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System sterowania logistykqQ kontenerowcow w porcie morskim

fypu tandem

Abstract

The paper solves the problem of controlling the handling of
container ships in a tandem seaport. The control system for
container ships includes determining the route of ships taking
into account random disturbances, ship transport time and the
time of unloading/loading. Determining the optimal route of
ships is an NP problem. The ship service process is scheduled
on a weekly basis. However, the tugboats operate in a shift
cycle. It is important to designate a warehouse/wharf where
containers are to be unloaded/loaded and to determine
restrictions. The port consists of a roadway, ships, unloading
and loading quays, canals, and warehouses and can have
various structures. It is assumed that the ships await service
in the port roadstead. The time horizon for the allocation is
one week. Ships waiting in the roadstead have priorities
depending on the waiting time. It is assumed that the time of
transport, unloading/loading of the vessel and economic
parameters are given. The optimization of ship service in the
port is multi-criteria. There are entry, exit and internal
criteria. The problem of controlling container ships in
a tandem seaport was solved by the method of artificial
intelligence using a computer program. The optimization
criterion was the minimization of vessel service time in both
parts of the port, taking into account restrictions. A logistics
system for controlling ships in a tandem seaport with averaged
data and random events was developed.

Keywords:
logistics control system, optimization, roadstead,
container ships, tandem sea port, wharf

Streszczenie

Artykul zostal po§wiecony zagadnieniu kontroli obstugi konte-
nerowcéw w tandemowym porcie morskim. System sterowania
kontenerowcami obejmuje wyznaczanie trasy statkow
z uwzglednieniem zaklocen losowych, czasu transportu statku
oraz czasu rozladunku/zatadunku. Wyznaczenie optymalnej trasy
statkow jest problemem klasy NP. Proces obstugi statku plano-
wany jest co tydzien, jednak holowniki dziatajg w cyklu zmiano-
wym. Wazne jest to, aby wyznaczy¢ magazyn/nabrzeze, w ktorym
kontenery majg byé roztadowane/zaladowane, oraz wyznaczyc
ograniczenia. Port sktada sie z tras, statkéw, nabrzezy roztadun-
kowych i zatadunkowych, kanaléw oraz magazynéw i moze mie¢
rozne konstrukgje. Zaklada sie, ze statki oczekuja na obstuge na
redzie portowej. Horyzont czasowy alokacji ustalono na jeden ty-
dzien. Statki oczekujace na redzie majg priorytety zalezne od
czasu oczekiwania. Zaklada sie, ze podano czas transportu, roz-
tadunku/zaladunku statku oraz parametry ekonomiczne. Opty-
malizacja obstugi statkéw w porcie jest wielokryterialna, tzn. ze
istniej kryteria wejscia, wyjscia i kryteria wewnetrzne. Zapro-
ponowano rozwigzanie problemu sterowania kontenerowcami
w tandemowym porcie morskim za pomocg metody sztucznej in-
teligencji z wykorzystaniem dedykowanego programu kompute-
rowego. Kryterium optymalizacji byta minimalizacja czasu ob-
stugi statkow w obu czeciach portu z uwzglednieniem ograni-
czen. Opracowano system logistyczny przeznaczony do sterowa-
nia statkami w tandemowym porcie morskim z uérednionymi
danymi i zdarzeniami losowymi.

Stowa kluczowe:
system sterowania logistykq, optymalizacia, reda,
kontenerowce, port tandemowy, nabrzeze
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Introduction

Some seaports work closely with a nearby river
port to form one economic organism known as
a port tandem. Such a container tandem port
requires specific ship control, the aim of which is
to obtain optimal economic results. It includes the
following NP problems:

B determining the ship's route through the ports of
P, (i + 1, ..., I) — that is the traveling salesman
problem;

B solving the "knapsack" problems;

m weekly schedule of vessel handling in the port
(transport and transshipment).

Steering the tugs (during a shift cycle) and
container management in the warehouse (with
imported/exported goods) is featured in other
related publications.

A system is understood as a set in which
randomness plays an important role (e.g. weather
disturbances). A typical transport system is an
airplane or a ship. The degree of complexity of the
set of deterministic elements usually leads to the
use of a systemic method (e.g. statistical). The
modern control system determines decisions made
by the software (based on many data) taking into
account random disruptions (e.g. transport times,
exchange rates).

