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ABSTRACT

In order to improve maritime safety and the efficiency of vessel traffic, systems supervising vessel traffic, i.e. VTS (Vessel 
Traffic Service), started to be created. These systems are aimed to control vessel traffic in waters where traffic congestion, 
a large concentration of vessels or the presence of navigational hazards creates a risk of collision or stranding.
VTS systems constitute maritime safety centres and they must be equipped with appropriate devices in order to be 
fully functional. Among devices that provide information about vessels are coastal radar stations which are located 
around a monitored sea area. This kind of spatial arrangement of these stations can be used to simultaneously obtain 
information about every vessel, but such observations may be fraught with serious errors. Therefore, the estimation 
methods that are employed and developed in geodesy can be used to improve the accuracy with which a vessel’s position 
is determined. The Interactive Navigational Structure, i.e. IANS, is an example of how these methods can be applied 
in navigation; this term has already been introduced into the literature (Czaplewski, 2004). The text below presents 
the theoretical assumptions underlying the use of IANS as a tool supporting a vessel traffic controller using the VTS 
system in his/her work. This presentation is supported by a numerical test that was performed in the waters of the Bay 
of Gdańsk which are covered by the VTS system.

Keywords: navigation, radar navigation; Vessel Traffic Services; M-estimation; Interactive Navigational Structures

INTRODUCTION

Since the volume of vessel traffic is constantly growing, 
increasing emphasis should be placed on maritime safety. 
Marine traffic safety systems function in many sea areas; 
these systems are mainly aimed to improve the safety of ship 
transport, protect the marine environment and respond to 
emergencies. Sea areas are monitored by a network of coastal 
radar stations which constitute one of the main sources of 
information about vessels. Radars are to detect not only large 
vessels entering zones that are monitored by the VTS system, 
but also small ones, such as sports and fishing vessels. If the 
radar cross-section of particular vessels is low, radar reflectors 
are placed on them. International standards specify under 
which conditions and at what sea state radar devices should 
be able to detect vessels.

Based on signals that are reflected from objects, a radar 
image is created and it represents the situation within radar 
coverage. As a result, one can track vessels, detect obstructions 
to navigation and see an image of the shoreline, etc. both 
under difficult weather conditions and when visibility is poor. 

The radar subsystem that monitors vessel traffic in the 
Bay of Gdańsk, which is referred to as the VTS system for 
the Bay of Gdańsk, is an example of coastal radar stations 
functioning within VTS systems (Bole, Wall, Norris 2014). 
Figure 1 presents the distribution of coastal radar stations.

Fig. 1. Location of coastal radar stations functioning as part of the VTS system 
for the Bay of Gdańsk (source: Maritime Office in Gdynia)

Depending on the needs, information about a particular 
situation in a given sea area can be obtained from either one or 
several radars. The number and spatial arrangement of radars 
in VTS systems depends on the size and geospatial location of 
a given sea area. Radars are located around specific waters and 
they cover the whole area that is supervised by the VTS system. 
This is very important when return echoes from targets are 
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weak or there has been a failure in one of the stations. In such 
cases one receives a large number of navigational data which 
can be used to improve the parameters (position) of a vessel 
by employing modern methods of adjustment calculus that 
are used in geodesy. If navigational information is received 
from many independent radar stations, this allows one to 
more accurately determine the positions of vessels in systems 
supervising vessel traffic (Monahan, 2008). 

If a vessel’s position is determined accurately, this also 
means that maritime safety is improved, which is particularly 
important in sea areas with a large volume of traffic where 
the risk of collision is relatively high. Since vessels move 
when sailing it is impossible to repeat measurements at the 
same position. Therefore, both classical estimation methods 
and modern 

M-estimation methods that are used in geodesy can be 
utilised to improve the accuracy with which vessels’ positions 
are determined (Czaplewski, 2004; Wiśniewski, 2009).

As for robust estimation, a key issue is to select the 
appropriate attenuation function. Several 

M-estimation methods are used in adjustment calculus; 
these methods utilise different attenuation functions or weight 
functions. Among the most well-known methods of this 
kind are: Huber’s method, Hampel’s method and the Danish 
attenuation function (Borre, Jorgensen, Kubik, 1983; Hampel, 
Ronchetti, Rousseeuw, Stahel, 2005). They were applied in the 
process of determining the position fix of a vessel by using 
radar navigation methods.

 OBTAINING NAVIGATIONAL 
INFORMATION FROM RADAR 

OBSERVATIONS

USING THE DISTANCE

Observations from coastal radar stations, where a vessel’s 
position at sea is determined based on the measurement of 
distance, can be utilised to measure navigational parameters 
which are used to establish a vessel’s position (Bole, Wall, 
Norris 2014). The measurement structure will depend on 
the number of radars that were used to make measurements. 
Figure 2 presents an example radar network. One can measure 
the distance to vessels from five coastal radar stations that 
are distributed around an area covered by the VTS system.

Fig. 2. Distance measurement structure (source: own work)

The distances that are measured from coastal stations 
with known geographic coordinates will help in determining 
a vessel’s estimated position. This method, which is used based 
on observations made by coastal radars, is to allow one to 
correct the coordinates of a vessel’s position that have been 
determined by an officer in charge of a navigational watch.

In this case, the adjustment problem entails determining 
the position fix of a vessel at sea (in a sea area covered by 
a VTS system) based on radar observations and the vessel’s 
dead reckoning  position that has been established by the 
officer in charge of a navigational watch on the ship.

The distances from coastal radar stations that have been 
measured allow one to define the system of observation 
equations for five coastal stations. The expected values can 
be determined by using the following formula (Wiśniewski, 
2009):

where:
 - coordinates of radar stations’ positions,
 - coordinates of the vessel’s positions.

The system of linear adjustment equations takes the 
following form (Wiśniewski, 2009):

where:
 vji – adjustment of the bearing measured from the i-th 

radar station (i = 1,…,5) to the j-th position of the vessel,
  – the expected value of the distance from a radar to 

the vessel for ,
  – the observed value for ,
 Zj – j-th position of the vessel (j = 1,…,m).

USING THE BEARINGS
In order to determine a vessel’s position at sea one can also 

use other observations, for example, bearings from coastal 
radar stations (Bole, Wall, Norris 2014). Figure 3 presents 
an example measurement structure for the case that is 
discussed here. For each of the measurements made by several 
coastal radar stations we obtain bearings having true value  
NRij(i = 1,…,5, j=1,…,m) for the i-th observation made 
relative to the vessel’s j-th position. The results of observations 
(for example, NRijobs) having true vales are fraught 
with measurement errors, and it is often assumed that 
 a measurement error is a random variable which has certain 
assumed descriptive parameters. Since there are errors, 
especially random ones, it may be difficult to determine 
the value of a measurement. The value of a measurement is 
actually a theoretical argument and it can only be estimated by 
using certain legitimate methods. The methods of estimating 
the descriptive parameters of random variables that have been 
developed in mathematical statistics provide a theoretical 
basis for the methods of adjusting the results of measurements 
(Wiśniewski, 2004; Jianjun, 1996).

