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Abstract
This article presents the optimized parameters of the Świnoujście seaport entrance and three-kilometer fair-
way linking Świnoujście and Szczecin, extended to allow the safe entry of 300-meter bulk carriers drawing 
up to 13.5 meters. The parameters were determined by a simulation-based optimization method, where the 
objective function and its constraint were, respectively, the reconstruction costs of that waterway section and 
the vessels’ navigation safety. The study made use of real-time simulation in coordination with the vessel’s 
human operator.

Introduction

The Commercial Port of Świnoujście can accom-
modate ships with an overall length of 270 m and 
draft of 13.2 m. The approach channel to the out-
er port has been modernized to accept Q-Flex type 
LNG tankers up to 315 m in length. The approach 
channel stretching from buoy N-2, 35.6 km away 
from the entrance heads of the outer port, has a depth 
of 14.5 m, while its width at the bottom ranges from 
200 to 220 m.

The approach waterway leading to the Świnouj-
ście outer port provides safe passage of bulk carriers 
with overall length Loa = 300 m and maximum draft 
T = 13.5 m. The Port Authorities intend to upgrade 
the Chemików, Hutników, Górników and Portow-
ców quays to handle unloading of similarly sized 
ships. There is only one four-kilometer section of 
the waterway that is still not suitable for such ships, 
stretching from the outer port entrance heads to the 
Commercial Port quays. Possible solutions to these 
limitations through waterway modernization are 
discussed, by formulating the following research 
problems:

1. Determination of parameters for the Świnoujście 
entrance and a three-kilometer section of the 
Świnoujście-Szczecin fairway, which will pro-
vide for safe approach and berthing at the Com-
mercial Port of bulk carriers with Loa = 300 m and 
T = 13.5 m, based on the criterion of project cost 
minimization.

2. Determination of safe operational conditions for 
bulk carriers with Loa = 300 m entering the Com-
mercial Port of Świnoujście.
The assumed preliminary operational condi-

tions for 300 m bulk carriers entering the port of 
Świnoujście have been defined as follows:
• arrival and departure of a bulker loaded to a draft 

of 13.5 m;
• turning of a ballasted bulker in the Northern Turn-

ing Basin at maximum forward and aft drafts of, 
respectively, TF = 6.0 m and TA = 9.0 m;

• visibility above 2 Nm, day or night without 
restrictions;

• wind speed up to 10 m/s, from any direction;
• mean incoming or outgoing current at 0.8 knots.

For these conditions, the following factors were 
taken into consideration:



Stanisław Gucma

126 Scientific Journals of the Maritime University of Szczecin 48 (120)

• restrictions concerning the project scope, which 
does not include the reconstruction of the quays 
on the eastern bank of the River Odra (Kanał 
Zbiorczy);

• bathymetric and hydrometeorological conditions 
in the port of Świnoujście;

• maneuvering restrictions of loaded ships turning 
at the Northern Turning Basin;

• previous operational practices relating to large bulk 
carriers in the Commercial Port of Świnoujście.
The optimal parameters of the Świnoujście port 

entrance, the approach channels to the Chemików, 
Hutników, Górników and Portowców quays (the 
first section to 3.1 km of the Świnoujście-Szczecin 
fairway) and the Northern Turning Basin were deter-
mined through a simulation procedure for sea water-
way system optimization.

Waterway system optimization procedure

The optimization of sea waterways was carried 
after determining the parameters characterizing the 
basic elements of a reconstructed system (waterway 
and navigation subsystems). These parameters are 
a function of designed (assumed) conditions for the 
safe operation of the ship (state vector of ship’s safe 
operation).

The objective function in optimization prob-
lems related to marine waterway systems is the 
cost of upgrading the waterway system compo-
nents and the cost of subsystem operation. With 
the above assumptions, we can write the objective 
function of waterway parameter optimization in 
the form (Gucma & Ślączka, 2015; Gucma et al., 
2015):

 Z = (A1 + A2 + N1 + N1 + S) → min (1)

where
A1 = f1(Di, hxy), given that (x, y) ∈ X1 × Y1;
A2 = f2(Di, hxy);
N1 = f3(Di, hxy);
N2 = f4(Di);
S = f5(Di),
that is

