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1. Introduction

A significant part of handling equipment of Ukrainian
ports has reached at present a critical level of wear and
requires replacement. Solution of this problem, urgent for
the port industry, is associated above all with the rational
selection of machinery that best meets the needs of port
production. In turn, in order to substantiate the structure
of the port machinery fleet, each particular case requires a
differentiated approach and appropriate evaluation methods.
In this regard, it is of practical interest to develop quantita-
tive methods that allow making balanced decisions, taking
into account interests of all participants of the port services
market.

2. Literature review and problem statement

Paper [1] presents a procedure for assessment of opera-
tion performance of separate port services. It is based on the
use of the concept of a port services chain, taking into ac-
count relationships between its elements — port’s services. It
is shown that vessels’ service efficiency in the port increases
considerably if there is a developed system of interaction and
cooperation between them. However, relationships in the
system “port — ship owners — cargo owners” have not been
sufficiently studied.

In article [2], a multistage model for evaluation of inter-
nal and external factors, exerting an impact on the efficiency
of port operations, was proposed. In the article, internal
factors include the management system, the infrastructure
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and port services. External factors include transport policy,
macroeconomic conditions, and some other factors. Along
with this, the paper does not take into account such factors
as state of the market for transport services, interaction with
strategic partners and consumers of services, provided by
the port.

Paper [3] considered the problems of improvement of
operation effectiveness of shipping companies under favor-
able conditions of transport services market, as well as the
problems of providing their sustainability under conditions
of a crisis. In study [4], a procedure for the substantiation
of dynamic indicators of critical loading of vessels was de-
veloped. However, all the issues, considered in [3, 4], focus
mainly on commercial interests of shipowners. But the needs
of other participants of transport services market are not
taken into account; in addition, the role of a port and quality
of its services in providing effectiveness of fleet operation are
underestimated.

Study [5] uses the methods of the mass service theory
and the methods of fuzzy logic for the optimization of the
infrastructure of port facilities and assessment of vessels’
berthing in the port. In the study, a port is considered as a
system of mass service with allocation of Erlang probabili-
ties with service discipline that take into account priorities
of incoming queries. It should be noted that the structure of
distribution of production capacity, presented in [5], reflects
only one of the possible particular cases. It does not take into
account specificity of work of terminals with a mixed struc-
ture of handling equipment fleet and various configuration
of the berthage. In addition, the discipline of vessels’ service
and allocation of probabilities of incoming queries may vary.




Consequences of possible mistakes in planning and
mismanagement in the development of ports were discussed
in paper [6]. This paper deals with the conflict of interests
between the ports’ management and local authorities when
making joint investment decisions. This work is devoted to
critical analysis of inefficient relationships in the system
“port — ship owners — cargo owners”, which can lead to
negative consequences for all participants engaged in these
relationships. However, the study does not pay enough atten-
tion to issues of formalization of participants’ interests and
development of mathematical models, within which it would
be possible to find an optimal solution of this problem.

In article [7], the influence of various factors on the
change in magnitude of marginal costs of production was
explored. It should be noted that while assessing efficiency
of ports’ operations, this indicator is often used as optimality
criterion. This is explained by the fact that a port has tradi-
tionally focused on minimizing production costs associated
with cargo handling. However, under modern conditions of
tough competition in the port business, a port should primar-
ily focus on the interests of clients, including consideration
of alternative options of development of handling equipment
fleet. In this regard, it is justifiable to choose not a strategy
that makes it possible to minimize costs (or maximize profit),
but rather the strategy, slightly inferior from the position of
anticipated economic indicators, but significantly enhancing
the quality of port services. In this regard, to substantiate
the strategy of development of port handling equipment,
there is a need to develop appropriate quantitative methods
for assessing effectiveness, taking into consideration features
of functioning of port-specific systems under conditions of
tough competition.

Previous studies on the port operation optimization have
already attempted to take into account and formalize the
interests of shipowners and cargo owners with the help of a
single integral indicator. Thus, in [8], devoted to studying
issues of interaction between ports, shipowners, and cargo
owners, as well as the issues of competition in the maritime
transport market, there was an attempt to formalize the
maritime transport chain as an equilibrium model. However,
due to increasing difficulty, related to the creation of a uni-
fied model of functioning of ports and maritime transport
market, a number of aspects of operation of ports or market
of marine freight transportation had to be omitted or taken
into account in a simplified form. “Packing” all indicators
of a complex system as a single integral indicator is a conve-
nient formalization for a mathematical optimization model.
However, reducing the studies into such a multifaceted
and complex system as a system of relations “ports — cargo
owners — ship owners” to an analysis of only one indicator of
“total costs” makes it impossible to explore deep processes
and relationships between subsystems.