The logistics system for controlling container
ships presented in this publication uses known
moments of completion of random operations (i.e.
the data is deterministic) (Bucki & Marecki,
2006). Other logistics problems are solved in
a similar way (Bucki et al., 2012, Bucki et al., 2013,
Bucki et al., 2014). In this way, in the calculations,
natural intelligence (associated with a human) and
artificial/bit  intelligence (associated with
a computer) are used (Kaku, 2014). Natural
intelligence is based on signs and information
intelligence is based on bits.

A container ship is an object designed to
transport many export/import goods mainly in
containers. It should not go empty because it
"earns" when she transports goods. Therefore, the
shipowner selects the ship's route through the
ports P; (i = 1, ..., I) so that it is optimal, i.e. it
brings the maximum profit (under certain
constraints). However, there are I! routes (via
I ports). If the I number is large (e.g. I > 50), it
takes too long to generate all the routes (even for
a computer). Therefore, determining the optimal
route of ships is a problem of NP (Papadimitriou,
2002) that is difficult/time-related (even for
a computer that quickly processes digital
information). There are computational problems
that require the generation of all acceptable
variations (e.g. travelling salesman, knapsack) to
determine the best solution.
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There are polynomial/easy (P classes) and
exponential/hard (NP classes) problems, and there
is no P algorithm that can exactly solve the NP
problem. Problems of the NP class can be solved
exactly with exponential methods (Harel, 1987):
a) dynamic programming;

b) breakdown and limitations;

¢) multi-step programming; or

d) heuristic algorithms (which do not guarantee
optimality).

There is a set of NP-complete problems
(knapsack, packing, scheduling, travelling
salesman, etc.) to which other NP problems can be
reduced and also more difficult than NP-complete.
Typically, the computation time depends on the
number of N decision variables which are the
sequence of NP problems, e.g. the problem of
"loading", etc. (Robling-Deenning, 1982)

Tandem ports

Each ship has a base port 0 where it calls for
periodic inspections, repairs, etc. In addition, the
shipowner determines the (optimal) route of
a merchant ship through the P;,i = 1, ..., I, where
containers are picked up or left (with
exported/imported goods). The ports of the are
usually composed of ports:

a) outer (marine, e.g. Swinoujicie, Cuxhaven);
b) the inner (river, e.g. Szczecin, Hamburg).

Tandem ports have a common roadstead which
is located at sea. For this reason, a "smaller" port
is built at the entrance/exit of the home port
forming a tandem with the home port (e.g.
Szczecin-Swinoujicie or Hamburg-Cuxhaven).

The main problem with the tandem of ports is
the depth of the channel connecting these ports.
Such a canal is a two-sided waterway of
considerable length (up to 100 km). A deep canal
is an expensive investment and one-way traffic
makes transportation difficult. Ships, on the other
hand, are getting bigger and bigger. Thus, when
fully loaded, they could not enter or leave the
inner port. An example of this can be, for example,
the case of the landing of a container ship on the
sandbank of the Suez Canal.

One or several tugs are used to transport ships
through the canal between tandem ports, which
has an impact on the implementation of transport
schedules. The ship cannot follow the channel
"alone". The tugs "work" in a daily cycle and the
ships in a weekly cycle.

Let us consider the problem of a container ship
at port P; whose draft H; exceeds the permissible
draft h; of the port tandem channel. Let us denote
by R; the external port and the internal by S;. The
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ship leaves some of the containers in the port R; so
that it has a draft of less than 4; in the channel. It
is assumed that containers intended for the next
port P, j =1, ..., J can be unloaded in the port R;
or the given port P;.

In the case of the port P; the collection of
containers can begin in the port R, Containers
unloaded in the port R; but these destined for the
port of P, j = 1, ..., J will be picked up (by the
same vessel) in the port of R; on the way back.