 Z = F(Di, hxy) → min (2)

with the constraint
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where
Di – navigable area meeting the condition of safe 

depth at the i-th waterway section;

di
 (1–α)  – safe maneuvering area in the i-th section 

of the waterway of the j-th ship  under preset 
navigational conditions, determined at confi-
dence level 1–α;

Z – cost of construction and operation of waterways;
A1 – cost of construction (reconstruction) of the 

waterway;
A2 – cost of operation of the reconstructed waterway;
N1 – cost of the construction of a subsystem for 

determining ship position (navigation systems);
N2 – cost of navigation systems operation;
S – ship operating costs associated with waterway 

passage (pilotage, tug assistance, etc.);
hxy – water depth at point (x, y);
Txy – ship’s draft at point (x, y);
∆xy – under keel clearance at point (x, y).

For sea waterways of constant depth (hxy = 
constant), the objective function can be written in 
the form:

 z = F(Di) (4)

with the constraint:

 di
 (1 – α) ⸦ Di

 (t) (5)

This type of function was applied for the deter-
mination of safe parameters of a turning basin. 
On the other hand, the critical parameter for navi-
gational safety in fairways (entrance to the port of 
Świnoujście and Świnoujście-Szczecin fairway) is 
the width at bottom. Therefore, the objective func-
tion was written as:

 Z = F (Dj) → min (6)

with the constraint:

 Dj ≥ dj
 (1 – α) (7)

where
Dj − available fairway width at bottom, at the j-th 

point of the fairway center line;
dj(1–α) − safe width at fairway bottom for a ship 

maneuvering in preset navigational conditions 
at the j-th point of the fairway center line deter-
mined at confidence level 1–α.

The safe maneuvering area during a turning 
maneuver, di

 (1–α), and safe fairway width, dj
 (1–α), 

were determined through real-time simulation using 
non-autonomous models (Gucma, Gucma & Zalews-
ki, 2008). In non-autonomous simulation models the 
ship is steered by the human navigator.

Simulation tests were carried out on a Polaris full 
mission bridge simulator from Kongsberg, locat-
ed at the Marine Traffic Engineering Center, Mar-
itime University of Szczecin. The simulation tests 
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followed a procedure typically used in designing 
marine waterways:
• formulation of a research problem, including 

the identification of design objective, simulation 
methods used and the type of simulators;

• design of models for ship movement on the cho-
sen simulator and their verification;

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

• statistical processing and analysis of test results. 
The mathematical models developed and verified 

in the course of the present work represented the 
movement of a bulk carrier with Loa = 300 m, light-
ered to a draft of T = 13.5 m and in ballast. Technical 
and operating parameters of the tested bulk carrier 
were based on an online database Sea-web (LR), 
covering a population of more than 10,000 bulk car-
riers (Analysis, 2014). The parameters of that bulk 
carrier are shown in Table 1. The models were veri-
fied by testing the speed, stopping, turning circle and 
a zigzag tests.

Table 1. Technical and operating parameters of a 300-m 
bulk carrier

No. Notation Bulk carrier
1. Loa [m] 300
2. Lbp [m] 288.5
3. B [m] 48.1
4. Tmax / Tlightered [m] 17.8 / 13.5
5. Taft [m] in ballast 9.0
6. t [m] trim in ballast 3.2
7. Pn [kW] ME power 14 500
8. D [t] for T13.5 − displacement 157 500

Experimental system

The simulation tests consisted of running a reli-
able number of maneuver trials (entering / leaving / 
turning ship) for the tested variants defining the 
problem under consideration. The comparison of the 
results of each variant was carried out using the cri-
teria of navigational safety. The test variants were 
specified by taking into account:
• port operational conditions;
• previous test results for the same port;
• objectives of the study;
• examined water area;
• examined ships;
• prevailing navigational conditions;
• maneuvering tactics based on established 

practices.
General assumptions of the simulation tests are 

as follows:

• due to the characteristics of the ships, local 
bathymetry and the established practice, it was 
assumed that incoming ships (loaded) would be 
berthing portside, alongside the Hutnikow quay;

• incoming maneuver is more difficult than 
departure;

• turning is performed only by a ship in ballast 
condition;

• least favorable wind direction for incoming ships 
is N combined with the incoming current;

• least favorable wind direction in the turning basin 
is N when combined with incoming current, and S 
when combined with outgoing current;

