certain
transport resources, such as, for example, freight fronts, it
is advisable to represent in the form of interval numbers.
In addition, in this work, we used methods of mathematical
modeling; in the process of developing the procedure for
optimizing the model, the modern mathematical apparatus
of genetic algorithms (GA) was used.

5. Results of studying the possibility of devising a
technology for fast delivery of containers by rail in the
implementation of intermodal transportation

3. 1. Outlining approaches to simplifying the trans-
fer of container flows and forming the basics of fast rail
technology

The collapse of logistics mechanisms around the world,
which happened in a matter of months, will be the trigger
for many processes in the field of transport and primarily in
the field of intermodal transportation. These processes will
inevitably lead to the transformation of existing transport
technologies towards unprecedented flexibility, variability,
and intellectualization. Watching the events of 2021 leaves
no doubt that not only will the world never be the same
again but that intermodal transportation technologies will
never be the same again. As experience has shown during
the pandemic, the main problem of intermodal transporta-
tion was the collapse caused by the congestion of container
terminals. The section from the port to the consignee, de-
spite the constant improvement of technology, remains the
most problematic part of the journey. On the one hand, it
is quite clear that it is impossible to solve it at the expense
of road carriers, given the further increase in the volume of
intermodal transportation. The further development of road
container transportation is hampered by an ever-increasing
number of restrictions, such as, for example, environmental
restrictions, restrictions on the maximum carrying capacity
of trucks, etc. In addition, the cost of renting or owning
heavy trucks that are capable of carrying 40 or 53-foot con-
tainers is high. In addition, for the transportation of each
such container, you need not only a separate expensive heavy
truck but also a separate driver. Also very acute is the prob-



lem of lack of capacity of roads, especially in the port area,
which is also often located on the territory of large cities
or megacities. On the other hand, a railroad is traditionally
used to deliver containers inland. However, there are also
many problems. One of the main problems from the point of
view of the intermodal operator is that the use of container
trains does not exclude the need to involve truckers in the
transport chain. The need to use road transport is due to the
fact that many consignees are remote from the main railroad
lines. Consequently, on the “last mile” of the intermodal
route, trucks are almost always used. In addition, such a
scheme provides for additional operations of transshipment
and storage.

Thus, the use of motor trucks in the implementation of
intermodal transportation has many drawbacks and creates
a number of additional problems. Instead, the use of rail
transport is more promising both from the point of view of
intermodal operators and from the point of view of seaports
because the greater the capacity of the port-railroad link,
the more cargo the port will be able to attract and process
and, accordingly, increase its earnings. For customers, rail
transport is potentially more attractive compared to road
consideration of factors such as tariffs, greater level of safe-
ty, independence from weather conditions, etc. However, an
important economic factor is the speed of delivery and rail
transport at short and medium distances is significantly in-
ferior to road transport. However, an increase in the delivery
time even for a day, especially for an enterprise that receives
or sends large batches of containers, can lead to significant
losses in view of the fact that in this way there is a slowdown
in the movement of its working capital. And the importance
of this factor is only growing because expensive goods are
usually transported in containers, and due to the high infla-
tion of recent times, their cost is constantly growing. The use
of rail transport at short and medium distances is currently
impractical because it is inferior to automobile by the speed
of delivery. This is because currently rail transport is used
in intermodal transportation in the form of route container
trains, or fitting platforms with containers are included in,
for example, precinct trains. Under such conditions, addi-
tional time is spent on the accumulation of trains, and in
the case of precinct trains, time is also spent on reforming
trains. In addition, the accumulation time of container trains
is also increased due to the delays in containers on the berths
as a result of the cluttering of container platforms near the
berths.