(1)

(2)
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Fig. 3. Bearing measurement structure (source: own work)

Let us assume that we can use bearings that have been 
measured from coastal radar stations to a vessel at position 
Zj. Then, the system of observation equations is as follows 
(Wiśniewski, 2009):

where:
 – coordinates of radar stations’ positions,
 – coordinates of the vessel’s positions.

For the measurement structure which is used for the 
purpose of this discussion and which is presented in Figure 3, 
the functional model of the adjustment problem takes the 
following form:

where:
  – the expected value of a radar bearing for  

which was taken from the i-th radar station (i = 1,…,5) to the 
j-th position of the vessel,

 vij – adjustment to the observation that has been made.

In the adjustment process it is assumed that the position 
fix, which has been provided by an officer in charge of a 
navigational watch to a vessel traffic controller using the 
VTS system, is the expected position with the coordinates:

Given that:

                                - vector of adjustments,

(3)

(4)

(5)

    
       – the unknown vector of increments to the  

   expected coordinates.

The matrix of coefficients of the unknowns and the 
matrix of constants assume different values, depending on 
the observations that are used. When it is distances that are 
used then we will obtain:

             – matrix of coefficients  
                                                                                     of the unknowns,

            

                                                             – matrix of constants.

However, if it is bearings that are used then:

                                      – matrix of coefficients  
                                                                                    of the unknowns,

                                                              – matrix of constants.

If we adopt the matrix structures that are presented above, 
i.e. A, , L, the matrix system of adjustment equations takes 
the following form:

 

If the indefinite method is used, the solution to the system 
of equations will be as follows:

 

where:
 

                          – is a weight matrix of  
      the observations made.                                                     

(6)

(7)
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Where:
   mij – average error of the i-th observation made relative 

to the vessel’s j-th position.
Therefore, the estimators of the adjusted coordinates of 

a vessel at sea are as follows:

Where:
 
              – estimated coordinates of a vessel at sea in the
                                       coordinate system X,Y (PL-UTM).

In order to determine the quality of the observations that 
have been made, a statistical model of the adjustment problem 
should be defined:

where:

 – estimator of the coefficient of variance,

n – number of observations made,
r – number of the unknowns.

Then the average error of the position fix will be determined 
based on the formula:

If we assume that the goal function for the present research 
problem is compatible with the goal function in the method 
of least squares, the adjustment problem can be finally written 
as follows:

SELECTED ATTENUATION FUNCTIONS

In marine navigation, the measurement structure can 
reflect the work of real devices that measure directions; then 
an angle is calculated between the direction vectors. Among 
such devices are the above-mentioned coastal radar stations, 
which are used to collect navigational data (for example, 
a bearing) that are needed to determine the positions of 
vessels in sea areas. Figure 3 presents an example structure 
of this kind.

The results of measurements can sometimes be fraught 
with serious errors. Such errors may occur, for example, 
because measuring instruments have been poorly fitted or 

(8)

(9)

(10)

(11)

calibrated or the indications have been read incorrectly, or due 
to temporary changes in the parameters of the measurement 
environment, etc. Errors of this kind are referred to as gross 
errors. In order to eliminate them, one can use robust 
estimation methods with properly selected attenuation 
functions.

Many M-estimation methods are used in adjustment 
calculus; these methods utilise different attenuation functions 
or different weight functions. Among the most well-known 
methods of this kind are: the Danish, Huber’s, and Hampel’s 
methods. For the purpose of this study, the three functions 
were analysed with regard to their influence on the accuracy 
with which positions are determined for measurements that 
are fraught with gross errors; these errors are described 
generally in the text above based on a paper written by Borre, 
Jorgensen, Kubik (1983), Teunissen P.J.G. (2004) and Hampel, 
Ronchetti, Rousseeuw, Stahel, (2005).

The characteristics of the Danish attenuation function 
are that it decreases exponentially outside acceptable range 

 and takes the following form:

Therefore, equivalent weight values will be determined 
according to this formula:

The form of the Danish attenuation function is presented 
in Figure 4.

Fig. 4. Danish attenuation function (source: Wiśniewski, 2009)

Hampel’s attenuation function has two additional 
intermediate ranges (to the left and to the right of acceptable 
range ) in which attenuation function   
decreases linearly (Hampel, Ronchetti, Rousseeuw, Stahel, 
2005). This function and the resulting weight function take 
the following forms:

(12)

(13)

(14)
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where kb is a number that determines the limits of the 
additional ranges. It is usually assumed that k_b=4,…,6. 
The form of Hampel’s attenuation function is presented in 
Figure 5.

Fig. 5. Hampel’s attenuation function (source: Wiśniewski, 2009)

Huber’s attenuation function was the last of the analysed 
functions; this function assigns zero weight values to all 
observations with adjustments that do not belong to the 
acceptable range and it takes this form:

Thus, the weight function is as follows:

The form of Huber’s attenuation function is presented in 
Figure 6.

Fig. 6. Huber’s attenuation function (source: Wiśniewski, 2009)

Finally, the Danish attenuation function was selected 
because its form was most suited to dynamic models that 
perform typical navigation tasks.

If one uses a method that is robust to gross errors then the 
adjustment problem can be expressed in the following form:

(15)

(16)

(17)

Where:

For such assumptions, the solution to the adjustment 
problem is iterative, i.e. the algorithm that was proposed in 
papers written by Wiśniewski (2004, 2009) can be used to solve 
this problem – at the first stage of calculations adjustment 
is made by using the classical method of least squares. An 
M-estimation method with the Danish attenuation function 
is presented in this paper.

M-ESTIMATION WITH THE DANISH 
ATTENUATION FUNCTION

As for the measurements of navigational parameters, the 
obtained results can be different than expected. If such errors, 
which are called gross errors, occur it is recommended that 
the measurement and results be corrected. It is, however, 
impossible to repeat a measurement for a moving vessel. At 
each time step, a vessel covers a certain distance and it “does 
not come back” to the point at which the last measurement 
was made. Serious errors can lead to using nautical charts 
for navigation incorrectly, and consequently pose a threat to 
maritime safety. It is possible to limit the influence of such 
errors on how a course line is drawn on a nautical chart by 
using modern M-estimation methods.

In a classical adjustment which is made by using the 
method of least squares, the results of measurements are 
random variables with the same standard deviation and they 
are treated equally; therefore, gross errors may significantly 
affect the measurement results. This method is not robust 
to serious errors. Thus, one can use robust estimation 
methods with properly selected attenuation functions in 
order to eliminate such errors. Later in the study the Danish 
attenuation function is used in the M-estimation procedure.

For this method, one can use the measurement structure 
which is shown in Figure 3 and which will be defined in 
the coordinate system (X, Y), where a bearing represents an 
observation. Radar observations can be made from coastal 
stations with regard to a vessel at position   for a given 
measurement network. Bearings were measured at various 
time intervals. 