• adopted maximum wind speed, Vw = 10 m/s;
• adopted maximum current speed, Vp = 0.8 knot 

(incoming) and Vp = 0.6 kn (outgoing);
• four tugs assisted all entering, leaving, and turn-

ing maneuvers of the vessel:
−	 3 tugs with cycloidal propulsion, 45 ton bollard 

pull;
−	 1 conventional tug with 30 ton bollard pull.
Specific assumptions of the simulation tests were 

as follows:
• the tests included port entry maneuvers, berthing, 

unberthing, turning and departure;
• the maneuvers were performed using 4 tugs;
• entry maneuvers started abeam the entrance to the 

outer port at a speed of 4 knots with two tugs con-
nected, one fore and one aft;

• when the ship was departing, turning was always 
performed around the sideboard side;

• trial maneuvers were conducted by pilots of 
the Szczecin-Świnoujście Pilot Station and 
experienced;

• each series, performed by each pilot and captain, 
consisted of two passages in a series.
The simulated trials consisted of five series of 16 

passages each. The test conditions adopted in each 
series are presented in Table 2. A diagram of the elec-
tronic chart area is shown in Figure 1 (Analysis, 2014).

Table 2. Simulations test plan

Series  
No. Ship Maneuver  

type Wind Current

1. 300 
loaded

entry,  
no turning

0 0

2. 300  
loaded

entry,  
no turning 

N 10 m/s 0.8 kn  
incoming

3. 300  
in ballast

departure,  
turning

0 0

4. 300  
in ballast

departure,  
turning 

N 10 m/s 0.8 kn  
incoming

5. 300  
in ballast

departure,  
turning

S 10 m/s 0.6 kn 
 outgoing
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Figure 1. A fragment of electronic chart of the trials area

Optimal port area and Świnoujście 
entrance parameters based on the results 
of simulation tests

The tests made use of the basic criterion of nav-
igational safety (performed maneuver). The safe 
maneuvering area was determined on the basis of 
the widths of the ship’s swept paths (Gucma, 2001). 
The swept path width was determined by a random 
variable representing the maximum distance of 
extreme points of the ship on the left and right-hand 
sides of a hypothetical axis of the examined area. 
The swept path width for a specific series of tests is 
calculated at three levels:
• medium;
• maximum, as the maximum envelope in a specific 

series;
• 95% confidence level.

An analysis of the results of simulation tests was 
based on a quantitative assessment of the safety of 
navigation, estimated using the risk theory. In global 
terms, the method used to estimate the risk of nav-
igation is a most modern one (Gucma, 2007). The 
condition of safe maneuver (port approach, turning 
etc.) fulfills the following relation:

 Rijkxy ≤ Rakc (8)
given that
 Rijkxy = Iijkxy · Pijkxy · Sijkxy (9)
where
Rijkxy − risk of performing the j-th maneuver by the 

i-th type ship in the k-th variant of naviga-
tional conditions at point (x, y) of the area;

Rakc − acceptable navigational risk of passing 
a given fairway section;

Iijkxy − mean annual intensity of performing the j-th 
maneuver in an area defined by coordinates 
(x, y) by the i-th type ship in the k-th naviga-
tional conditions;

Pijkxy − probability of navigational accident when 
performing the j-th maneuver by the i-th 
type ship in the k-th navigational conditions 
at point x, y of the area;

Sijkxy − consequences of an accident of the i-th ship 
performing the j-th maneuver in the k-th 
navigational conditions at point (x, y) of the 
area.

We can define the probability of a navigational 
accident as:

 Pijkxy = 1 – Pnijkxy · Ptijk (10)

where
Pnijkxy − navigational probability of performing the 

j-th maneuver by the i-th ship in the k-th 
navigational conditions at point (x,y);

Ptijk − probability of reliable operation of technical 
systems and equipment when performing 
the j-th maneuver by the i-th ship in the k-th 
navigational conditions.