The indicated drawback is supposed to be eliminated
by using an alternative approach based on an analysis and
multicriteria optimization of each of the subsystems. Under
this approach, it is also advisable to identify the Pareto
frontiers of unimproved values of indicators of subsystems’
performance. Then, on the obtained Pareto frontiers, it is
necessary to search for compromise solutions, which are the
most suitable for a system as a whole. The latter approach is
associated with some difficulties, but it also enables us to as-
sess more accurately and analyze the boundaries of effective
operation of each of the subsystems. This makes it possible
to identify bottlenecks, detect contradictions in interaction

and development of subsystems, and to identify promising
directions of development.

3. The aim and objectives of the study

The aim of present research is to construct and analyze
the model of substantiation of the optimal structure of the
port handling machinery fleet, which provides a balance
between economic indicators of port’s performance and an
average vessels’ berthing time.

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

— to investigate dependence of average annual produc-
tion costs and profit of production transshipment complex
(PTC) on the structure of handling equipment fleet;

— to explore the problems of multicriteria optimization of
the structure of handling machinery fleet;

— to analyze a set of Pareto-optimal solutions of multicri-
teria optimization problem.

4. Materials and methods to study the problem of
substantiation of the structure of
handling machinery fleet

Let us consider PTC, which consists of four berths, the
limit concentration of handling machinery on each of which
includes four machines. Handling machinery fleet consists
of ny stationary and 7,0, mobile machines. We will assume
that stationary machines are evenly distributed between
the berths and, unlike mobile machines, they cannot move
freely between berths. To study performance indicators of
this PTC, in [9] the apparatus of Markov chains was used. In
[9], the equations were constructed for finding values p,, , ,
(b1, by, b3, bse{0, 1}) of probabilities that at any arbitrary
moment the PTC will be in state 4, , , , in which b;of vessels
of PTC will be found at the first berth, b, of vessels will be at
the second berth, b3 — at the third berth, b4 — at the fourth
berth, and no ships will lie out. We will also find values p;
(i=1,2,...) of probabilities that at any arbitrary moment of
time, the system will be in state A;, in which all the berths
will be occupied, and i vessels will lie out. Based on these
probabilities, assessments of various performance indicators
of PTC were obtained, in particular, a dependence of vessels’
berthing time on the structure of handling equipment fleet
was explored. Table 1 and Fig. 1 show results of calcula-
tions of vessels’ berthing time depending on the structure
of machinery fleet operating at PTC [9]. Results were
obtained for the case when performances of stationary and
mobile machines are identical and comprise 100 t/h, while
intensity of cargo traffic, passing through the terminal is
4.9 million t/year. As Fig. 1 and Table 1 show, the shortest
vessels’ berthing time is achieved at maximum saturation of
the fleet with mobile equipment.

Now we will study dependence of average annual costs
and profit of PTC on the structure of the handling equip-
ment fleet. .

Average annual profits of PTC ( P) can be derived from
formula

P=I-C, 1)

where T is the average annual income, obtained from load
handling; C is the average annual costs of PTC.



Table 1
Average vessels’ berthing time (h)
Number Total number to handling machines at PTC
of mobile
machines| 8 | 9 |10 | 11 | 12 | 13 | 14 | 15 | 16
0 93.9|76.5|649 |57.5|53.2|46.7 | 42.3|39.7 | 38.4
1 87.8|73.6|61.5|53.2|48.0|45.0 |41.2|39.2|38.4
2 82.7|67.7 (589 |51.446.0|42.6|40.7|39.1|38.4
3 79.2 | 64.7 | 55.7 | 50.5 | 45.1 | 42.2 | 40.1 | 39.0 | 38.4
4 77.0 | 62.8 | 53.6 | 47.8 | 44.5 | 41.9 | 40.0 | 39.0 | 38.4
5 73.4 614|523 |47.2|43.8|41.8[39.9|39.0|38.4
6 70.6 | 58.4 | 51.4 | 46.8 | 43.5 | 41.2 | 39.8 | 39.0 | 38.4
7 68.3 | 57.4|50.5 | 46.6 | 43.4 | 41.0 | 39.8 | 39.0 | 38.4
8 66.8 | 56.6 | 50.2 | 45.8 | 43.2 | 40.9 | 39.8 | 39.0 | 38.4
9 - | 56.249.8|45.6|42.6|40.8|39.8|39.0|38.4
10 - — 1496|453 |42.4|40.8[39.8|39.0 384
11 - - — | 45.242.2]40.8|39.8|39.0|38.4
12 - - - — | 42.11]40.8]39.8(39.0|38.4
13 - - - - - 40.8]39.8|39.0 384
14 - — — — - - 139.8(39.038.4
15 - - - - - - - 139.0 384
16 - — — — - - — - | 384
100,0
¢§> 90,0
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Fig. 1. Average vessels’ berthing time (h)