If we assume that a given observation that has been made 
is fraught with gross error, for example, because the radar 
echo of a vessel was identified incorrectly, then a so-called 

(18)
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equivalent weight will be assigned to this observation; 
this weight will result from attenuating the original weight    
P (resulting from the assumed average measurement error). 
The attenuation process will occur in accordance with the 
following formula (Wiśniewski, 2009):

where: is an attenuation function having the 
following basic properties:

Ranges are acceptable ranges for 
adjustments υi, i = 1,...,n , and they are established with the 
assumed confidence level . If we assume that υi are random 
variables with a normal distribution, we can write the 
following:

where:
– standard deviation for the i-th adjustment,

– standardised adjustments with the same              
                acceptable range  . For example, 
                        for  = 0.95 coefficient k = 2.

Equivalent weight matrix  depends on the vector 
of standardised adjustments . If a method that is robust to 
gross errors is used, the adjustment problem can be expressed 
as formula (18) (Wiśniewski, 2009; Yang, Song, Xu, 2002).

For such assumptions, the solution to the adjustment 
problem, which involves determining such that 

, is iterative. In the first steps in the 
iterative process that is aimed to solve the adjustment 
problem, it is assumed that l = 0,01÷0,1, g = 2. If parameters 
are chosen incorrectly, this unnecessarily increases the 
number of steps in the iterative process which is aimed to solve 
a robust adjustment problem. A well-known algorithm 
was used to solve this problem; at the first stage bearings 
were adopted as measurement observations and adjustment 
was made by using the classical method of least squares 
(3) ÷ (10). Further calculations allow us to establish which of 
the standardised adjustments can represent gross errors (they 
do not belong to ) and determine a covariance matrix 
of the vector of adjustments for m0 = 1.

(21)

Then we carry out classification in order to find out if for 
each:

If all  then we do not perform further calculations 
because the values of standardised adjustments that have 

(19)

(20)

been obtained fall within the acceptable range, and a new 
attenuation matrix will not reduce the values of weight 
matrices and then also the values of adjustments (within the 
precision range that has been assumed for the calculations).

Otherwise, if any adjustment , the next steps in 
the iterative process are performed (Wiśniewski, 2009):

We assume that 0j  and then 
 and the 

control parameters in the Danish attenuation function 
2 , 0.01 gl , and the following is calculated:

by remembering that:

(22)

we calculate the values of the attenuation function:

(23)

and the attenuation matrix

(24)

Then we perform iteration and increase j  by 1, i.e. 
1jj , and we calculate weight matrices as well as matrix 

increases and adjustments:

(25)

For the precision range that has been assumed for the 
calculations, the differences between elements of vectors of 
adjustments are checked:

If these differences are larger than assumed, we calculate 
a covariance matrix of the vector of adjustments for 10m

(26)
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Then we calculate the value of the attenuation function 
and attenuation matrix. We increase j  by 1, i.e. 1jj , 
and proceed to the next iteration step. The iteration process 
ends with an adjustment whereby the obtained values of 
standardised adjustments fall within the acceptable range, 
and the resulting new attenuation matrix will not reduce 
the values of weight matrices and then also the values of 
adjustments (within the precision range that has been assumed 
for the calculations). The final weight matrix is an equivalent 
matrix, and the solution that was arrived at based on this 
matrix is the final solution. In the equivalent weight matrix, 
weights that correspond to observations which are fraught 
with gross errors are no longer original weights (with values 
resulting from average measurement errors), but weights with 
reduced values, which are sometimes equal to zero.

NUMERICAL TEST

For a measurement network consisting of five coastal 
radar stations observations were made relative to a vessel 
floating in the Bay of Gdańsk. Bearings were the navigational 
observations that were made. Since the measuring series was 
long, the paper presents measurements for ten positions of 
the vessel. Table 1 presents the values of these observations. 
For the purposes of this study, one of the measurements is 
“fraught” with gross error, which in practice may occur if a 
radar operator has taken an incorrect bearing or if the targeted 

Measurement 
point

The coastal radar stations

0
jZHel 

Lighthouse

Gdynia_KP
Harbour 
Master

Gdynia_S 
Harbour 
Master

Gdańsk 
North Port 

Harbour 
Master

Radar 
Tower Górki 
Zachodnie

Z1 213.9° 114.5° 113.1° 0.8° 334.4° X = 6042478.33
Y =   348331.82

Z2 213.7° 114.6° 113.3° 0.7° 334.3° X = 6042455.38
Y =   348340.88

Z3 213.7° 114.7° 113.3° 0.8° 334.3° X = 6042436.72
Y =   348349.55

Z4 213.6° 114.8° 113.4° 0.8° 334.3° X = 6042423.17
Y =   348355.15

Z5 213.5° 114.9° 113.6° 0.9° 334.3° X = 6042389.72
Y =   348367.64

Z6 213.3° 115.2° 113.9° 1.0° 334.3° X = 6042336.15
Y =   348387.79

Z7 213.2° 115.4° 114.2° 1.0° 334.3° X = 6042313.62
Y =   348395.46

Z8 212.8° 116.0° 114.9° 1.3° 334.3° X = 6042194.18
Y =   348437.39

Z9 212.3° 116.4° 115.3° 1.4° 334.2° X = 6042121.38
Y =   348460.89

Z10 211.8° 117.3° 116.3° 1.8° 334.2° X = 6041954.26
Y =   348519.17

Table 1. Bearings, distances and coordinates for a vessel floating in the Bay of Gdańsk. (Source: own work).

object has been incorrectly identified. For all positions, a gross 
error has occurred in the bearing taken from the radar station 
in the port on the Hel Peninsula.

Table 2 presents the coordinates of the coastal radar 
stations from which bearings were taken.

Table 2. Coordinates of the coastal radar stations (Source: own work).

Item 
no. Coastal station Rectangular coordinates 

(X,Y)

1 Hel Lighthouse X = 6052476.63
Y =   357945.55

2 Gdynia_KP Harbour 
Master

X = 6045669.81
Y =   341309.47

3 Gdynia_S Harbour 
Master

X = 6045119.44
Y =   342083.22

4 Gdańsk North Port 
Harbour Master

X = 6031298.79
Y =   348189.74

5 Radar Tower Górki 
Zachodnie

X = 6027017.31
Y =   355714.79

Due to the large volume of research material, this paper 
only presents the results of the calculations for position Z2. 
The results of all the adjustments that have been made are 
shown in Figure 7. In order to simplify the computational 
process, the authors decided that further calculations would 



POLISH MARITIME RESEARCH, No 3/201510

be performed in a rectangular coordinate system and not in 
a geographic coordinate system. 

The coordinates of a vessel’s position that were determined 
by an officer in charge of a navigational watch are treated as 
the expected coordinates of a vessel’s position at sea. For this 
observational arrangement, a system of adjustment equations 
is assumed, like in formula (4); after the above-mentioned data 
are substituted for the variables in this formula, the following 
elements of the matrix system of adjustment equations are 
obtained – formula (6). 