Thus, the intermodal transportation system consists of a
number of subsystems, the capacities of which must be well
harmonized to prevent bottlenecks in the transport chain.
In order to meet the demand for container transportation, it
is absolutely necessary to invest not only in the introduction
of new technical means and restructuring but also in opera-
tional management technologies [11]. Therefore, in order to
minimize or completely exclude road transport from the in-
termodal transportation scheme, it is necessary to bring the
railroad tracks as close as possible to the final points of de-
parture or destination of goods as practically possible. And
such an opportunity actually already exists because many
large and medium-sized enterprises both in Europe and in
the United States have their own so-called “access tracks”,
which connect them with the main railroad lines. Therefore,
it is necessary to devise a transport technology that would
meet the technical requirements for the use of access roads
for the delivery of containers from the port “to the door”

of consignees and would at the same time be economically
viable. At the same time, the integration of the railroad and
port is also one of the most important strategic elements of
its development both in terms of economy and in terms of
marketing. There are ports where tight integration of rail-
road and port infrastructure using modern port equipment
has already been implemented, which eliminates the need
to use other types of transport when overloading containers
from ships to trains. Such integration not only simplifies
the organization of the port’s work but also significantly in-
creases the chances of the railroad to intercept orders for the
transportation of valuable goods from road carriers, which
is very important under modern conditions of fierce compe-
tition in the transport market. Such integration also makes
it possible to increase the capacity of the land section of the
route, which is directly adjacent to the port. This is achieved
by eliminating the need to cross the space of the city with
congested roads with wheeled trucks such as, for example,
auto platforms, straddle carriers, or reach stackers, which is
used to transport containers entering the berth to the termi-
nal. However, the rapid growth in container traffic volumes
has called such a model into question. The main reason is
that a large number of containers needed terminals with a
large area, although seaports were still among the largest
consumers of land in megacities. Another reason is that not
only the number of containers has increased significantly
but also counterparties, such as cargo owners, consignees,
freight forwarders, intermodal operators, etc.

The obvious fact is that the primary requirements that
need to be met are the requirements for rolling stock. First,
the useful length of the tracks of freight areas can be very
limited and able to accept a composition that contains
only a few cars. Secondly, these tracks are overwhelming-
ly non-electrified. In addition, the rolling stock must be
capable of changing the direction of movement and move
in both directions along the main railroad lines at a suffi-
ciently high speed.

Rolling stock that meets these requirements already
exists, these are modular five-car freight trains, which were
first built in Germany in 1990s. These trains belong to the
CargoSprinter class — after the name of the first such train,
which was developed and built in 1996 by Windhoff GmbH
in cooperation with the state-owned rail freight operator DB
Cargo and the airport operator Fraport. Obviously, Fraport
was interested in this train precisely as a rolling stock for
transporting small batches of air containers. The word
“sprinter” in the name indicates that the purpose of this
train was to quickly transport goods over short distances.
The relatively high speed of this train is primarily due to the
small mass. CargoSprinter trains do not have a locomotive,
and each car is a motor platform, in the upper part of which
there is a platform for loading containers, and in the lower
part there is a diesel generator modules and/or traction mo-
tors. Thus, CargoSprinter trains belong to motor-car rolling
stock, which predetermines their high specific power, which
is defined as the ratio of engine power to the mass of rolling
stock. Additional weight reduction is also achieved through
the use of Jacobs bogies to link motorless cars to each other.
Thus, even if you connect several such trains into one, it will
still be able to move much faster than a regular container
train. CargoSprinter specifications make it possible up to
7 trains to be coupled together.

At one time, CargoSprinter’s promising project actually
failed. However, that failure did not occur because of its



technical imperfection or technological lack of demand but
for completely different reasons associated with the diffi-
culties of producing individual spare parts. Now, more than
20 years have passed, and production technologies have
advanced significantly. In addition, completely different
technologies have appeared that can make these modular
trains even more advanced and economical. Under modern
conditions, it would be advisable to make them electric,
powered by the mains while driving on the main line and
from batteries while driving on access roads or tracks of
cargo areas for cargo operations. In any case, the cost of re-
pairing and maintaining these trains if they are involved in
intermodal transportation will amount to an inconspicuous
share of costs, especially against the background of an al-
most tenfold increase in tariffs for container transportation,
which took place only during 2020-2021.

