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Abstract

The article presents an original two-stage simulation method for the optimization of seaport parameters. Presen-
tation of the method is based on example of parameter optimization of the outer container port in Swinoujscie.
Presented method uses two limitations of the objective function related to safety of manoeuvring and mooring
of ships. It consist of two stages, first one is carried out for the parameters defined in the preliminary stage of
design. On the basis of results from this stage, layout and other parameters of port waterways can be adjusted
to satisfy assumed safety criteria. The second stage uses the parameters established in the first stage. It allows
for small adjustments which will not change the safety of manoeuvring. The result of second stage is optimal

parameters of the examined port waterways.

Introduction

A seaport is a complex system consisting of a set
of various types of waterways. Optimization of the
parameters of a typical port is usually performed in
two stages:

+ optimization of the approach fairway parameters,
+ optimization of the parameters of the port entrance,
the turning basin and the port basin with quays.

The common feature of these optimization tasks
are the same conditions for the safe operation of
ships maneuvering there.

Simulation methods are used to optimize the vari-
ous types of waterways (Gucma, Gucma & Zalewski,
2008; PIANC, 2014). They are relatively well recog-
nized for the optimization of different types of water-
ways that are carried out separately (Gucma, 2015).

For the port systems that consist of a set of differ-
ent types of waterway, the optimization methods are
poorly recognized (Gucma et al, 2015). This espe-
cially applies to the systems of port waterways, with
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restrictions resulting not only from basic conditions
of navigation safety, but also from the safety condi-
tions of moored ships.

The paper has presented an original, two-stage
simulation method for the optimization of seaport
parameters, where the objective function is limited
by conditions resulting from both the safety of nav-
igation and the safety of moored ships. The present-
ed method was used to optimize the parameters of
the new outer container port in Swinoujécie, which
has been designed to handle container carriers of up
to 400 meters length. The capacity of the planned
port is 1.5 million TEU (Twenty-Foot Equivalent
Unit) with the possibility of this being doubled if
necessary.

Optimization of the parameters of the
seaport’s waterways

From the marine traffic engineering viewpoint,
a seaport is a set of waterways that begins from the
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roadstead, where an anchorage is located, and ends
at a port basin quay.

A typical seaport is composed of the following
set of waterways:
 anchorage (roadstead of the port);

+ fairway (approach channel);
* entrance to the port;

* turning basin;

* port basin with quays.

The parameters of the port, considered as a sys-
tem consisting of various types of waterway, are
a function of the assumed conditions for the safe
operation of vessels (Gucma et al., 2015):

{A"}F(W,-) (1)

Ni
where:
A; — subsystem of the area (i-th section of the port’s
waterway);

N; — navigational subsystem (i-th section of the
port’s waterway);

W; — conditions for safe ship operation in the i-th
section of the port’s waterway.

Conditions for safe operation of ships in the port
waterway system divide the port into three differ-
ently defined groups, whereby the port entrance is
assigned to the second or third group, depending on
whether the ship enters by itself or with tug assis-
tance. These are:
 anchorage;
 fairway and port entrance (no tug assistance);

* turning basin, port basin and port entrance (with
tug assistance).

The set of conditions for safe port entrance oper-
ations with tug assistance, turning and berthing of
‘maximum ships’ can be represented as follows:

WP =|t,.. LOA, B,T,H,F,P, By, P, H"| (2)

where:

type — type of ‘maximum ship’;

LOA - length overall of ‘maximum ship’;

— breadth of ‘maximum ship’;

— draft of ‘maximum ship’;

— airdraft of ‘maximum ship’;

lateral windage area of ‘maximum ship’;

— main propulsion power of ‘maximum ship’;
, — power of bow thrusters;

— number of tugs engaged in berthing of ‘max-
imum ship’;

total bollard pull of tugs engaged in berthing;
set of acceptable hydrometeorological con-
ditions in the port for safe manoeuvring of
‘maximum ship’ to a given berth.
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The set of allowable hydrometeorological condi-

tions for turning and berthing:
H =[d/nan v, V.] 3)

where:

d/n — time of day;

AW — allowable drop of water level on the fairway
for ‘maximum ship’;

V. — allowable wind speed for ‘maximum ship’
entering the port;

V. — allowable current speed for ‘maximum ship’
entering the port.

When determining the safe operating conditions
for ships in a typical port it should be noted that in the
port waterway system the parameters of the ‘maxi-
mum ship’ are identical for all its sections (groups).
The allowable speeds of the wind V,, and the current
V. are identical for manoeuvres such as channel pas-
sage, turning and berthing and differ from anchoring
manoeuvres, where these values are much higher.