When the observations that have been made are adjusted 
as part of the first step which is aimed at identifying gross 
errors by using the classical method, the following results 
are obtained:

The matrix of coefficients of the unknowns:

The matrix of constants:

If we assume that the average observation error is 5.0ijm  
for 5,...,1i  and that the observations that have been made 
are independent of one another, the weight matrix of the 
observations takes the following form:

The vector of increments to the expected coordinates is:

Therefore, the vector of adjustments will take the value:

Thus, the estimator of the position fix of a vessel at sea, which 
has been determined by using observations made from coastal 

radar stations, is:

The estimators for the observations are, respectively:

The average error of the estimated coordinates of the vessel 
is, respectively:

m 478.11988
2

ˆ
ZXm

m 639.34554
2ẐYm

Finally, the average error of the position is:

Based on the obtained results, we must determine which of 
the standardised adjustments can represent gross errors. Let 
us assume, for the purpose of the calculations, that 0.95
, and thus 2k . The acceptable range  is as follows: 

2;2k;k . In order to establish which of the 
standardised estimators of adjustments can represent gross 
errors (they do not belong to ), we determine a covariance 
matrix of the estimator for the vector of adjustments  for

10m .
Then we carry out the classification:
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The obtained results show that none of the standardised 
estimators of adjustments belongs to the acceptable range. 
If we employed methods that are used in geodesy, we would 
have to reject measurements that are fraught with such errors 
and then repeat the measurements. However, it would be 
difficult to cause a vessel which is going to a port to return and 
then make the measurements for the same positions again.
In order to neutralise these errors, we can adjust the 
results of measurements again, thus making the results of 
observations robust to gross errors, by using the Danish 
attenuation function. If we assume that   , ˆ 00 PPVV  
and 2   , 0.02 gl  (control parameters in the Danish 
attenuation function), we can calculate the following:
the value of the attenuation function 
(where 2;2k;k );

and the attenuation matrix:

Then we perform calculations by using the iteration method; 
as part of step no. 1 we calculate the following:
the attenuation matrix;

coordinates’ increments:

the vector of adjustments;

diagonal elements of matrix 1
1
V 0

C m

the value of the attenuation function;

and the attenuation matrix
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Since only one standardised adjustment falls within the 
acceptable range, the iterative process of solving the adjustment 
problem by using a method that is robust to gross errors can be 
accelerated by adopting increasingly higher values of parameter l.
Finally, the following solution is obtained:

Figure 7. Error of the vessel’s position which was determined during the study  
(source: own work).

CONCLUSIONS

Radar is one of the basic tools which are used in marine and 
land navigation and which makes it possible to visualise the 
surrounding area. This tool is used as one of the main sources 
of the information about vessel traffic at sea that is passed 
on to vessel traffic monitoring centres. If information about 
moving objects is obtained from several radar stations, this 
may be a step forward in assessing maritime safety since more 
complete and more accurate data will be available about vessel 
traffic in waters that are monitored by radar stations. Once 
it is possible to determine vessels’ exact positions, maritime 
safety in coastal waters will improve because information 
that is necessary for safe navigation will be sent to the bridge.

When measuring the parameters that are used to determine 
a vessel’s position, we can obtain results which will be fraught 
with serious errors if the measurement process is disturbed, 
and in extreme cases such errors can largely deviate from 
the expected results.

Consequently, if a vessel’s position is erroneously 
determined, nautical charts may be incorrectly used for 
navigation and this can pose a threat to maritime safety. 

The authors are not familiar with any other solutions 
which would involve simultaneously using information 
obtained from all coastal radar stations operating within 
the VTS system as well estimation methods that are employed 
in geodesy. At the same time, the use of the whole body of 
information that is provided by VTS systems as well as of 
modern M-estimation methods opens up new possibilities 
for the VTS system operators as regards traffic control and 
updating the positions of vessels in waters that are monitored 
by systems supervising vessel traffic.

In order to reduce the impact of gross errors on the process 
of establishing a vessel’s position, one can use robust estimation 
methods with properly selected attenuation functions; this 
will determine the accuracy with which the position will be 
established. M-estimation methods can significantly correct 
such errors and limit their influence on how a course line is 
drawn on a nautical chart. This paper presents basic robust 
adjustment methods. The analysis has shown that a method 
utilising the Danish attenuation function is best suited to 
the case that is presented here. If the other, i.e. Hampel’s and 
Hubert’s, attenuation functions are used when serious errors 
occur, this leads to an unexpected shift in a vessel’s position.
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ABSTRACT

This paper presents developed optimization methods for sea waterway  systems. Objective function of optimization of 
sea waterway  systems have been formulated and its detail form for fairways has been determined. Three probabilistic 
methods for determining safe bed-breadth of fairway are described. Limitations of the presented methods  are also 
discussed. The developed optimization methods for sea waterway systems have been applied to determine parameters 
of a modernized fairway between  Świnoujście and Szczecin as well as its navigation systems. 

Keywords: Optimization of sea waterway  systems;  sea traffic engineering; probabilistic methods of determination safe breadth of   
  fairways.

INTRODUCTION

System of sea waterways formulated in terms of sea traffic 
engineering consists of several seperated segments (n). Each 
of them consists of three basic elements [1]:

• waterway subsystem,
• ship position determination subsystem ( navigation 

subsystem),
• ship traffic control subsystem.
The elements mutually iteract and significantly influence 

features of the whole system. 
 In practice all the sea waterway segments are often 

subjected to the same traffic control subsystem. On this 
assumption a sea waterway system can be reduced to two 
basic elements only : 

• waterway subsystem,
• navigation subsystem.
System of sea waterways is defined by parameters of its 

elements ( subsystems). The two elements of sea waterway 
system at its particular segments are function of conditions 
for safe operation of ships.  Therefore  a system of i-th segment 
of sea waterway can be described by the following matrix 
expression:

In the above given formula the following matrix description 
was applied :  

 - for waterway subsystem :

where:
ti − type of i-th segment of waterway;
li − length of i-th segment of waterway;
Di −  breadth of accessible navigation area of i-th segment 

              of waterway;
hi − minimum depth of  i-th segment of waterway;.

- for navigation subsystem:

where:
din − accuracy of n-th navigation system at i-th segment 

 of waterway (standard deviation);
min − accessibility of n-th navigation system at i-th 

     segment of waterway (depending on day-time and 
    visibility);

nin − reliability of n-th navigation system at i-th segment 
 of waterway ( technical reliability);

A state vector of conditions for safe operation of ships at i-th 
segment of a considered waterway can be presented as follows [1]:

where:
typ − type of „ a maximum ship”;
Lc − length of „ a maximum ship”;
B − breadth of „ a maximum ship”; 
T − draught of „ a maximum ship”;
Vi − permissible speed of „ a maximum ship” over i-th 

              segment of waterway;
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Ci − tug assistance at i-th segment of waterway (required 
             number of tugs and their towing powers);

Hi − vector of hydrometeorological conditions permissible 
                 for „ a maximum ship” over i-th segment of waterway.