Consequently, CargoSprinter trains will bring intermod-
al carriers closer to customers without the use of road trans-
port. However, as noted above, to create a synergistic effect,
it is important to integrate the railroad with the port as
much as possible. The best option for integration is one that
will minimize the need for intermediate storage of contain-
ers and the use of additional types of intermodal transport
such as Richstakers or rail gantry cranes, etc. Technically,
this task seems very difficult, and it is. However, there is a
ready-made solution on the market — the MetroCargo™ sys-
tem. MetroCargo™ systems are modular freight railroad ter-
minals equipped with complex precision electro-mechanical
computerized systems that are designed to load and unload
container trains under an automatic mode [12, 13]. Metro-
Cargo™ systems make it possible to drastically (by more
than 10 times) reduce the time spent on cargo operations.

5. 2. Construction of a model for compiling an oper-
ational plan for the delivery of containers using modular
trains

Thus, it is proposed to organize the process of trans-
porting containers using the CargoSprinter fleet of modular
trains. To this end, it is necessary to build a model of oper-
ational planning of their work. The model should provide a
departure from the traditional practice of using rail trans-
port in the implementation of intermodal transportation,
which is limited only to direct route container trains or the
inclusion of fitting platforms with containers in the com-
position of full-fledged freight trains, the accumulation of
which during the construction and reconstruction takes a lot
of time. The model should carry out a rational distribution
of applications for the transportation of containers between
modular trains, as well as plan in detail the route and order
of operations with each of them.

In addition, the model should provide the possibility
of obtaining a reliable operational plan under the real con-
ditions of the transport process, during which there are
systematic deviations of the times of occurrence of events
and the duration of transport operations from the planned
or regulatory values, as well as a certain level of uncertainty
associated with the accuracy of the information provided by
customers.

The primary component of the source data should be a
set of containers. Each element of this set is a tuple contain-
ing attributes such as the moment in which the container
is available for loading (after unloading from the container
ship at the port or after the container is delivered by the
consignor to the cargo area of the access track and the start

of its operation); its mass; length in feet; number of the top
of the railroad network graph corresponding to the consign-
ee’s access track; the moment of time of completion of the
cargo area of the access track or the moment of the end of
the process of loading the container ship; time of expiration
of the delivery time. Access tracks are railroads intended
for transport services of one or more enterprises that are
connected to the general network of railroads by continuous
rail and belong to a railroad or enterprise [14]. In addition,
the initial data are the parameters of the railroad network:
the topology of track connections, which is given by the
graph structure and the vertices of which represent railroad
stations and freight areas of access tracks, and arcs represent
railroad races between separate points. In addition, for each
arc, “windows” should be indicated, which are not occupied
according to the schedule and during which a modular con-
tainer train can be sent. These windows should be calculated
taking into consideration the type of signaling between the
stations (“auto-locking”, (“semi-automatic locking”, etc.). The
initial data for solving this problem should also contain a set
of cargo points. The characteristic of each item should contain
information about the time “windows” of its operation, the
average loading and unloading time of one container. Thus, a
port can also be represented as a loading point.