Income (1) of a port operator is calculated from formula:
1=Q-r"™, )

where Q is the average amount of cargo, transshipped by
PTC within a year (t); 7" is the income rate for handling of
one ton of cargo (USD/t).

E = Eequip + Egen + Ebeﬂh y (3)

where Ceup are the total annual costs of equipment; Cgn
are the average annual costs of general nature, including
administrative costs; Cpm is the charge of a port operator
for services of providing access to berths within a year in
accordance with the Decree of the Cabinet of Ministers of
Ukraine dated 14.12.2015, No. 1331-2015-r.

Eequip = 5oper + Empy (4)

where Cor are the average annual total operating costs
of equipment, including costs of fuels and lubricants, elec-

tricity, equipment maintenance, depending on the volume
of output; Cep is the average annual total capital costs — costs
for purchase of production equipment, its overhauls and
upgrades, as well as costs for the purchase of tools, which
provide equipment operation.

Total operation costs (Coper) for equipment are deter-
mined as

—const  ——var

r}per = C()per + C(}per ) (5)

where CZ;Z? are the constant operating costs that do not
depend on the level of equipment usage (including wages
of maintenance personnel and routine technical check-ups
irrespective of equipment operation); Coper is the variable
operating costs, depending on the level of equipment usage
(including costs of energy and consumables).

Constant operating costs (Coper ) can be calculated from
formula

—const —const —const

oper = nmub *Vmob + n_x_z Vst (6)

where 7, is the number of mobile machines at, PTC Nt
is the number of stationary machines at PTC; ooy is the
annual amount of copstant operating costs for one mobile
machine (USD); 7« is the average annual amount of con-
stant operating costs for one statlonery machine (USD).

Variable operating costs ( Coper ) can be calculated from
formula

—var —op —op

Coper = Bmab rmab +Bsr Vst (7)

where 7 is the average amount of variable operation costs
Wlthm a day of operation of one mobile machine (USD/day);
7« is the average amount of variable operation costs within
a day of operation of one stationary machine (USD/day);
Bow is the total average annual output of the whole fleet
of mobile machines (day); By is the total average annual
output of the whole fleet of stationary machmes (day).
Total _average annual output for mobile (Bms) and sta-
tionary (B« ) machines can be calculated from formulae

P mob
By =T z Pty M, T 1 Moot 'zpi: (®)
bubybyby i
nY? _ st
BSL =T 2 pblebZle ’ nb1hzb:xb4 +T- nS‘ ’ 2 pi’ (9)
bybybyby i

where T'is the annual time budget (days); n;’ bab is the num-
ber of mobile machines, engaged in cargo operations when
PTC is in state 4;,,,; 71;‘,,2,)3,,4 is the number of stationary
machines, engaged in cargo operations when PTC is in
state Ay, ;.-
Values ;. and ny,,, are determined by discipline
movable equipment, mounted between berths at PTC,
and depend on the structure of machinery fleet, existing
location of stationary machines on berths, a berth line con-
figuration of PTC and limits of machinery concentration
on berths. Determination of values n;"gj% and m,,, in
each particular case presents no difficulties. Table 2 shows,
as an example, some values nyy,, and n,,, for PTC
with broken berthage, on which it is impossible for station-
ary machinery to motion, equipped with ny=9 stationary
machines and 7,,,,=7 mobile machines. The limit concen-
tration of handling equipment at each berth is 4 machines,



stationary machines are distributed between berths as
follows: 3, 2, 2, 2.