The optimization of the parameters of the sea
waterways system is carried out when such a system
is built or rebuilt (water area subsystem and navi-
gational subsystem). As there are some differences
in defining and solving the optimization problems
(objective function) for different types of waterways,
three optimization methods have been specified for:
* berthing and turning basins;

* one-way fairways and entrances;

* two-way fairways,

and for the port as a system consisting of various
waterways.

The objective function in problems of the opti-
mization of marine waterway parameters is to min-
imize the costs of construction/reconstruction and
subsequent operation/maintenance of waterway sub-
systems. Adopting these assumptions, the objective
function of the optimization of waterway parameters
can be defined as follows (Gucma, 2013; Gucma
& Slaczka, 2015):

Z=(4,+ A4, + N, + N, + §) = min 4)

with the constraint implied by the basic conditions
of navigational safety (Gucma, Gucma & Zalewski,
2008):
dy, (1—a) & D, (t)
>
p(x,y/)\eD(t)th (t)_ TX)/ (t)+Axy (1—0() (5)

and limitations of the height of waves entering the
port (Thoresen, 2014):

h, < hs*® (6)
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where:

Z — cost of the construction and operation of
the waterway system;

Ay — cost of the construction/reconstruction of
the waterway;

A,  — cost of the waterway operation;

N — construction cost of the ship position deter-
mination subsystem (navigation systems);

N,  — operating cost of the navigation systems;

S — ship’s operating costs associated with the

passage through the waterway (waiting for
passage, pilotage, tug assistance, etc.);

dik; 1-o) — safe manoeuvring area of the k-th ship per-
forming a manoeuvre in the i-th section of
the waterway in the z-th navigational con-
ditions determined at the confidence level
of (1-a);

Df) — navigable area in the i-th section of the
waterway (the condition of safe depth at
instant ¢ is satisfied);

hy(t) — water depth at point (x, y) at instant ¢;

T.(f) — ship’s draft at point (x, y) at instant ;

Ay (1-o) — underkeel clearance at point (x, »)
determined at the confidence level
of (1-a);

h, — maximum wave height at the quay;

h™ — acceptable wave height that is safe for the
mooring vessel.

The costs of construction and operation of the
waterway system and the corresponding costs of the
navigation system depend on the size of the naviga-
ble area and its depth:

Z=F(D,,h,,)— min (7

i>"xy

For sea waterways with a constant depth (/4 =
const), the objective function can be written as:

Z=F(D,)— min ®)
with the constraint:

dy_ < D;(t) 9)

Simulation method for the optimization of
the parameters of the Swinoujscie outer
container port

The parameters of the port waterways (entrance,
turning basin, approach channel and quay) have been
optimized in a two-stage simulation method.

Stage 1. Determination of the most cost-effective
parameters of the port waterways by computer sim-
ulation of vessel movement. The parameters of the
port waterways in the simulation experiment were
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defined at the preliminary stage of design. For the
solution that was thus obtained the wave action anal-
ysis was carried out, and its results created grounds
for correcting the layout and the other parameters
of port waterways to satisfy the criterion of wave
height at a given berth.

Stage 2. Determination of the optimal parame-
ters of the examined port waterways by computer
simulation of vessel movement. At this stage of the
simulation experiment, the preliminary parameters
of the port waterways were those defined in stage
1. The wave analysis was also carried out for the
obtained solution. Small adjustments to the param-
eters were possible as they will not affect the safety
of manoeuvring.

The conditions for the safe operation of a ‘max-
imum’ container ship in the outer container port in
Swinoujécie were determined by empirical methods
(Gucma, Kotowska & Slaczka, 2016).