It should also be noted that in order to enable the pos-
sibility of using the model under real conditions, it must
take into consideration the influence of the flows of random
events, which is constantly experiencing any transport
process. This is especially true of the process of intermodal
transportation, which involves several types of transport,
including those whose normal functioning directly depends
on weather conditions, which in turn can be difficult to
predict even for a short time period. As you know, any ele-
ments of the transport system are exposed to random failure
flows: rolling stock, elements of transport infrastructure,
signaling, communication and information support devices.
A significant delay in the arrival of the vessel, the closure of
the railroad track, the breakdown of the modular train — all
these events can cause that the already adopted plan for the
delivery of containers will be impossible to fulfill. Such rare
events are not only very difficult to predict but it is also
impractical to take into consideration when forming a plan.
To level their impact on the transport process, it is more
expedient to adjust the plan operationally, that is, to make
repeated calculations taking into consideration new infor-
mation about the current state of the system. Consequently,
it is necessary to provide for the possibility of making calcu-
lations not only from a certain initial position but also from
any current position. However, there is still some kind of
uncertainty in the process of transporting containers using
modular trains that must be taken into consideration. It is
associated with the peculiarities of the technological process
on the railroad. One of the features of CargoSprinter trains
is their high speed. Speed is their significant advantage, be-
cause in this way they can be sent from the station without
actually violating the existing schedule of trains. However,
the time to move from one station to another is not a con-
stant value and may vary within certain limits. Even with
the constant speed of the CargoSprinter train, the delay in
its departure from the station may occur due to the fact that
at this time another train departs, besides, it also takes some
time to release the first block of the section by this train. In
addition, if not a fast or high-speed passenger train moves
ahead of the CargoSprinter train but a heavy freight train,



then it will also limit the speed of movement of the modular
train. At single-track sections, if there is already an oncom-
ing train between the stations, it is necessary to wait for its
arrival at the station to be able to leave the train for the run,
which can also take considerable time. Another factor that is
acommon reason for the increase in train running time is the
speed limits associated with repairs between the stations.

However, the most negative impact on the degree of un-
certainty of the planning task is made by cargo fronts and
access roads of enterprises because they almost never have
a clear schedule of operation; besides, they may not be avail-
able for some time also due to the service of other customers
because several enterprises can jointly use one access track
in order to minimize costs. Thus, the objective function of
the robust optimization model, which represents the operat-
ing costs, can be written as follows:
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where ¢ is a variable subset of the total set of containers con-
sidered for transportation within the planned period;

¢; — a variable subset of set ¢, which contains containers
that are intended for transportation by an i-th modular train;

x — a set containing the sequences of transportation by
all modular trains during the planned period;

n — the number of working fleet of modular trains;

x;(c;) — a subset of the set x, containing the sequence of
transportation by the i-th modular train and which depends
on the subset ¢;;

— power of a subset x;, equal to the number of points
(cargo fronts) on the route of the i-th train;

eq — the cost of a train/kilometer;

ey, — the cost of a train hour;

ek — the cost of an empty container-place-kilometer run;

e/ — the penalty for late spotting of the train by one
hour at the j-th freight front on the route of the i-th train;

0(...) — Heaviside function that returns 1 if its argument
is greater than 0, otherwise returns 0;

— the moment of time of the start of the j-th freight
front on the route of the i-th train, which is given by the
1nterval number;

1/, — the moment of time of completion of the j-th freight
front on the route of the i-th train, which is given by the
interval number;

T — a set of tuples, each i-th element of which contains
2 interval numbers {‘c 0T } which determine the time frame
for the functioning of the Jj-th cargo front;

d(ac;f1 (¢,).x] (ci)) — the distance in the railroad connec-
tion between j—1th and j-th points of the route of the i-th
train;

d(pé,xf (c,.)) — the distance in the railroad connection
between the starting point of the route (0) of the i-th train
in which it is at the time of the beginning of the planning
period and the first points of the route (1), which is set by
the variable vector x;

Y — a set containing the values of the moments of time of
the end of freight operations with trains on the freight front,
each element of the set is the result of a calculation using the
function Y(, f);

W(4, ) is a function that returns the value of the moment
of time of the end of freight operations with the i-th train
on the j-th freight front of its route and the beginning of the
movement to the next freight front. This function can be set
by using the following recursive formula:

) .
max +t j=1
v, o
L i Vit
v(ij)= 2)
W(l ] 1)+t1 1y co .
max o ‘t‘”’ +t j>1,
i,j?

where 10 is the time of the beginning of the planned period;
¢ ;— variable time of movement of the i-th train be-

tween j—1th and j-th points of the route, which does not take

into consideration the waiting time of freight operations;

’cf’i — the moment in time of placing containers by the
enterprise on the site of the freight front of the j-th access
track (from that moment they are ready for loading on the
i-th train)

— duration of cargo operations on the j-th freight
front Wlth the i-th train;

As part of this function, the function max is used because
the moment of commencement of freight operations with
the train is defined as the maximum value of three values:
the moment of arrival of the train to the freight front, the
moment of the start of work of the cargo front, and the mo-
ment of availability of containers for loading (the moment of
placing containers by the shipper to the freight front site). If
on this freight front with this train only container unloading
operations are performed, then the value of the quantity ‘tf’ﬁ
is taken as 0.