OPTIMIZATION OF SEA WATERWAY 
SYSTEM 

 The optimization of sea waterway system is carried 
out at determination of parameters of basic elements of 
a system under construction or re-construction (waterway 
subsystem, navigation subsystem). Parameters of the 
sea waterway system elements are function of  designed  
(assumed). conditions of ship’s safe operation (vector of state 
of ship’s safe operation). 

 In issues of optimizing the parameters of sea 
waterway systems, an objective function is cost of construction  
(modernization) of waterway system elements and operational 
cost of its subsystems. On the assumptions, the objective 
function can be described as follows [5]:

where:

i.e.:

under constraints:

where:
 Di – accessible navigation water area complying with safe 

 depth condition at i-th segment of  waterway;
di(1-α) – safe maneouvring area at i-th segment of waterway 

   for a „maximum ship” maneouvring in set 
         navigation conditions, determined on the confidence 
      level of  1-α;

Z – cost of construction and operation of a waterway 
             system;

A1 – cost of construction ( re-construction ) of a waterway;
A2 – cost of operation of a waterway;
N1 – cost of construction of a ship position determination 

              subsystem (navigation systems);
N2 – cost of operation of navigation systems;
S – ship operation cost connected with passing a considered 

           waterway ( pilotage, tug assistance etc );
hxy – water area depth in the point x,y;

Txy – ship draught in the point x,y;
Δxy – underkeel clearance in the point x,y.

In the case of sea waterways of constant depth (hxy = const)  
the objective function can be expressed as follows:

under constraints:

where:
 Dj − accessible bed-breadth of a fairway in j-th point of 

 fairway axis;
dj(1-α) − safe breadth of a fairway on bottom level of 

          a „ maximum ship” maneouvring in set navigation 
       conditions in j-th point of fairway axis , determined  
        on the confidence level of 1-α.

PROBABILISTIC METHODS FOR 
DETERMINING THE SAFE BED- BREADTH 

OF FAIRWAY 

Safe breadth of fairway bed is a random variable of 
normal distribution [2; 6]. In optimizing sea waterway 
systems,  probabilistic methods have found their 
application for determining the safe breadth of fairway 
bed. These are simulation methods and  CIRM method  
(CIRM stands for Sea Traffic Engineering Centre). In the 
probabilistic model safe breadth of maneouvring water area  
is  a random variable. For the parameter normal distribution 
is usually assumed, which shows a good conformity with 
real life (Fig.1). Distribution of distance between extreme 
points of maneouvring water area and fairway midline can 
be expressed in the following form [4]:

( )
( )

2

2

2

2
1 pj

pjmy

p
pj eyd δ

δ

−
−

Π
=

  
dlj(y); dpj(y) – densities of distribution of distances between 

                fairway midline and left-hand and right-hand 
             side boundaries of manoeuvring water area;

  
mlj; δlj –  mean value and standard deviation of distances  

    between fairway midline and left-hand side  
      boundary of manoeuvring water area; 

  
mpj; δpj – mean value and standard deviation of distances  

     between fairway midline and right-hand side  
      boundary of manoeuvring water area;

In simulation methods a simplified method for determining 
the safe breadth of fairway consists in determining it in 
function of longitudinal coordinate of fairway axis which, 
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in this case, is equivalent to water area axis.  Breadth of safe 
manoeuvring water area in i-th point of fairway or port 
entrance can be determined for a given series of simulation 
manoeuvres (series of trials) as follows [4]:

where: 
dj(1-α) − safe breadth of a fairway in j-th point of fairway  

       on the confidence level of 1-α;
ylj; ypj − mean arithmetic value of maximum distances  

      from ship’s point to the left and right to j-th point  
      of fairway axis (estimators: ml and mp);

slj; spj − standard deviation of trial series for maximum  
    distances from ship’s point to the left and right  
     to j-th point of fairway axis (estimators : σl  and σp);

c − a coefficient depending on an assumed confidence level  
             (e.g. taken as c =1,96  for the confidence level : 1-α = 0,95).

 Arrangement of a safe manoeuvring water area on 
a fairway is presented in Fig.1. 

Left-hand and right-hand side 
boundaries of fairway

Fairway axis

Fig. 1. Arrangement of safe manoeuvring water area on fairway

 In the CIRM deterministic-probabilistic method 
for determining the safe breadth of fairway it was assumed 
that  the standard deviation of maximum distances from 
ship’s point to the left and right  to j-th point of fairway axis 
is approximated by standard deviation of error in directional 
location of ship’s side to the left and right , determined for an 
appropriate confidence level. The error in directional location 
of ship’s side is determined for a navigation system used by 
the ship over a given segment of fairway [3]. Values of the 
error are properly described by normal distribution. It is 
called a navigational component of safe manoeuvring water 
area , i.e. :

Under the above mentioned assumptions the safe breadth 
of fairway can be determined as follows (Fig. 2) [9]:

where:
dj(1-α) − safe breadth of manoeuvring water area on the  

       confidence level of (1-α), [m];  
dmj − manoeuvring component of  breadth of safe  

  manoeuvring water area determined by using the  
  deterministic method, [m];

dnpj(1-α); dnlj(1-α) − navigational (left and right) components  
        of  breadth of safe manoeuvring water  
         area on the confidence level of (1-α), [m].

Fig. 2. Safe breadth of fairway on a given confidence level

In both the cases , after taking into account a breadth 
margin associated with bank effect, the following safety 
condition for navigation over a given fairway  is to be fulfilled:

where:  
drp; drl − breadth margin for right and left side of fairway, 

In the detail design stage of sea waterways including 
determination of safe bed-breadth values of fairways the 
three following methods may be used : 

1. The simulation method for determining ship motion in 
real time by making use of non-autonomous models including 
navigator as an element [7]. The limitations of the method are:

• possible application to all kinds of waterways except 
of long (> 3 NM) straight segments of fairways;

• required application of appropriate maneouvring 
simulators and software;

• proper experience required from persons making 
use of the method for simulation research and mathematical 
modeling;

• a high accuracy of the method which depends on 
applied simulators , ship models, design of an experimental 
system and  run of processing the obtained results;

• the method is labour - and cost - consuming and 
requires to carry out long-lasting investigations angaging 
a large group of navigators (experts).

2. The simulation method for determining ship motion 
in an accelerated time run by using autonomous models 
including an element being a model of decision-making 
navigator [7]. 
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The limitations of the method are:
• possible application , presently, to only straight 

fairways and in some cases to fairway bends ( appropriate 
accuracy);

• proper experience required from persons making 
use of the method in the area of design of human decision-
making process and ship motion simulation in accelerated 
time run;

• the method is labour-consuming in the stage of 
formulating the simulation model.

Run of such experiment is fast and not labour-consuming. 
 
3. The CIRM deterministic-probabilistic method developed 

by Sea Traffic Engineering Centre , Maritime University of 
Szczecin [7].

 The limitations of the method are the following : 
• possible application to all kinds of waterways;
• a lower accuracy compared with othe simulation 

methods;
• the method , being empirical , does not require to 

carry out any experimental investigations. 