These conditions can be represented in the form
of the following set:

* ‘maximum’ ship type — fype, @ container ship;

* ‘maximum’ ship’s length overall
—LOA =400 m;

* breadth of ‘maximum’ ship — B = 60 m;

* ‘maximum’ ship draft — 7= 13.0 m;

+ allowable speed of ‘maximum’ ship
— V'=4.0 knots;

* number of assisting tugs
— n,= 4, azimuth or cycloidal propulsion;

* total bollard pull of the assisting tugs
— P,= 250 tonnes;

+ allowable time of day — d/n — no restrictions;

+ allowable drop in water level — Ak =0.4-0.6 m
(depends on the port area and the manoeuvre
performed);

+ allowable wind speed — V,, = 12.5 m/s;

+ wind direction restrictions
— DIR,, — no restrictions;

+ allowable current speed — V. = 1 knot;

* current direction restrictions
— DIR. — no restrictions;

« allowable wave height — 4" = 1.0 m.

The use of the simulation methods resulted in
a detailed specification of the safe manoeuvring
areas of ships operated or intended for operation,
i.e. identification of the widths of safe manoeuvring
areas for ‘maximum’ ships expected to be operated
in each section of the port waterway allowable for
the operating conditions of those vessels at a speci-
fied confidence level djk(i-o).

Using the basic conditions for safe navigation,
the navigable waterway area Di(f) can be determined
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as a set of maximum available widths in each (i)

waterway section.

The simulation testing procedure in marine traffic
engineering is as follows (Gutenbaum, 2003; Guc-
ma, Gucma & Zalewski, 2008):

+ formulation of the problem, including the indica-
tion of the design objective, simulation methods
and types of simulators to be used;

 construction of the test area model;

* construction or choice of vessel movement mod-
els in the selected simulator and their verification;

» design of the experimental system and perfor-
mance of the experiment;

» processing and statistical analysis of the test
results.

The formulation of the research problem of
a simulation experiment in the process of waterway
design consists of these steps:

* determination of the research objective;

* determination of the level of confidence or accept-
able risk for the safe manoeuvring area;

 choice of a simulation method;

* choice of a manoeuvring simulator.

Simulation tests make use of the results of the
preliminary waterway design (empirical methods),
a basis for defining the:

* preliminary parameters of the outer container port
in Swinoujécie — building version A;

* changes in the aids to navigation: buoys 15 and
16 to be moved 4 cables north, a new buoy to be
established on the western side of the fairway — in
the position of the existing buoy 15;

» vector of the safe operating conditions for the
‘maximum ship’ that was used at the prelimi-
nary stage to define the parameters of waterway
elements:

Wmax = ltt}’pe:LOAaBaTaHaV’nt’I)t’HiJ (10)

The simulation tests were aimed at determining
the safe manoeuvring areas of a ‘maximum’ contain-
er ship during its entry, turning, berthing and moor-
ing in the outer container port in Swinouj$cie. Once
the safe manoeuvring areas are known, the available
navigable areas in each part of Swinoujscie’s out-
er container port can be determined. The widths of
these areas have been defined at the confidence level
(1-a) = 0.95.

The tests made use of real time simulation (RTS)
and non-autonomous models of ships, in which ship
movement is controlled by a human (pilot, captain).
Simulation tests were performed on a multi-bridge
ship handling a Polaris simulator with a 3D projec-
tion, from Kongsberg Maritime AS. This full mission
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bridge simulator is installed at the Marine Traffic
Engineering Centre, Szczecin Maritime University.

A geometric three-dimensional model of the
test area was developed in the simulator using the
UTM projection in the reference WGS 1984 system.
It consists of the following geometric models:

* terrain topography;

» environment features;
« radar database;

* area depths.

A simulation model of a ‘maximum’ contain-
er ship was built on the assumption that maximum
ocean-going container ships, that can enter the Bal-
tic Sea through the Danish Straits, have a maximum
length 0f 400 m and a breadth of 60 m. The maximum
draft of these container ships is around 7= 16.0 m.
Due to the specific cargo such as containers (bulky
items) and the nature of the Baltic container ship-
ping (feeder ports), the draft of the container ships
that usually enter the Baltic is not bigger than 13
meters. It has been assumed for the above reasons
that a ‘maximum’ container ship operating in the
outer container port in Swinoujscie in the future will
have such parameters.