The first term is the costs associated with the movement
of trains. The second term represents the costs associated
with the time spent on the direct implementation of trans-
portation, as well as the expectation and execution of cargo
operations. The third term is the costs arising in the form of
fines in case of late delivery of containers. For some points
at which containers are unloaded, they may be irrelevant
but for some they may be significant. The most illustrative
example is when the late delivery of containers to the port for
loading on a ship can cause a delay in the vessel with the pay-
ment of the corresponding fine (demurrage). Or, even if the
vessel was not detained and its owners or operators had the
right, according to the contract, to send it without waiting
for a container consignment for loading, still shipbuilding
companies charge a fine from intermodal operators in case
of reservation of transportation capacities without present-
ing goods for transportation. This fine, which for example,
at MSC (Mediterranean Shipping Company) is called “no



show bookings surcharge”, is at least USD 300 per 1 TEU.
The fourth term represents the additional costs associated
with the mileage of empty container spaces in the train. This
term is actually a penalty function that is used to increase
the efficiency of the use of rolling stock by minimizing the
degree of underloading of modular trains and the magnitude
of their mileage in this state.

Optimization of this function must be carried out taking
into consideration the technological limitations inherent in
the process of transporting containers.

The first constraint narrows the area of permissible solu-
tions in such a way that when performing freight work at any
freight point of any train, it is possible to load more contain-
ers onto it than its maximum container capacity:

Y (et —#eit)< g, Ymex, i=l.n. 3)

m
b=

The second constraint is necessary to ensure that work-
ing fleet of modular trains can perform the entire set of
operations without violating the time limits of the planned
period:

max (i, #x,)<t”, Vii=1.n, 4)

where " is the planning time horizon.

The third constraint is necessary to ensure that each
modular train is able to perform freight operations at each
point of its route until its closure:

maxy (i, 7)< T,

ViVji=1l.n j=1.x, 16))

The use of the max function in constraints, which include
variables that are affected by uncertainty, is due to the need
to ensure the robustness of restrictions.

The next step is the process of optimizing the model.
It should be noted that over the past two decades, certain
achievements have been made in the direction of solving the
problems of robust optimization. For example, approaches
were formulated in works [15, 16] that make it possible,
through certain transformations of the objective function
and limitations, to represent the problem of robust optimi-
zation in the form of a convex programming problem. This
problem is proposed to be solved using a specially developed
method of ellipsoids. However, these approaches can only
be effective under certain conditions. In particular, they
assume that the model has a smooth objective function.
However, in the problem of constructing an operational plan
for the operation of modular trains, this condition is not met
because it belongs to the class of problems of combinatorial
(that is, discrete) optimization. Thus, the effective solution
to this applied problem, as well as any complex production
problem in robust statement, requires the development of
an individual optimization method. The specificity of this
problem, as well as many applied problems in general, lies in
the fact that they usually do not require finding the absolute
optimum of the objective function but only approaching it
with a certain accuracy. In such circumstances, attempts to
develop analytical methods should be abandoned and other
classes of methods, such as, for example, heuristic methods,
should be preferred. One of the main directions of heuristic
optimization methods are genetic algorithms (GA). Genetic
algorithms as a candidate for use in solving this problem

have a number of advantages. Firstly, they make it possible
to automate the process of solving complex problems, even
those that have a large dimensionality, due to the possibil-
ity of efficient use of computer computing power. Secondly,
they have no restrictions on use only with smooth objective
functions, and therefore can be used to solve combinatorial
optimization problems.