The problems to be solved at the port R; and §;
port belong to the NP class, however, the number
N, (N =1 -i + 1) is relatively small. Thus, to
determine the optimal solution, the review
methods can be implemented. First of all, let us
consider the backpack problems of the R; port
and then these of the S; port. Let us assume that
the current draft of the ship at sea is given as H;
and the permissible draft in the channel &; are
given. These data allow us to determine the
permissible draft of the ship which is the
permissible lifting capacity of the "backpack" (in
the NP problem).

Containers intended for P; can be unloaded in
the port R; but the price for the transport of
container c; , will be lower (by the section R; — §;).
In addition, containers intended for P; can be
unloaded in R; if the ship arrives at the roadstead
before the agreed date (and is waiting for the
tugs). If the containers are destined for the next
port Pj, i <, then the additional cost of handling
the ship Ac; ,, which reduces the profit of the ship,
is taken into account. Thus, the "knapsack"
problem is solved in the port R; for a given ship
with the draft limitation h;. Containers to be
unloaded in the port R; for a given ship should be
designated in order to respect the draft s;. The
criterion takes into account economic effects
(prices, exchange rates, etc.).

The containers intended for P; must be unloaded
in the port of §; but not unloaded in the port of R;.
The time of unloading the containers intended for
R; and the time of loading the containers are
important while respecting the depth 4;.

In this case, a quay (of the port S;) is designated
and is characterised by:

a) an appropriate number of vacancies (for
containers);
b) "forecast" container unloading times.

Then, the "backpack" problem is solved to load
the containers intended for the next port P; along
the ship's route taking into account the "forecast"
of container loading times and the permissible
immersion depth 4; of the channel (at the same
time /#; may depend on the high tides/low tides of
the sea). The criterion which is usually adopted is
to minimize the time of the ship's reloading.
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Port models

In general, port models (due to wharfs) can
have: the serial, parallel, serial-parallel, and tree
or anti-tree structure. The quays are equipped
with port basins where ships can wait for the
loading of containers. Such models are described
in detail in the monograph (Marecki & Marecki,
2007; Bucki et al., 2010) where parallel
programming was considered with a large number
of ships. In this study, it was assumed that the
number of ships is small.

Let us consider the tandem of R (outer) and
S (inner) ports. The R port has a roadstead and the
S home port is located inland. These ports are
connected by a two-way channel where port R is
smaller (has fewer quays) than port S. Both ports
share a roadway where ships (for H; > h;or H; < h;)
wait for tugs. Vessels appear on randomly
disrupted dates despite the fact that their service is
scheduled on a weekly basis. If the vessel is not
serviced during the week (e.g. in the absence of
tugs), its priority for service increases. Ships for
which: H; > h; must leave some of the tugs in port
R (so that their draft is less than A;). In port
S (regardless of the structure) — for each ship —
the NP problem is dealt with ("backpack"). In
addition, ship service is scheduled (assuming the
availability of tugs) which is also an NP problem
because the tugs replace the crew for each working
shift.

Let us assume that the R and S ports have
a parallel structure with the number of berths:
M < N (unloading and loading berths). The time
of unloading/loading the containers is shorter if
they are placed in the nearest free place. Thus, two
sides of the warehouse can be distinguished (e.g.
L and P). The ship is unloaded on the L side and
loaded on the P side. Trains or TIRs can only use
one side (L or P).

NP problem methods —
classification

IT systems can be intelligent or ordinary (e.g.
visitor records for a porter). Ordinary systems

should contain domain knowledge (e.g.
Archimedes' law), 1i.e. natural (human)
intelligence. Intelligent IT systems contain

artificial intelligence as they relate to bits with
different physical interpretations. They are
associated with the computer as they are related to
computational problems that are not exactly
solvable in an exact way, e.g. some nonlinear
equations, integrals.
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Computational problems can be:
a) easy (polynomial) — P (Polynomial);
b) difficult (exponential) — NP (Non-Polinomial).

The difficulty of NP problems is that for
N decision variables there are generally 2V
solution variants. However, with a large N the
problem takes too much computational time.
Therefore, it is justified to wuse heuristic
algorithms without a guarantee of optimality:

a) dynamic programming;
b) breakdown and limitations;
¢) multi-stage programming.

These methods help to solve all the problems,
e.g. a travelling salesman, calculating the shortest
route through N cities — there are N! all variants
which gives 2V routes.