The MSC JADE, launched on 1 May 2015, is
a typical ship of that group. Its main particulars are
as follows:

* deadweight
+ length overall —398.4m;

* breadth —-59.1 m;

* maximum draft —16.0 m.

The ship, loaded to 7 = 13.0 m, was modelled
in a simulation experiment. The three-dimensional
geometric model of a container ship (Figure 1) was
built in the CAD environment, based on the tech-
nical documentation of the vessel. The model was
characterized by a possibly faithful representation
of the real ship’s dimensions, scale, navigational
and manoeuvring parameters and texture mapping,
taking into account the limited computing power
of the visual computers and modelling techniques
used. To implement the models in the simulation

—200,148 tons;

i:-

Figure 1. A geometric model of the ‘maximum’ container
ship, MSC JADE
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environment, the low poly technique was used for
their construction.

The movement of the container ship MSC JADE
was modelled using the hydrodynamic modelling
tool (HDMT) installed in the Polaris simulator.
The ship movement model was verified using the
shipyard manoeuvring trial data of the MSC JADE
(Artyszuk, 2013).

Simulation tests — stage 1 of the
optimization

The simulation experiment was designed for
the outer container port in Swinoujscie, whose
parameters had been determined at the preliminary
design stage by empirical methods — building ver-
sion A (Figures 2 and 3). The buoys 15 and 16 were
moved 4 cables to 2.1 km of the fairway. In place
of buoy 15 an additional buoy was moored to mark
the western limit of the navigable area. A safe depth
contour of 14.5 m runs 100 m from the existing and
planned breakwater.

For a ‘maximum’ container ship LOA = 400 m,
the entry manoeuvre into Swinoujscie’s outer con-
tainer port is more difficult than the departure
manoeuvre.

The ship’s entry consists of the following specific
manoeuvres:

5,979,000
5,978,500 -+
5,978,000 -+
5,977,500 -
5,977,000 -+
5,976,500 -
5,976,000
5,975,500

5,975,000 +

5,974,500 b } + | }
452,000 452,500 453,000 453,500 454,000 454,500 455,000 455,500

Figure 2. Safe maneuvering areas of the container ship with
L.=400 m, wind N 12.5 m/s, ingoing current 1.3 knots (mean
maximum) — building version A
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* entry into the port;

* turning around starboard side (approximately
90°);

* stern-to entry into the basin and berthing;

* mooring alongside starboard side.

The ship’s departure consists of the following

specific manoeuvres:

* unberthing;

* leaving the port basin (bow first);

* turning to port side (approximately 90°);
* departure from the port.

The maximum allowable wind speed assumed
for the manoeuvring of the container ship was
Vw=12.5 m/s. It should be noted that in accordance
with existing manoeuvring practice for large ships
in the port of Swinoujscie (including Q-Flex gas
tankers) the safe wind speed for ingoing vessels is
V,» =10 m/s, with a possible unpredicted increase of
wind speed to 12.5 m/s during the passage through
the approach channel. The least favourable condi-
tions during the port entry manoeuvring occur when
winds blow from the stern. The same applies to the
direction of the current.

Taking the above assumptions into account, the
following assumptions and conditions for stage 1 of
the simulation experiment could be formulated:

1. Container ship MSC JADE: 200,000 DWT,

LOA=3984m,B=59.0m, 7=13.0 m (16.0 m).

5,979,000
5,978,500 ~
5,978,000
5,977,500 -
5,977,000
5,976,500 ~
5,976,000 ~+
5,975,500 -

5,975,000 -+

5,974,500 - } } ! } } ]
452,000 452,500 453,000 453,500 454,000 454,500 455,000 455,500

Figure 3. Safe manoeuvring areas of the container ship with
L. = 400 m, wind W 12.5 m/s, outgoing current 1.0 knot
(mean maximum) — building version A
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2. The experiment addresses these manoeuvres:
entry, turning and starboard side berthing to berth
No. 1 (internal berth).

3. The No. 2 berth (middle) accommodates an
ocean-going container ship (LOA = 400 m,
B = 60 m) and No. 3 berth (external) accepts
a feeder ship (LOA =250 m; B =32 m).