The complexity of the task of planning work of modular
trains in robust statement lies in the fact that in order to find
a reliable plan, it is necessary to simultaneously minimize and
maximize the objective function. For smooth objective func-
tions, there is an ellipsoid method [17] but the possibility and
success of its use depends on many factors, including not least
the experience and skill of the researcher. In the case of a given
planning problem, we are dealing with the problem of discrete
optimization and therefore the application of this method is a
priori impossible. To optimize the built model, a method based
on the use of a modern mathematical apparatus of GA was pro-
posed [18]. The idea of the method is to cascade the application
of two GAs. The scheme of the algorithm of the proposed meth-
od is shown in Fig. 1. External GA is used to find the optimal
values of the vector of control variables corresponding to the
minimum cost and, accordingly, the minimum of the objective
function, which is represented by the fintes function of GA; the
internal GA is used to serve the values of the vector of interval
variables, which mainly represent the duration of operations
that simulate the most unfavorable scenario for a given instance
of the vector of control variables.
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Fig. 1. Block diagram of a cascade genetic algorithm for
solving the problem of constructing an operational plan for
the operation of modular container trains in robust statement



Such an approach using two GA contours would theo- it turned out to be up to 40 % more expensive compared to
retically require significant amounts of calculations, espe-  the robust plan.
cially in the case of a large dimensionality of the problem.

To reduce the computational load, it is ad-
visable to simplify the calculations in the
subpath of the algorithm as much as possible.

Based on the built mathematical model
and the proposed algorithm, by using the
MATLAB language, a procedure for its op-
timization in the form of software was devel-
oped. With the help of this software, model-
ing was carried out on an abstract polygon
(Fig. 2), which consists of several dozen rail-
road stations, to which the access tracks of
enterprises are adjacent. One railroad station
(station No. 1) is adjacent directly to the port
and equipped with special MetroCargo™ car-
go equipment for port terminals. As a result
of the optimization process, a diagram of the
routes for fulfilling orders for the delivery of
containers was constructed (Fig. 2).

In addition, as a result of the optimi-
zation process, an operational plan for the
operation of modular container trains was
compiled when fulfilling orders in the form
of a schedule (Fig. 3).

The resulting plan is aimed at the imple-
mentation of 15 orders for the transport of
containers both from the port to the cargo
yards of customer enterprises and in the
opposite direction. In addition, this num-
ber includes requests (2 applications) for
the transportation of containers (including
empty ones) between enterprises or between
enterprises and land container terminals
located within the polygon. In the result-
ing operational plan, 4 modular trains are
involved because it was this number that
was determined by the model as the mini-
mum necessary to satisfy all applications.
As can be seen from the schedule (Fig. 2),
despite the fact that the configuration of the
windows of the cargo fronts of enterprises
is the most unfavorable and on several ac-
cess tracks the duration of the operation of
freight fronts was generally no more than
2+3 hours, the total losses associated with
non-production downtime of rolling stock
were only 0.33 train hours (downtime of
train No. 4 near station No. 1) and 0.66 con-
tainer hours (the train was loaded with two
containers). In addition, during the simu-
lation, it was found that the received oper-
ational robust plan turned out to be only
6.5 % worse than the target model criterion
(total operating costs) from the plan, which
was obtained without taking into consid-
eration uncertainty in the form of “noisy”
initial data. However, in the event of the
worst combination of source data values, the
implementation of the usual plan would gen-
erally be impossible without prompt adjust-
ment, and even with the use of adjustment,
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Fig. 2. An abstract railroad polygon and a scheme of routes for the
execution of orders for the delivery of containers, built as a result of the
optimization process
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Fig. 3. Schedule of modular container trains when fulfilling orders for the
delivery of containers, obtained as a result of the optimization process