After substitution and transformation we get 
the condition of safe performance of the examined 
maneuver:

 
tijkijkxyijkxy
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The navigational probability of making a smooth, 
accident-free, maneuver can be expressed in terms 
of the normal distribution by writing the following 
inequality (Gucma, 2007):
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where
Xijkn – maximum distance of the extreme points of 

the i-th type ship to the left and right from 
the n-th point of real fairway center line for 
the j-th type maneuver and k-th navigational 
conditions;

ijknX  
 

; σijkn – parameters of normal distribution at the 
n-th point of the fairway center line to left 
and right from swept path axis of the i-th 
ship, j-th type maneuver and k-th naviga-
tional conditions.
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Figure 2. Swept paths of a loaded bulk carrier Loa = 300 m during its entry and berthing to Hutników Quay in Świnoujście, wind 
N 10 m/s, incoming current 0.8 kn (Analisis, 2014)
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Figure 3. Safe maneuvering area for risk 0.07. Turning maneuver. Bulk carrier Loa = 300 m; wind S 10 m/s; outgoing current 
0.6 knot (Analisis, 2014)
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After the simulation tests and the determination 
of the distribution parameters to the right and left 
of each n-th point of the fairway center line ( pijknX  

 
; 

σpijkn; lijknX  
 

; σlijkn) the limit values of the inequality 
for both sides of the fairway were determined.

Using the standardized functions of normal dis-
tribution we calculate the minimum values of safe 
widths of right and left sides of the fairway: Blijkn/2 
and Bpijkn/2, where the safe bottom width at the n-th 
fairway point is defined as a sum of the two parts:

 
22
lijknpijkn

ijkn
BB

B   

 

 (13)

with
Blijkn/2; Bpijkn/2  − width of the right-hand (p) and left-

hand (l) part of the fairway for the i-th ship, 
j-th maneuver and k-th navigational condi-
tions at the n-th point of the fairway center 
line;

Bijkn − minimum safe width of the fairway at bot-
tom for the n-th point of the fairway center 
line, with i-th type ship, j-th maneuver, k-th 
navigational conditions.

The area defined by the safe minimum bottom 
width at the n-th point is called the safe maneuver-
ing area and contains all margins related to mea-
surement uncertainties, navigational errors, the 
process of maneuvering and accident consequenc-
es. The parameters that must be met by the safe 

maneuvering area were previously determined by 
optimization.

It is assumed that acceptable navigational risk of 
performing a specific maneuver in non-tidal areas 
equals 0.07 of the total number of accidents per year 
(major and minor accidents) (Gucma, 2001), while 
the average annual intensity of entry/exit maneuvers 
of a “maximum” vessel was assumed to equal 10. 
The physical method, utilizing the results of simu-
lation tests, was used to calculate accident conse-
quences, based on the comparison of kinetic energy 
(Gucma, 2001).

Figure 2 shows statistical results of simulation 
tests presented in the form of swept paths at differ-
ent confidence levels. These data represent vessel 
entry to Świnoujście and berthing portside along-
side a loaded bulk carrier, having T = 13.5 m and 
Loa = 300 m, with wind N 10 m/s and incoming cur-
rent of 0.8 knots.

Figure 3 presents the safe maneuvering area eval-
uated at a risk R = 0.07 for a 300 m bulk carried 
engaging in a turning maneuver in ballast, with S 10 
m/s wind and an outgoing current of 0.6 knots.

The navigable area of the port entrance (depth 
contour 14.5 m) including the Świnoujście approach 
channel (0.0 km ÷ 1.0 km) and Świnoujście-Szczecin 
fairway (0.0 km ÷ 3.1 km) was determined on the 
basis of simulation test results referring to bulk car-
riers with an overall length of 300 m. The parameters 

Figure 4. Navigable area (safe depth contour 7.0 m) of the Northern Turning Basin and the approach channel (safe depth con-
tour 14.5 m) (Analisis, 2014)

 Depth contour 14.5 m

 Depth contour 14 m

 Depth contour 10 m

 Depth contour 7 m

 Existing Northern turning basin

 Intended Northern turning basin
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of this area meet the optimization criterion, i.e. mini- 
mization of waterway system reconstruction and 
operation. From the results of simulated turning 
maneuvers of a 300 m bulker, the navigable area of 
the Northern Turning Basin with a contour depth of 
7.0 m was also determined, as illustrated in Figure 4.