APPLICATION OF THE DEVELOPED 
METHODS TO MODERNIZATION OF 
ŚWINOUJŚCIE-SZCZECIN FAIRWAY 

The modernization of Świnoujście-Szczecin fairway 
consists in dredging the fairway up to 12,5 m depth, its 
appropriate broadening as well as fitting it with navigation 
systems making safe navigation of to-be-operated ships, 
possible. 

As assumed, the basic navigation systems for Świnoujście-
Szczecin fairway will be the following:

• a terristic system (optical one) accessible at the  
 visibility up to 2 NM;

• a pilotage navigation system (PNS);

whereas an additional system will be :
• a radar system.

The „maximum ships” assumed for the calculations are 
the following [6]:

• a cruising ship  (Lc = 260 m; T = 9,0 m);
• a container carrier  (Lc = 210 m; T = 11,0 m);
• a bulk carrier  (Lc = 195 m; T = 11,0 m);
and , taking into account that the ships do not carry 

dangerous goods , the confidence level equal to

was  assumed. 
 Under such assumptions the objective functions was 

expressed in the following form: 

with the constraints:

where:
Z − cost of modernization of Świnoujście-Szczecin fairway  

       (its dredging, broadening, and modernizing the  
            navigation system);

Dj − accessible bed-breadth of the fairway at 12,5 m depth  
             contour in j-th point of fairway axis;

dijk − safe bed-breadth of the fairway in j-th point of fairway  
                axis for i-th type of „ maximum ship” passing through  
              the fairway  in k-th navigation conditions. 

Determination of a minimum value of the safe bed-breadth, 
dijk(0,95), of the fairway was performed in two phases.   

In the 1st phase a minimum safe bed- breadth of the fairway 
on the confidence level of 0,95 was determined for particular 
segments of Świnoujście-Szczecin fairway between 16th and 
67th km of its length by using the CIRM method. Fig. 3 shows 
calculation results for the cuiser going from Świnoujście to 
Szczecin.

Fig. 3. Safe breadth of Świnoujście-Szczecin fairway for the cruiser going from 
Świnoujście to Szczecin, calculated for the existing navigation marking on the 

confidence level of 0,95

On the basis of calculation results reached with the use 
of CIRM method, final  values of bed-breadth of the fairway 
were obtained for its straight segments as well as parameters 
of their navigation systems. 

In the 2nd phase, the simulation method of ship motion 
in real time was applied to calculate safe breadth values 
of fairway bends.  The research was performed by using 
a Konsberg Maritime AS Polaris multi-bridge maneouvring 
simulator fitted with 3D-projection visualization. By means 
of the simulator, 3D geometrical models of the considered 
fairway bends as well as simulation models of the examined 
„maximum ships” were formed, assuming safe isobates for 
12,5 m depth determined by using CIRM method.  

 The investigations were carried out in series for two 
directions of wind of 10 m/s speed and sea current of 0,7 kn 
speed. Particular simulation passages in series, of 12÷15 
in number , were executed by different pilots. On the basis 
of  the values of safe bed-breadth of the fairway, calculated 
on the 0,95 confidence level , accessible navigation water 
areas for Świnoujście-Szczecin fairway of 12,5 m in depth 
and parameters of navigation systems for these areas were 
determined.
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Exemplary results of the 2nd phase investigations for the 
Święta bend (58,5 km ÷ 60,0 km) are presented in Fig. 4 and 5.

Bank line

Fairway axis

12,5m isobate ( preliminarily designed)

Accessible navigation water area ( at 12,5m 
isobate)

Safe bed-breadth of fairway on 0,95 
confidence level

Fig. 4. Święta bend. Safe bed-breadth values of the fairway, determined on  
0,95 confidence level, and the accessible navigation water area ( north part) 

Bank line

Fairway axis

12,5m isobate ( preliminarily designed)

Accessible navigation water area ( at 12,5m 
isobate)

Safe bed-breadth of fairway on 0,95 
confidence level

Fig. 5. Święta bend. Safe bed-breadth values of the fairway, determined on  
0,95 confidence level, and the accessible navigation water area ( south part)

CONCLUSIONS

 In this paper has been described the optimization 
method for sea waterway systems, based on three probabilistic 
methods for determining safe values of fairway bed-breadth. 
Thes are the following: 

• the simulation method for determining ship motion 
in real time by making use of non-autonomous models;

• the simulation method for determining ship motion 
in accelerated run of time;

• the CIRM deterministic probabilistic method.

 The developed optimization method may be applied 
in the detail design stage of waterway system; however,  taking 
into account accuracy and cost consumption of the particular 
methods for determining safe values of fairway bed-breadth, 
the following sequence of their application has been proposed:

Phase 1. Optimization of parameters of waterway system, 
carried out by means of CIRM method to reach the following:

− determination of optimum values of parameters of 
straight segments of fairways and their navigation systems;

− preliminary determination of parameters of complex 
maneouvring water areas of fairways, to be used in Phase 2. 

Phase 2. Optimization of parameters of complex 
manoeuvring water areas of wateway system , carried out 
by means of simulation methods of ship motion in real time  
to reach the following:

− determination of optimum values of parameters 
of complex manoeuvring water areas of  fairways and their 
navigation systems.

The above described two-phase optimization method of 
sea waterways was applied to the modernization project of 
Świnoujście-Szczecin fairway. The modernization consisted 
in dredging the fairway from 10,5 m up to 12,5 m depth, 
that forced:

• to change conditions of safe operation of ships sailing 
along the fairway;

• to determine optimum parameters of the fairway 
and its navigation systems.
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CELESTIAL NAVIGATION FIX BASED ON PARTICLE SWARM 
OPTIMIZATION
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ABSTRACT

A technique for solving celestial fix problems is proposed in this study. This method is based on Particle Swarm 
Optimization from the field of swarm intelligence, utilizing its superior optimization and searching abilities to obtain 
the most probable astronomical vessel position. In addition to being applicable to two-body fix, multi-body fix, and 
high-altitude observation problems, it is also less reliant on the initial dead reckoning position. Moreover, by introducing 
spatial data processing and display functions in a Geographical Information System, calculation results and chart work 
used in Circle of Position graphical positioning can  both be integrated. As a result, in addition to avoiding tedious 
and complicated computational and graphical procedures, this work has more flexibility and is more robust when 
compared to other analytical approaches.

Keywords: Particle Swarm Optimization; Celestial navigation; Intercept method

INTRODUCTION

Even today, when navigation is dominated by GPS, 
a traditional celestial fix still serves as a valuable backup measure. 
Nevertheless, as we enter the 21st century, traditional methods for 
computing a fix using celestial navigation can no longer meet the 
requirements of modern vessels in terms of calculation speed and 
precision. The need arises for further improvements that utilize 
information technology. The 2010 amendment to the STCW 
Code placed a continuing emphasis on celestial navigation–
related education and training. It also encouraged the usage of an 
electronic nautical almanac and celestial navigation calculation 
software. In response, many researchers have resorted to 
computer programs to deal with celestial navigation positioning. 
Problems that could not be solved previously using an inspection 
table can now be solved with the Spherical Triangle Method or 
the Vector-Matrix method, which give vessel positions directly. 
With these efforts, great advancements have been made in 
celestial navigation technology. 