6. Discussion of results of studying the possibility to
devise technology for fast delivery of containers

Investigating the technological process of intermodal
transportation in terms of the interaction of sea carriers
with other modes of transport, and primarily road transport,
revealed the existence of a number of diverse interrelated
problems. It has been proven that solving or significantly
improving the state of these problems requires reducing the
use of road transport, which is used in the implementation
of intermodal transportation, and especially that which
interacts with intermodal port terminals. It was possible to
develop approaches to solve this set of problems due to the
fact that there are already on the market, albeit separately,
such modern technical solutions as, for example, systems for
direct transshipment of containers from a ship to train (Met-
roCargo™ epuipment) and modular container trains such as
CargoSprinter. However, the heyday of their mass use is still
ahead and depends entirely on the concepts and technol-
ogies of their application, which have yet to be developed.
Our study is exactly considering the development of an
information and technological solution, which represents a
model of operational planning of the fleet of modular trains
and which is a necessary superstructure over the above-men-
tioned proposed technical base. The task of constructing an
operational container delivery plan was formalized as a ro-
bust optimization model, which contains a robust objective
function (1) and robust constraints (3) to (5). The use of
robustness made it possible to enable a high level of adequacy
of the model to the real conditions of the transport process.
To ensure maximum detail in the calculation of operating
costs, which are the criterion of the objective function of the
model, depending on the management decisions made, it was
necessary to formalize complex space-time interdependences
between transport operations. This was done by introducing
the time interval calculation function into the model, which
uses recursion (2). An important component of the success-
ful application of the optimization model in practice is the
existence of a procedure for its optimization. The calculation
of robust optimization models, especially in discrete space,
is a separate task of exceptional complexity because even
for smooth continuous objective functions there is only one
analytical method, moreover, the possibility of applying
which in practice is extremely limited. However, the key to
the success of solving this problem in the first place was that
in the course of practical application of the model, finding a
global optimum with analytical accuracy is desirable but not
critically important. Secondly, it was possible, using a mod-
ern mathematical apparatus of soft computing, to develop
and implement a procedure for optimizing the model in the
form of software, which is based on the proposed two-circuit
genetic algorithm (Fig. 1) and makes it possible to obtain an
operational plan with sufficient accuracy in rational time.
The resulting plan (Fig. 3), by determining the required
number of rational distribution of applications between
them and the sequences of their implementation based on the
model, enables the execution of all sets of orders within the
time limits of the planned period (from 8:00 to 17:00 hours)
under the most unfavorable conditions. At the same time,
the total loss of time due to non-production downtime of
modular trains was only 20 minutes. In addition, the model’s
determining the sequence of operations occurs simultane-
ously with determining the optimal route for following mod-
ular trains in the railroad polygon (Fig. 2). To this end, the

optimization procedure also uses graph algorithms, such
as Dijkstra algorithm and others. Thus, it should be noted
that the proposed model varies not only with economic
factors as in [1-3] in order to self-regulate the intermodal
transportation system but makes it possible to solve man-
agement problems in the technical plane. In addition, the
developed model not only determines the optimal delivery
routes, as in [4], or is able to simulate the process of deliv-
ery of containers only at the simulation level as in [5], but
makes it possible to get ready-made complex management
decisions at the level of tactical and operational planning.
In addition, the proposed model uses the latest approaches
and makes it possible to go beyond both traditional tech-
nologies of interaction between rail and sea transport, as
well as traditional technologies for organizing container
rail transportation, on which study [7] is based.

It should also be noted that the implementation of the
proposed technology will be associated with certain difficul-
ties. The negative trend associated with the transition of en-
terprises to road transport during the delivery of containers
has led to the fact that a significant number of access roads
are in an abandoned state and will require certain repairs
to re-commission. In some countries, such as, for example,
the United States, this trend is caused by the low speed of
delivery of containers by rail compared to road transport
and the favorable tariffs of road carriers, in other countries,
such as Eastern European countries, it is caused by econom-
ic instability and falling industrial production due to the
global economic crisis, pandemic, etc. It should also be noted
that the adequacy of the received operational plan for the
operation of modular trains can be ensured only if the real
values of the quantities that are represented in the model by
environment variables in the form of interval numbers do not
go beyond these intervals during the implementation of this
plan. Therefore, the boundaries of these intervals should be
estimated with the greatest possible accuracy in the prepa-
ration of the initial data. Unreasonable expansion of the
boundaries of these intervals may contribute to compliance
with this requirement and getting the actual data within
the intervals but the operational plan obtained in this way
may be much less optimal, that is, there may be a significant
deterioration in the value of the target criterion.