Conditions for safe operation  
of 300-metre bulk carriers entering  
the port of Świnoujście

The system of sea waterways is defined by 
parameters of its subsystems. The optimal system of 
sea waterways discussed in the present work con-
sists of two elements:
• entrance to the port of Świnoujście and three-ki-

lometer long section of the Świnoujście-Szczecin 
fairway with optimized parameters;

• existing fixed aids to navigation of that area plus 
slightly modified floating seamarks.
These two components of the sea waterway sys-

tem are a function of conditions for the safe oper-
ation of the ship. Such conditions are described 
by a vector of conditions of the safe operation of 
a “maximum ship” in the i-th section of the exam-
ined waterway, written in the form (Gucma et al., 
2015):

 Wi = [typ, Loa, B, T, Hst, V, C, Hi] (14)

where
typ − type of “maximum ship”;
Loa − length overall of “maximum ship”;
B − breadth of “maximum ship”;
T − draft of “maximum ship”;
Hst − airdraft of “maximum ship”;
Vi − allowable speed of “maximum ship” in the 

i-th waterway section;
Ci − tug assistance in the i-th waterway section 

(required number and bollard pull of the tugs);
Hi − vector of hydrometeorological conditions 

allowable for “maximum ship” in the i-th 
waterway section.

 Hi = [d/n, Δhi, Vwi, KRwi, Vpi, hfi, KRfi] (15)
where
d/n − allowable day/night time (daylight or no 

restrictions);
∆hi − allowable drop of water surface level;
Vwi − allowable wind speed in the i-th section;
KRwi − wind direction restrictions (if present, in the 

i-th section);
Vpi − allowable current speed in the i-th section;
hfi − allowable wave height in the i-th section;
KRfi − restrictions to wave direction (if any).

The conditions of safe operation of a “maxi-
mum” bulk carrier for the port of Świnoujście can be 
defined as follows:
1. The term “maximum” bulk carrier includes bulk-

ers with overall length in the range:
 270 m < Loa ≤ 300 m

and with draft:
• loaded: 13.0 m < T ≤ 13.5 m;
• in ballast: Tforw ≤ 6 m.

2. Entering or leaving the Commercial Port of 
Świnoujście, berthing of a loaded bulk carrier and 
its turning in ballast condition:
• time of day: no restrictions;
• visibility: good ≥ 2 Mm;
• ship’s speed during entry and departure maneu-

vers: V ≤ 4 knots;
• wind speed: Vw ≤ 10 m/s;
• wind direction: No restrictions;
• current speed: Vp ≤ 0.8 knots;
• current direction: no restrictions;
• positioning systems: PNS, PNDS, terrestrial;
• tug assistance: 3 tugs with bollard pull of mini- 

mum 45 tons (cycloidal or azimuth) and 1 tug 
with a bollard pull of 30 tons.

The notations:
• PNS – Pilot Navigation System,
• PNDS – Pilot Navigation Docking System.

Conclusions

This article discusses the determination of new 
parameters of port entrance area in Świnoujście, and 
in the three kilometer stretch of the Świnoujście-
Szczecin fairway and the Northern Turning Basin 
(Figures 2 and 4). Such reconstruction of the water-
way will allow safe entry into the Commercial Port 
of Świnoujście of bulk carriers with an overall length 
of 300 m and a maximum draft of 13.5 m.

These parameters are calculated using a simula-
tion-based optimization method developed by the 
author. The relevant objective function is the mini- 
mization of reconstruction and operation costs of the 
examined waterway section, while navigational safe-
ty is the constraint. The method used was real time 
simulation based on non-autonomous models with 
a human operator (navigator). The study was con-
ducted on the full mission bridge simulator Polaris 
from Kongsberg, run by the Marine Traffic Engi-
neering Centre, Maritime University of Szczecin.

Using the test results, the author has determined 
conditions for the safe operation of bulk carriers with 
Loa = 300 m, capable of entering the Commercial 
Port of Świnoujście after the reconstruction of this 
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section of the waterway. The primary conditions for 
safe operation of the bulk carrier is the entry/depar-
ture of a loaded ship with T ≤ 13.5 m and turning 
the ship in ballast with a forward draft lower than 
or equal to 6 m. These maneuvers can be used for 
maximum wind and current speeds of 10 m/s and 0.8 
knots, respectively, and minimum visibility of two 
nautical miles.

The new parameters of the Świnoujście port 
entrance, Świnoujście-Szczecin fairway section 
(3.1 km) and Northern Turning Basin allowed the 
technical design of fairway reconstruction and plan-
ning of the relevant project.
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