Dynamic programming requires generating
a complete state network. The state is defined to
represent a partial solution (e.g. in the problems
of the backpack as well as travelling salesman).
This allows us to eliminate states that do not
provide the optimal solution.

"Split and Constraints" is a method that uses
the anti-tree analogy to designate a point with
the maximum height. In this method successive
solutions are generated by trajectories (states)
but only one solution is remembered —
currently the best R4 This method does not
require the entire network but only two
trajectories: x and R4. Moreover, the computation
time is long because all x trajectories are
generated.

The multi-stage programming method includes
the advantages of the above methods and the state
definition that allows us to obtain another
solution from the end state. The multi-stage
programming method allows the use of various

algorithms:

B exact — generating states in successive stages
(e=1,..,E);

B almost exact — generating states with

trajectories (j = 1, ..., J!);
B heuristic — no guarantee of optimality;
B randomized — random selection of routes;
B conversational — route selection by the user.

The almost exact algorithm allows us to
determine the probability p(| 7 - V*| where: X
— the final state currently the best; X — the state
that can be generated.

Artificial intelligence uses the enormous bit
processing speed and memory capacity of the
computer. Programming is the essence of
computer science (Wirth, 1976) so we use artificial
intelligence in case of:

a) automatic machines (embedded systems) where
memory is scarce;
b) computers with large memory.

The multi-step
programming method

As it is known, to solve the exact problem of the
NP class review methods should be implemented:
a) dynamic programming;

b) division and restrictions (Branch and Bound —

B&B);
¢) multi-step programming.

In practice, however, heuristic algorithms are
used — class P (without a guarantee of optimality)
(Robling-Denning, 1982). An overview of these
algorithms for the problem of container ships is
presented in the multi-step programming method:
a) determining the optimal route through I ports

characterized by the high I requires a long time

needed for calculations;
b) solving the problem of handling container ships

(on a weekly basis) requires scheduling — NP;
c) "knapsack" problems NP must be solved for

each container vessel.

In addition, tug boats should be assigned to
meet vessel service schedules (in a shift cycle).
Therefore, the logistic IT system is indispensable.
In the multi-step programming method the
decision state, the state value, the (permissible)
state generation procedure and the rules for
eliminating non-prospective states should be
defined.

These definitions depend on the problem being
solved:

Definition 1: The decision state X is defined
to allow for the scheduling of object handling.
The schedule specifies the sequence and the
moment of completion of the service of the
facilities (e.g. transport or transshipment of ships).

If the port is structured in parallel, state X is
a matrix X with two columns

X=[xpum=1..,Mn=1,..,N. (1)

The coordinates of this matrix mean:

X, « — the m-th ship which is being transhipped
(at a given quay);

x« , — the deadline for completion of reloading of
the m-th vessel.

The x,, « coordinates are defined as 0 (when the
ship has not been unloaded) but the ship is not
reloaded on Sundays (this requires the initial state
to be determined in the next week): x, ., (7T)
where: (T) — the completion date of the
transhipment process of ships.

Definition 2: The value of the state V(X)
depends on the optimization criterion. For
ships, this value is the time, i.e. the maximum
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coordinate of the second column of matrix X.
Thus, the vessel leaves the roadstead at time 0 but
may return to the roadstead at time Q; where: k —
the route number, that is:

Qr]; e 0 g

Ty, m=0,1,., M (2)

where:
7 — the ship transhipment completion date.

This procedure is presented in detail in
(Marecki & Marecki, 2007).

Definition 3: Procedure of generating
admissible states — consists in generating the
state of the next stage: e — (X°) on the basis of the
previous state (X¢~ ') of stage (e — 1).

Let us suppose that from the state (X¢- ') the
acceptable state of the next step e (i.e. X°) is
generated. Therefore, there must be at least as
many containers on board as those missing from the
warehouse. The procedure of generating admissible
states has the G(X) limitation in the form:

(x5 =0) == [x° = F(x*"%, m)]. A3)

L g

The function F determines the permissible
transition from the state X¢- '/, to the state X¢ that
is:

min[V(X*9) + 1, | =VvIV(E®) =0. (4

Definition 4: Rule for the elimination of
non-perspective states — requires the creation
of mathematical theorems to eliminate a state
which does not give the optimum or a feasible
solution.