Table 2
Some values of "ZZ;m and ”ZszbM at ng=9 and nyep=7

st mob

Ay, Mo, Tl by
Aoooo 0 0
A1000 3 1
Ao100 2 2
Ati100 5 3
A1 9 7
A (i=1,2,..) 9 7

Annual average capital costs (Cep) of equipment are
calculated from formula

= c C
— mob st
Cmp - nmab ! Tsenr st Txgnr ’ (10)
mob st

where C,, are the costs of purchasing of one mobile ma-
chine, costs of introducing it in operation and utilization, of
all major overhauls and modernization until decommission,
as well as costs for small-scale mechanization, which provide
operation; Cy are the costs of purchasing of one stationary
machine, costs of introducing it in operation and utilization,
all major overhauls and modernization, as well as costs of
small-scale mechanization; T is the service life of one
mobile machine; T is the service life of one stationary
machine.

When evaluating C,,, and Cg, in the case when the
equipment has long service life, it might make sense to use
discounting.

Charge of a port operator for services on providing access
to berths (Ciern) within a year is equal to

Cbenh — Q'Thmh, (11)
where ¢ is the tariff rate for services of providing access
of a port operator to a berth per unit of cargo of the i-th ves-
sel’s batch (USD/4t). ot

For subsequent ggglysis, we will assume_othat Tmob =
=3.6 thousand USD, ry,  =2.88 thousand USD, 7 =1 thou-
sand USD, 7w =0.8 thousand USD, Cpep=1.3 USD mln,
Cy=USD 1.5, T =15 years, T, = 20 years, """ =USD 0.3,
r"e=USD 4. Results of calculation of values Ceui and aver-
age annual profit (based on dependences (1)—(11)) for PTC
under consideration at different structures of machinery fleet
are shown below.

Next, based on existing dependences of costs, income
and average vessels’ berthing time at PTC, it is possible to
explore the problems of multicriteria optimization of the
structure of machinery fleet.

a) Let us explore the problem of substantiation of the
structure of handling machinery fleet, in which berthing
time of vessels and of PTC costs should be minimal. We will
designate a set of all permissible structures of machinery
fleet as ©. Then the problem of multicriteria optimization
can be written down in the form of

(12)

minimize I?(G),
60

where
F(0)=(Cu(6).Y(9))

is the vector objective function, the first coordinate of which
is function of total average costs of equipment depending on
the structure of machinery fleet, and the second coordinate
is function, which expresses average berthing time of vessels,
depending on the machinery fleet structure.

Because high-performance equipment is not always
the most economical and vice versa, the most economical
equipment often is not the most effective, generally speak-
ing, it is not possible to expect existence of one solution to
this problem (12). That is why in the course of studying
of a set problem, it is advisable to use approaches, applied
in the theory of multicriteria assessment. One of the key
concepts of the theory of multicriteria assessment is the
concept of a set of points of unimprovable Pareto solutions
[10]. Unimprovable solution is the one, in which improve-
ment of one of the goals leads to inevitable deterioration of
at least one of the others. Only unimprovable solutions are
of practical interest.

There are a number of analytical methods for finding a
set of unimprovable solutions [10]. The simplest methods
are based on reducing the multicriteria problems to the
scalar ones by constructing weighted sums of so-called
convolutions However, this approach makes it impossible to
conduct analysis of relationships between criteria. That is
why in this research we do not set the goal to find criteria
convolutions, but rather to construct and analyze the whole
Pareto frontier.

Using the resulting dependences of total costs and
vessels’ berthing time, we will find a set of unimprovable
structures of machinery fleet and correspondent Pareto set.

b) Let us explore the problem of substantiation of the
structure of handling machinery fleet, in which vessels’
berthing time should be minimal, and profit of PTC —
maximal.

Let us consider the multicriteria optimization problem

(13)

mi%ilglize E(O),
where
F(8)=(~P(6),Y(9))

is the vector objective function, the first coordinate of which
expresses total profit of PTC depending on the structure of
machinery fleet, and the second coordinate is the average
vessels’ berthing time.

Using resulting dependences of profit of PTC and ves-
sels’ berthing time, we will find a set of unimprovable struc-
tures of machinery fleet and a corresponding Pareto set.