Because the independence of celestial navigation can 
complement other navigation methods, research into how 
to apply information technology in a celestial navigation 
approach proves especially relevant. This study uses 
particle swarm optimization (PSO) from the field of swarm 
intelligence, which mimics natural swarm optimization 
behaviours, due to its superior search ability. This technique is 
combined with a geographical information system (GIS) and 
the principle of using celestial circles of equal altitude for a fix 
to give a fast and accurate calculation of the Most Probable 
Position (MPP). The proposed method and framework can 
potentially be integrated into an Electronic Chart Display 
and Information System (ECDIS).

PRINCIPLES OF A CELESTIAL 
NAVIGATION FIX

The purpose of celestial navigation, as traditionally 
practiced, is to determine the latitude and longitude of 
a vessel at a specific time, through observations of the altitudes 
of celestial bodies, which are used to determine the observed 
circle of position (COP). When more than two sets of data 
are obtained, the vessel’s position can be calculated through 
graphical, combined graphical and computational, or direct 
computational procedures using sight reduction methods such 
as High-Altitude Observation and the Intercept Method (IM), 
or computational methods. The basic principles of a celestial 
fix remain unchanged today, and are the basis for a number of 
methods. The following is a review of several celestial navigation 
fix methods with their respective advantages and shortcomings.

CIRCLE OF POSITION FIX PRINCIPLE
 

According to the relationship between celestial and Earth 
coordinates, in which they are each other’s projections, an 
observer’s COP is the projection of the circle of zenith distance 
onto the surface of the Earth. The centre of the COP is the 
Geographic Position (GP) of the celestial body. The radius of 
the circle is the zenith distance (co-altitude) of the celestial 
body (Figure 1). In order to estimate the vessel’s position, 
one must observe at least two celestial bodies from the same 
location, thus producing two celestial COPs and two points of 
intersection. The point of intersection closest to the estimated 
vessel position is the observed vessel position. The principle 
of the COP fix is quite simple and can theoretically be carried 
out as long as one can plot the COP directly onto a chart.
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However, it is not feasible in practice for the following 
reasons. Firstly, the radii of most circles of equal altitude 
are too large to be plotted on a chart. Secondly, graphical 
distortion at high latitudes is apparent on the commonly used 
Mercator chart, and the distortion increases with the latitude 
of the GP. Therefore, a graphical fix by directly plotting the 
COP is limited only to high-altitude observations. However, 
a high-altitude observation is only suitable for an observed 
altitude of greater than 87° (Chen et al., 2003). It is difficult 
to use a sextant for high-altitude sighting, and the probability 
of a bright star being near the zenith at any given time and 
place is small. Thus, there is little desire for high-altitude 
observations in ordinary navigation.

Fig. 1. The COP fix principle

LINE OF POSITION FIX PRINCIPLE

Because the altitudes of most celestial bodies are less than 
87°, Marcq de St Hilaire first introduced the Assumed Position 
(AP) to form the altitude difference, or the Intercept Method 
(IM), to overcome the limitation of high-altitude observations 
(Peacock, 2011), which has become the basis of virtually all 
present-day celestial navigation methods. The basic concept 
of the IM is to choose an AP at the nearest probable position 
and take it as the reference position to calculate the altitude 
and azimuth. By comparing the computed altitude (Hc) 
and observed altitude (Ho), the difference between the two 
altitudes (called the intercept or altitude difference) can be 
obtained. Therefore, once the AP, the computed azimuth of 
the body, and the intercept are all determined, the Line of 
Position (LOP) can be plotted. The COP can then be converted 
to the line of position (LOP). 

However, the entire process consists of observing, 
calculating, and plotting. Even when performed by 
professional seafarers, one astronomical positioning will 
take around 20 minutes. Moreover, the accuracy of finding 
astronomical vessel positions by the IM is subject to the 
following two restrictions:

1. The distance between the AP and vessel’s actual 
position largely affects the accuracy of the result. 
Therefore, this distance should not exceed 30 nautical 
miles (NM).

2. When the altitude of the observed celestial body 
exceeds 70° or the vessel is navigating in waters at 
high latitude, the resulting error of curvature will 
increase when using the LOP in lieu of the COP on 
the Mercator Chart. 

Because of these restrictions limiting the accuracy, the IM 
has inherent drawbacks. Thus, a direct computation method 
is required, and the concept of the circle of equal altitude is 
reconsidered.

DIRECT COMPUTATION METHOD FOR CELESTIAL 
NAVIGATION FIX

 
With recent advances in information technology, the 

problems of the celestial navigation fix can be solved using 
the Spherical Triangle Method, the Vector-Matrix Method, 
or other computational methods with the aid of computer 
programs. There are three classes of solutions:

1. Exact solutions to a two-body fix, such as those by 
Chiesa and Chiesa (1990), Spencer (1990), Gibson 
(1994), Chen et al.(2003), Hsu et al. (2005) and González 
(2008). These methods are based on full 3-D geometry, 
vector solution, or spherical trigonometry, and are not 
dependent on approximations or an assumed position. 

2. Methods which are based on straight lines of position 
(each of which is a small arc of a circle of position) on 
a flat Earth near an estimated or assumed position. 
These methods can be applied to any number of 
observations ≥ 2. Traditional hand-calculation and 
chart-based methods fall into this category, as does 
the least-squares method by DeWitt (1974), which 
was independently derived by Yallop and Hohenkerk 
(1990) and described in the Nautical Almanac and 
used in HMNAO’s NavPac software. 

3. Other least-squares techniques, including those of 
Watkins and Janiczek (1978), Severance (1989), Metcalf 
and Metcalf (1991), Kaplan (1995) and Wu (1991), are 
not based on circles or lines of position at all. Although 
they minimize the sum of the observational variances 
(the variance being the square of the altitude intercept) 
they do not rely on any geometric approximations. 
Some of them require an estimated (a priori) position, 
and in the case of Kaplan’s algorithm, an estimated 
course and speed. Tsou (2012) employs genetic 
algorithm, similar to this study, to solve celestial 
navigation fix problems. This method can prevent 
from converging toward a local optima, but require 
a longer calculation time. 
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If direct computation is adopted, the choice of initial 
reference positions, such as the DR position or the EP, can 
be unconstrained. Furthermore, the previously described 
limitations are eliminated. In a computational procedure, the 
precision of a solution is no longer a major issue, as no graphical 
procedures and tables are required. In these circumstances, 
upon obtaining an accurate celestial Greenwich Hour Angle 
(GHA) and Declination (Dec), the precision of a celestial fix 
primarily depends on the accuracy of the observed altitude 
of the celestial body, provided that calculations are carried 
out correctly. This study is founded on these principles and 
improves upon the theory of the COP fix.

CELESTIAL NAVIGATION FIX BASED ON 
PARTICLE SWARM OPTIMIZATION

 
This study utilizes the PSO technique from the field 

of swarm intelligence to solve celestial fix problems. 
Modifications are made specifically for its integration and 
implementation into celestial navigation.