This rule may result from dynamic
programming. For example, a vehicle can go
through cities (e.g. A, B and C) along 6 different
routes. Only the state with the shortest time is
optimal. The rule for eliminating non-perspective
states may result from the B&B method or signal
that the generation of the end state X* is not
possible.

Therefore, the multi-step programming method
(the solution to the NP class problem) consists in
carrying out calculations in the network of states
with: E + 1 stages and J, states within the e-th
stage (e =0, 1, ..., e, ..., E) . The only state of the
e = (0 stage is the given initial state while the best
state of the final stage is the optimal solution to
the problem.
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In practice, the number of containers in the
warehouse may vary from day to day. Then
another quay is designated for the m-th ship.

The optimal multi-step
programming algorithm

The multi-stage programming algorithm with
the FIFO rule allows us to generate the optimal
solution (based on the states of the last stage) so it
is not necessary to remember the entire network of
states but only the states of two adjacent stages.
The first state generated is the first "erased" from
the main memory. This method does not require
memorizing the entire network, but only the states
of two neighbouring stages:<0; 1), ...,<e - 15 o), ...,
(E -1; E). Stepse = 0 and e = E have only one
state (initial X' and optimal XOPT™UM) From step
e = 0, the permissible states can be generated:
XU .., Xbip ..., XU, Theoretically J = M but in
practice J < M. Similarly, from the stage £ — 1 we
get only one state X* = X4 = XOPTIMUM_ From this
state, the optimal solution is obtained. However,
most states are obtained for e = E/2. If there are
too many states, the almost optimal solution can
be obtained (taking the best states). Applying
(from e = 2) the rule of elimination of non-
-prospective states, a significant reduction of the
network is obtained. For example, a ship can "pass"
through P, ports (e.g. A, B and C) along 6 different
routes. However, only the shortest time state is the
best. The rule for eliminating non-perspective
states may also signal that the generation of the
state X%/ does not lead to the end state of X%. Thus,
the multi-stage programming method with the
FIFO rule allows us to determine only the optimal
solution as the best state of the last stage.

Conclusive remarks

The paper solves the problem of handling
container ships in a tandem port, i.e. external with
the (R;) and the internal one inland (S;) connected
by a two-way channel with limited draft. The
operated objects are ships. The control consists in
allocating ships to quays. There are transport and
ship loading/unloading operations at quays. It is
assumed that the ships await service in the port
roadstead. The time horizon for the allocation is
one week. Ships waiting in the roadstead have
their priorities changed depending on the waiting
time in the roadstead. The optimization of ship
service in the port is multi-criteria. The
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optimization criterion is minimizing the ship's
waiting time in the roadstead, minimizing the cost
of quay downtime or maximizing the economic
effects of the port. The mathematical models and
algorithms of the container port logistics are
presented.

The problem of ship traffic control has been the
subject of many scientific papers. Control systems,
Vessel Traffic Services, are implemented in ports
all over the world. In Poland, already in the 1980s, the
VTS model for the Swinoujscie-Szczecin fairway
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Szkoly Informatyki i Zarzadzania w Bielsku Bialej, w ktorej
pelnit funkeje rektora, kanclerza oraz nauczyciela akademic-
kiego.

Dr inz. Robert Bucki

Specjalizuje sie w analizie systemow biznesowo-logistycznych
iich sukcesywnym modelowaniu. Jego obszar zainteresowan
obejmuje ogdlnie rozumiang inzynierie oprogramowania sku-
piajaca sie na implementacji iteracyjnych modeli wytwarza-
nia oprogramowania. W ramach swojej dzialalnoéci naukowej
dazy do tworzenia informatycznych systeméw wsparcia po-
zwalajacych na rozwigzywanie zagadnien optymalizacyjnych
w systemach biznesowych za pomoca procedur symulacyj-
nych. Jego publikacje obejmuja ponad 80 referatéw konferen-
cyjnych oraz artykuléw naukowych z zakresu modelowania
procesow logistycznych. Od 1996 r. jest zatrudniony w Wyz-
szej Szkole Zarzadzania i Informatyki w Bielsku-Bialej.
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