3. Results of study of the problem of substantiation of
structure of handling machinery fleet

The results of calculations of values Cequip for PTC under
consideration at different structures of machinery fleet are
shown in Table 3 and in Fig. 2. Table 4 and Fig. 3 show the
values of average annual profit of PTC at different structures
of handling fleet.



Table 3

Total annual costs of equipment at different structures of
machinery fleet (USD, min)

Table 4

Average annual profit of PTC at different structures of
machinery fleet (USD, min)

Number Total number of handling machines at PTC Number Total number of handling machines at PTC
of mobile of mobile
machines | 8 | 9 | 10 [ 11 | 12 [ 13 | 14 | 15 | 16 machines | 8 | 9 | 10 | 11 | 12 | 13 | 14 | 15 | 16
0 45149 52|56 |60]|63|67]|71|74 0 1021101 98 | 95 | 9.1 | 88 | 84 | 81 | 7.7
1 46 | 50 | 54| 57|61 |65|68][72]75 1 101199 [ 97 |1 93|90 |86 |83 |80 76
2 48 | 525559626669 |73|76 2 100 98 [ 9592 |89 |85 |82 | 78|75
3 49 153 |56[60(63|67|70|741|77 3 99 |1 97 [ 94|91 | 88 | 84 |81 | 77| 74
4 51 |54 |58(61 6568717579 4 98 196 9390 | 86|83 |80 76|73
5 525559626669 |73]|761|79 5 96 [ 9492|189 |85 (82|79 |75]|72
6 5357160 (63|67 |70 |74]|77]|80 6 951931190 |87 84|81 |77 |74]|71
7 54 | 58|61 |65|68|71|75]| 78|82 7 9419289 |86|83|80(|76]|73]|70
8 56 596266 |69]|73|76]|79]|383 8 93191 |88 |85|82|79|75|72] 638
9 - | 6063677074 |77]|80]| 84 9 - |1 90| 87 |84 |81 |77 |74|71|67
10 - - 65|68 |71 |75|78 82|85 10 - - 861 83|80 )| 76| 73| 70| 6.6
11 - - - 69 72|76 |79 83|86 11 - - - 82| 79|75| 72| 68| 65
12 - - - - 74 | 77 | 80 | 84 | 87 12 - - - - 77 |74 |71 | 68| 64
13 - - - - - 78 | 81 | 85 | 88 13 - — - - - 73 |70 | 6.7 | 6.3
14 - - - - - - 83 | 86 | 89 14 - - - - - - 69 | 65| 6.2
15 - - - - - - - 87 | 9.0 15 - - — - — — - 6.4 | 6.1
16 - - - - - - - - 192 16 - - - - - - - - | 6.0
.E 10,0 11,0
@ 9,0 % 10,0
~ 80 £ 90
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Fig. 2. Average annual costs of equipment for different
structures of machinery fleet

Using resulting dependences of total costs and vessels’
berthing time, we will find a set of unimprovable struc-
tures of machinery fleet and the correspondent Pareto set
for multicriteria optimization problem (12). Table 5 shows
unimprovable solutions to the problem (12), lying on the
Pareto frontier, and their corresponding structures of han-
dling machinery fleet. In Fig. 4, each point corresponds to
a particular structure of handling equipment fleet at PTC,
and the points, lying on the Pareto frontier, are marked
with arcs.

8 9 10 11 12 13 14 15 16
Total number of machines

Fig. 3. Average annual PTC profit for different structures of
machinery fleet

We will note that not all structures of handling machines
that were optimal in terms of one-criterion optimization, got
to the Pareto frontier of multicriteria assessment problem.
Thus, for example, among all equipment fleets, consisting
of 12 machines, the shortest vessels’ berthing time was pro-
vided by structure Sy, however, it was not included in the
Pareto frontier.

All points in Fig. 4, which did not enter Pareto frontier,
have no practical interest for a decision maker (DM), be-
cause there is at least one point on the Pareto frontier, both