4. The entry always begins with the ‘new pair of
buoys’ abeam, established 0.4 km from the exist-
ing buoys 15 and 16.

5. The position of the container ship: fairway centre
+ 30 m.

6. The container ship is on the course 170° = 2°, pro-
ceeding at 4 knots + 0.5 knot.

7. Bow and stern towing lines are passed to tugs
with azimuth drive, each having a bollard pull of
70 t, while two tugs (70 t and 40 t) assist by push-
ing. The total bollard pull of four tugs is X = 250
tonnes.

8. The length of the free berth No. 1 is 540 m.

9. The pilots on board perform one or two passages
each in one series, starting from series No. 1.

Two series were performed, each consisting of 12
port entries.

* Wind N — 12.5 m/s, current 1.3 knots, ingoing
(mean maximum).

* Wind N — 12.5 m/s, current 1.0 knot, outgoing
(mean maximum).

The vertical and horizontal current speed distri-
butions were adopted in accordance with the model
defined by the Institute of Hydroengineering, Polish
Academy of Sciences (Robakiewicz, 1993). The
adopted wind speed was the average speed.

Simulated entries were conducted by pilots from
the Szczecin-Swinoujscie Pilot Station, and captains
with experience in manoeuvring large container
ships. Each of the pilots/captains was able to make
one or two passages in one series.

Statistical processing of the results of the simula-
tion tests came down to calculating the safety criteria
of the performed manoeuvre, which were then used
for comparison of the results from each variant of
the simulation series (Gucma, 2001).

Several criteria of navigational safety (performed
manoeuvre) were used in this study, which were:

» safe manoeuvring area defined on the basis of
these parameters: swept path width, navigational
reliability, probability of accidents;

+ distribution of the first ship-berth contact kinetic
energy,

¢ duration ofentry, turning and berthing manoeuvres.

The safe manoeuvring area was determined
by a random variable representing the maximum
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distances of the ship’s extreme points on the left
and right-hand sides of the hypothetical axis of the
examined area.

The width of the safe manoeuvring area for a spe-
cific series of simulated passages was calculated at
the confidence level:

* 50% average;

* the maximum, as a maximum envelope of a spe-
cific series;

* 95%.

The safe manoeuvring area width at (1-a) con-
fidence level was determined using the following
relationship:

(11)

hj_q)=dj;+co;+d,; +cd,;

where:

hj(1-o) — width of the ship’s safe manoeuvring area in
the j-th swept path;

d;  — average of the maximum distances of the
ship’s extreme points to the left of the axis
in the j-th swept path;

d;  — average of the maximum distances from the
ship’s extreme points to the right of the axis
of the j-th swept path;

Jj, 0, — standard deviations of the passage series
for the maximum distances of the extreme
points to the left and right of the axis in the
Jj-th swept path;

c — coefficient defining the confidence level (we
assumed ¢ = 1 for the confidence level of
50% and ¢ = 2 for the confidence level of
95%.

The results of the simulated entries to the outer
container port, turning, berthing and mooring of the
container ship with LOA =400 m, presented as safe
manoeuvring areas specified at confidence levels of
50%, 95% and maximum (maximum envelope from
a series), have been shown in Figures 2 and 3.

Analyses of the safe manoeuvring areas and
wave conditions for the building version A (Analiza,
2017) allowed for the identification of the available
manoeuvring area and the determination of a new
building version, Figure 4 (version B). The available
manoeuvring area was bounded by a safe depth con-
tour, adopted as 14.5 m. The minimum safe distance
of the depth contour to the breakwaters was assumed
to be equal to 100 m.

The stage 1 optimization resulted a change in the
geometry and length of the front breakwater (Figure
4 — building version B), which was extended from
the west by about 50 m and deflected at an 8° angle;
from the east it was extended by 355 m and deflected
by 35°. These changes optimized the shape of the
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port entrance, i.e. a minimum safe entry width and
a minimum length of the front breakwater, assuring
the safety of ships along the berth (the safety criteri-
on is a wave height at the berth of /,, < 1.0 m). A min-
imum safe entry width (at the bottom, at a depth of
14.5 m) was established on the basis of the simula-
tion experiment carried out in the least favourable
navigational conditions for the entry manoeuvre
(Wind from the N and W).