The disadvantages of the study include the fact that in
the course of its conduct an assumption was made, which
suggests that a modular train, having a high speed of move-
ment, can be sent by dispatch order from the station in front
of any freight train practically without causing its delay
both at the station and between the stations. However, there
are many countries in which the movement of freight and
passenger trains occurs along the same railroad lines. The
speed of passenger rolling stock is higher than the speed of
modular container trains, so they cannot be sent in front
of a passenger train without allocating a separate line of
schedule. Thus, the influence of the schedule on the speed
of advancement of modular trains between stations is taken
into consideration only in general form, without taking into
consideration the specific data of the schedule. In addition,
the schedule also provides technological windows for track
repair and other types of traffic restrictions that were also
not taken into consideration in the study.

In the course of practical use of the developed model, one
should take into consideration the limitations associated
with computational complexity because a combinatorial
problem, moreover, in a robust statement, may require sig-



nificant computing resources. Thus, it is necessary to ensure
that the capacities of the computer system correspond to the
dimensionality of the problem.

In the light of the further development of the model, it
should take into consideration in more detail the processes
of movement of modular trains in railroad sections because
in many countries there is a lack of capacity of railroad infra-
structure, especially in port areas. By the way, it is allowed
to perform the coupling of modular trains and following in
a coupling state by the railroad tracks of the passing part of
the route. This will make it possible to economically utilize
the capacity of railroad lines and reduce the cost of trans-
portation, especially in countries with high-cost threads
of the train schedule. Therefore, the possibility of coupling
modular trains should be taken into consideration in fur-
ther research. Thus, the proposed approach in conjunction
with the built model can be considered as the basis of a new
technology for the use of railroad transport in the implemen-
tation of intermodal container transportation.

7. Conclusions

1. An approach has been formed to solve a set of problems
related to the interaction of the sea with land modes of trans-
port in the port and port terminals, as well as environmental
and municipal problems associated with the dominance of
road transport on land sections of the route in the process of
intermodal transportation. As part of this approach, it was
proposed to replace road carriers with rail carriers through
the introduction of technical solutions, such as modern sys-
tems for direct container transshipment from vessel to Met-
roCargo™ train and the use of modular container trains of
the CargoSprinter type as part of the intermodal transpor-

tation system. This will increase the efficiency of interaction
between railroad and sea carriers under the conditions of
intermodal transportation: minimize the need to store con-
tainers on sites near berths as well as in warehouses of port
terminals, reduce the number of cargo operations, radically
reduce the use of intermediate intermodal road transport
such as, for example, rich stackers, portal carriers, mobile
cranes, etc., both in the port and terminals and in near-port
municipal areas. And increase the speed of delivery of con-
tainers at short and medium distances, enabling, if possible,
delivery “to the door” without the use of road transport.

2. In order to enable high efficiency of the use of the pro-
posed technical means and the functioning of the intermodal
transportation system as a whole, a model of operational
planning of work of the fleet of modular trains of the rail-
road operator was built, which delivers containers at short
and medium distances during the intermodal transportation
process.

This model, taking into consideration a certain level of
uncertainty of the initial data regarding the time frame of
transport operations, makes it possible to calculate a reliable
operational plan that is provided under the most unfavorable
conditions, in the sense of a combination of values of interval
variable initial data, will make it possible to perform the task
of delivering containers on time, in full and with minimal
costs, which was proved during the simulation.
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