criteria of which are not worse and at least one is better. That
is why all points that did not enter the Pareto frontier, are
deliberately inefficient, and therefore can be excluded from
consideration. Thus, after constructing the Pareto frontier,
it is possible to cut off most deliberately ineffective solu-
tions. Among the points, lying on the Pareto frontier, some
of them are characterized by short average berthing time,
the others — by low costs of PTC, and some have balanced
values of these two parameters. In this case, they are all
unimprovable and it is impossible to give preference to one
of the solutions on the Pareto frontier without involving any
additional reasoning. That is why for final selection of the
machinery fleet structure from all the alternatives, present-
ed on the Pareto frontier, it is necessary to involve experts.
Based on consideration of additional factors, own experience
and intuition, as well as assessments of associate experts,
only a decision-maker can make a final choice from all the
alternatives on the Pareto frontier. Although knowledge
of the Pareto frontier does not give explicit solution of the
problem of substantiation of the structure of machinery fleet,
it allows cutting off a large part of deliberately inefficient
solutions that did not enter the Pareto frontier. This enables
experts to make a choice from a small number of unimprov-
able solutions. It is intuitively clear, that, as a rule, the most
high-quality service (from the position of the established cri-
terion) may not be the most affordable. In this regard, only
a DM, guided by additional knowledge and observations,
which may lie beyond the mathematical model, can choose
the most balanced ratio of price and quality. In this case we
are talking about relationship between average level of costs
and average level of berthing time. And the use of methods
for multicriteria evaluation in this situation allows us to
dramatically simplify the problem of such choice for DM by
reducing a set of all possible solutions to a small subset.

For the multicriteria optimization problem (13), the Pa-
reto curve is shown in Fig. 5.

In this case, the same structures of the machinery fleet
correspond to the points on the Pareto frontier for profit
(Fig. 5) and to the points on the Pareto frontier for costs of
equipment (Fig. 4). It should be noted that it is not always
the case. If we consider in calculations the cargo traffic,
depending on average berthing time Q=Q(Y), instead of
permanent cargo traffic, the points on the Pareto frontiers
for profit and costs may correspond to different structures of
handling equipment. The study of dependence of cargo traf-
fic intensity on average berthing time is a separate problem.
Solution of this problem involves the study of port competi-

tion, markets of global and regional production, transport
infrastructure and other features that affect the port opera-
tion outside the scope of this article.

=
o
S

o
o
|2

80

70

60

Berthing time of vessels, h

50

40

6 9e%G Geoe
23 S

7,0 8,0 9,0 10,0
Costs of equipment, USD mln

30

4,0 50 6,0

Fig. 4. Points of unimprovable values of average berthing
time of vessels and average annual costs of equipment of
PTC for different structures of equipment fleet

= 100
=z o
2 Sps
5 =
z s
: 80
°
PY
o 70 RO
% 60 0% 0,10
3 o0d
Sl
M TO @
50 .y '(“.'
Q%}%ﬁsk
2ol Sz
40 ooooiiﬂmw 7
2,13
30 5o

50 6,0 7,0 8,0 9,0 10,0 11,0

Profit of PTC, USD mln
Fig. 5. Points of unimprovable values of average berthing
time of vessels and average annual profit of PTC for various
structures of equipment fleet

Each structure of machinery fleet, considered here, al-
lows handling the assigned flow. At the same time, indicators
of vessels” service quality and costs of cargo handling may
vary in quite wide ranges depending on the choice of one
or another structure. The Pareto frontiers, shown in Fig. 4
and Fig. 5, provide a possibility to draw some conclusions.
Thus, if PTC authorities seek to minimize costs and in this
case berthing time is virtually not taken into account, it is
advisable to select structure of machinery fleet S .

Table 5

Points of unimprovable values for problem of multicriteria optimization of totality of average costs of equipment and vessels’
berthing time depending on structure of machinery fleet

Designation Numb Costs of o
of structure of Total number of Hmber Vessels’ berthing n(l)ebnst (())fe};l%lg Profit of PTC, P,
machinery fleet, |machines, 7,,,+ny,| of mobile ma- of stationary time, ¥, h — '] USD, mln
Stmob, Nst chines, 7,0 machines, 7y Cequip, USD, mln
Sos 8 0 8 93.9 45 10.2
S17 8 1 7 87.8 4.6 10.1
Sos 8 2 6 82.7 48 10.0
8510 12 2 10 46.0 6.2 8.9
Sos 15 2 13 39.1 73 78
So,16 16 0 16 38.4 7.4 7.7




In this case, average annual costs of PTC for equipment
will amount to USD 4.5 million, and average berthing time
will be 93.9 h. If berthing time is important from the posi-
tion of DM, having selected Sy 6 structure instead of Sy g
structure, it is possible to reduce average vessels’ berthing
time, but at the same time costs of equipment of PTC will
nearly double. Based on results obtained, structures of
machinery fleet S39, S210, St,11, S3.8, S2,9, St,10 or So11. may
seem the most balanced. Because total costs of equipment
for these machinery fleet is only USD 1.5 million more than
those for the most economical machinery fleet, but in this
case, average berthing time of vessels is approximately half
as much.