Optimal parameters of the outer container
port in Swinoujscie — optimization stage 2

The aim of stage 2 of the optimization was to
determine the eastern border of the turning basin, the
width and shape of the port basin and a minimum
safe bollard pull of the tugs. This required planning
and conducting a simulation experiment of the ‘max-
imum’ container ship’s entry to the designed port:
one series of 12 entries, with E wind of 12.5 m/s,
and outgoing current of 1.0 knot (mean maximum).
The other operating conditions were the same as in
stage 1.

The results of simulated entries to the outer contain-
er port, turning, berthing (berth No. 3) and mooring of
a container ship with LOA = 400 m, presented in the
form of safe manoeuvring areas for confidence levels
of 50%, 95% and the maximum (maximum envelope
from the series) have been shown in Figure 4.

5,979,000 +

5,978,500

5,978,000

5,977,500 -

5,977,000

5,976,500 -~

5,976,000 -

5,975,500 -~

5,975,000

5,974,500 |
452,000 452,500 453,000 453,500 454,000 454,500 455,000 455,500

Figure 4. The safe manoeuvring area of the container ship
with L. =400 m. Wind E 12.5 m/s; current 1.0 knot, outgoing
— building version B

The analyses of the safe manoeuvring areas
obtained in stages 1 and 2 and of the wave condi-
tions in the outer container port, building version
B, allowed for the determination of the ultimate

n
* % B 2400m

J_’,_,r-"'

L]

& L]
s | s _EXISTING DEPTH CONTOUR 10m *
" -PLANNED DEPTH CONTOUR 14.5m

. Bt o PLANNED DEFTH CONTOUR 10m %

[] 00 =]
E; !IM

Figure 5. Optimal design solution of the outer container port in Swinouj$cie (parameterization after stage 2 of the simulation
optimization method) — building version C
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optimal outline of the port — building version C. Ver-
sion C differed from version B as it features the con-
tainer jetty front shifted towards the east (moved by
100 m). This variant created safer manoeuvring con-
ditions for ships turning and did not increase wave
impact. The optimal shape and parameters of the
outer container port (building version C) have been
shown in Figure 5. An analysis of wave conditions in
building version C verified that ships would be able
to safely moor along the jetty (Analiza, 2017).

The kinetic energy of the first contact of a ‘max-
imum’ container ship with the berth during berthing
manoeuvres depends on wind direction:

* N 12.5m/s — E (0.95)= 1422 kNm;
* WI12.5m/s—E (0.95)=1111 kNm;
* E12.5m/s—E (0.95) =485 kNm.

The lowest energy of the first contact occurs
when the wind was pushing the ship away.

The mean manoeuvring times were independent
of wind direction and were as follows:

— total time of entry (from buoys 15/16 being abeam
to the jetty):

tman = 75 min

— time to reach the entrance heads (from buoys
15/16 being abeam to the front breakwater heads
abeam):

tman =~ 18 min.

Conclusions

The original simulation method for the optimiza-
tion of seaport parameters presented here was divid-
ed into two stages. The objective function in this
optimization method was to minimize port construc-
tion and operational costs by minimizing the avail-
able navigable area bounded by safe depth contours
and minimizing the length of the sheltering break-
water. The objective function constraints were:

The basic condition for navigational safety:

Dcd(l—a) (12)

in which the safe manoeuvring area d (1—a) was
determined by simulation of the vessel’s passage, the
simulation experiment was carried out in carefully
planned conditions of the ship’s safe operation.

The wave height at the berth during the least
favourable stormy conditions:

hw < hwsafe (13)

in which the allowable wave height at the berth /,*®
determines the safety of moored vessels.
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The simulation method for seaport optimization
was used to determine the key parameters of the out-
er container port in Swinoujscie (Figure 5). The new
port is expected to handle the largest ocean-going
ships entering the Baltic Sea with a cargo capacity of
20,000 TEU and length of up to 400 m. The expect-
ed annual throughput of the port is estimated at 1.5
million TEU.
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