6. Discussion of results of the study of problem of
substantiation of the structure of
handling machinery fleet

When substantiating the structure of handling equip-
ment fleet, in order to enhance competitive ability of ef-
ficiency of functioning of modern port systems, it is not
sufficient to take into account any particular factor. It is
necessary to consider their totality. Existence of Pareto
frontiers, received in the course of the study of the proposed
multicriteria optimization problem, facilitates for PTC au-
thorities the decision on substantiation of the structure of
handling machinery fleet. As a result, the selected option
takes into account the needs of PTC, cargo owners and ship
owners, as well as provides maximum balance between their
interests.

Research has shown that among the points, lying on
the Pareto frontier, some are characterized by short average
berthing time, the other — by low costs of PTC, and some
have balanced values of these two parameters. In this regard,
it is expedient to conditionally divide the Pareto frontier,
consisting of unimprovable values of average vessels’ berth-
ing time and average annual profit of PTC, into three parts

(Fig. 6).
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Fig. 6. Three types of unimprovable structures of port
handling equipment: productive, cost-effective, balanced

In the first region, the best values of berthing time of
vessels is achieved. However, in this case, average profit of
PTC remains minimal. Thus, in order to decrease berthing
time only by 1 %, being in this area, it will be necessary to
“sacrifice” about 4 % of profit. In the third region, by con-
trast, maximum profit of PTC is achieved due to a reduced
number of reloading machines. In doing so, an increase in

profit by only 10 % in the third area is accompanied by loss
of quality of servicing ships by more than 30 %. The most
balanced ratio between profit and vessels’ berthing time in
found in the second region.

It should be noted, however, that all the points that lie
on the Pareto frontier, are unimprovable and it is impossible
to give preference to one solution on the Pareto frontier
without involving any additional reasoning. Only based on
consideration of other factors, own experience and intuition,
as well as assessment of associate experts, a decision-maker
can make a final selection of all alternatives available on the
Pareto frontier.

In this study, only one criterion of vessels’ service quality
was considered, but perhaps consideration of other criteria
is possible. For example, one can explore a share of ships,
the handling time of which exceeds a certain magnitude,
etc. The studies, presented in this work, were limited to
consideration of two-criterial optimization problems. When
choosing an optimal structure of handling machinery fleet,
it is possible to consider even more criteria. The greatest
difficulties, when researching problems with lots of criteria,
are caused not by computational aspects, but rather by prob-
lems, related to visualization of multi-dimensional Pareto
frontier.

In the present research, only two alternative types of
equipment were considered, but this approach allows explo-
ration of problems with a larger number of equipment types.
In doing so, the number of possible ways to equip the PTC
fleet with handling equipment will increase significantly,
and, accordingly, the effect of implementation of the ap-
proach, proposed in this work, will increase.

7. Conclusions

The problem of substantiation of the structure of han-
dling machinery fleet was formulated and solved in this
research. Its implementation is based on the methods of mul-
ticriteria optimization and makes it possible to achieve, on
the one hand, balanced average indicators of costs and profit
of a sea terminal, and, on the other hand, berthing time of
vessels. To do this, in this work:

1. Dependence of average annual costs and profit of the
production transshipment complex on the structure of the
fleet of handling equipment was examined by means of the
methods of theory of mass service. Unlike non-stochastical
techniques, the proposed approach allows evaluation of indi-
cators of a seaport performance under condition of uneven,
randomly changing cargo traffic.

2. Problems of multicriteria optimization of the structure
of handling machinery fleet were explored with the use of
approaches based on finding a set of unimprovable solutions
by constructing and analyzing all Pareto frontier. The pro-
posed approach, in contrast to other analytical methods,
based on reducing multicriteria problems to scalar problems
by constructing weighted sums, allows us to analyze rela-
tionship between the criteria.

3. A set of Pareto-optimal solutions of multicriteria opti-
mization problems was analyzed. Obtained results enable us
to make a reasonable choice of optimum structure of fleet of
the port handling equipment, taking into account the needs
of PTC, shipowners and cargo owners to achieve a maximum
balance between their interests.
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