DIRECT FIX USING THE EQUATION OF COP. 
 

In this study, the central idea behind the celestial circle 
of equal altitude fixing is to find the best fit to the altitude 
of a celestial body observed as a function of time. The Hc of 
a celestial body is given as a function of the Dec and GHA 
of the celestial body, and the observer’s probable longitude 
(λ), and latitude (L) by:

where i = 1, …, n stands for the ith celestial body and its 
observation data.

The GHA and the Dec can be found according to time of 
observation in the Nautical Almanac or its electronic edition. 
Equation 1 is the equation of the celestial COP. Since the 
actual vessel position can be seen as a function of the altitude 
of the celestial body, which is a nonlinear function of L and 
λ, we cannot solve Equation 1 directly. Therefore, the latitude 
and longitude of the actual vessel position may be obtained 
by comparing the difference between Hc and Ho using the 
PSO technique and an appropriate fitting algorithm. With 
all the appropriate Dec and GHA values in Equation 1, any 
combination of altitudes of celestial bodies can be used. 

PARTICLE SWARM OPTIMIZATION 

PSO is a computational method that was originally proposed 
by Eberhart and Kennedy (1995) for simulating behaviours 
in a bird flock to optimizes a problem by iteratively trying to 
improve a candidate solution with regard to a given measure 
of quality. When using PSO to solve optimization problems, 
the solution corresponds to the position of a particle in the 
search space. Each particle has its own position and velocity, 
which decides the direction and distance of movement. In the 
process of iteration, every particle’s movement is influenced 
by its local best-known position (pbest) and is also guided 

(1)

toward the best-known position (gbest) in the search-space, 
which are updated as better positions are found by other 
particles. This is expected to move the swarm towards the 
best solutions. PSO does not require that the optimization 
problem be differentiable as is required by classic optimization 
methods such as gradient descent and quasi-Newton methods 
and can search very large spaces of candidate solutions. 

Particle information can be represented by an 
n-dimensional vector. Its position can be expressed by  
X = (x1, x2, …, xn), and its velocity by V = (v1, v2, …, vn). The update 
equations for particle velocity and position are, respectively:

and

where w is the inertial coefficient, the main purpose of 
which is to generate a disturbance in order to prevent the 
calculation from becoming trapped in a local optimum. The 
maximum value of w is 0.9, and it decreases linearly with 
the evolutionary process to 0.4. A larger w means a stronger 
global optimization capacity and a weaker local optimization 
capacity, and vice versa. The terms c1 and c2 are acceleration 
coefficients (or learning factors). Usually, c1 = c2 and both 
are random numbers in the interval [0, 2]. The coefficient c1 
adjusts the flying velocity towards the best-known solution 
of the particle, while c2 adjusts the flying velocity towards 
the best-known solution of the entire swarm. Overly small 
values of c1 and c2 may cause particles to move further away 
from the target area and, conversely, overlarge values of c1 
and c2 can result in them overshooting the target area. The 
values r1 and r2 are random numbers in the interval [0, 1]. 
The velocity v is usually limited to a certain range, i.e., it lies 
in the interval [−vmax, vmax]. 

This study also includes the concept of a constriction factor 
that was later proposed by Kennedy and Eberhart (1997). It 
further improves on Equation (3) with:

and

where f = c1 + c2 and n is the constriction factor. Similar to 
vmax, it is used to control and constrain the particle velocity. 
It also enhances the local search ability of the algorithm and 
improves the overall convergence.

The underlying principles and mechanisms of PSO are 
relatively simple, and the algorithm is easy to realize. At 
present, multi-body fixes in celestial navigation positioning or 
computer programs for the IM generally use the least squares 
mean method. However, a least squares mean method that 
proceeds from some initial value by decreasing the gradient 
of the goodness-of-fit parameter can converge to a local 

(2)

(3)

(4)

(5)
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minimum that is not the best solution when high-altitude 
observations are used (Metcalf and Metcalf, 1991). It was 
found in this study that the PSO method cannot only avoid 
this problem, but also possesses some advantages over other 
computational methods. Ten particles were used in this study. 
Each particle X represents a possible vessel position. It has 
two dimensions: longitude and latitude. The MPP is searched 
for using the optimization mechanism of the PSO method. 
More observation data will produce better estimation results.

DESIGN OF THE OBJECTIVE FUNCTION
 

In the past, the most optimal vessel position in the majority 
of multi-body celestial fixing problems was solved for by data 
fitting. In this study, the variance of the altitude residuals 
is minimized through PSO. The altitude residual is defined 
as the difference between Ho and the Hc computed from 
Equation 1:

(6)

The aim of Equation 6 is to find the most appropriate 
location (of longitude and latitude) in the solution space 
from the observational data of n celestial bodies so that F is 
minimized. When the result converges to meet the acceptance 
criteria, the MPP is found.

CONSTRAINT CONDITIONS  

Although PSO is not sensitive to initial conditions, the 
position of each particle X can be determined according 
to whether a reference position exists. If there is one, the 
particle position is chosen randomly based on this reference 
position and limited to the search range. Otherwise, the 
particle position can be any random location on the Earth. 
The reference position here is essentially different from the 
AP or the DR position in the IM. The reference position in 
this study is used to limit the search range and provide the 
effects of a heuristic search. Therefore, although the reference 
position can be set to be the same as the DR position, there 
is no limitation imposed on the DR position in the IM that 
the distance to the actual vessel position cannot exceed 30 
NM. It is only an approximate reference position, and it can 
be hundreds or even thousands of NMs away.

However, a reference position closer to the DR position 
will result in a faster convergence. Therefore, if a DR position 
is available, it should be used as the reference position to 
accelerate the search. A reference position should be set 
in two-body celestial fix problems in order to determine 
which one of the two points of intersection from the COPs 
of the two celestial bodies is the actual vessel position. Multi-
body celestial fixing does not require an initial guess for the 
position in this study, which means that a reference position 
does not need to be set. However, the number of iterations 
can be reduced by setting one, thus speeding up the search. 
The velocity of each particle must be within the search range.

CORRECTION OF THE OBSERVED ALTITUDE IN 
 A RUNNING FIX.  

When performing the multi-body celestial fix at sea, 
there is some time difference between observations. It 
is therefore necessary to correct the zenith of the COP 
in the last observation to the same zenith position of the 

following observation. When the distance travelled between 
two consecutive observations does not exceed 30 NM, the 
following formula is used to calculate the correction of the 
altitude (Δh) in the running fix:

in which V is the speed (in knots), ΔA is the angle between 
the observed azimuthal direction of the celestial body and 
the true course of the vessel, and ΔTm is the time interval (in 
minutes) between the two observations. 

PLOTTING THE COP
 

Due to the large radius of the COP and graphic distortion 
at high latitudes when conducting graphical positioning on 
the Mercator chart, the application of direct graphical fix 
method was restricted to high-altitude observations. If the 
functionality of the GIS can be further modified, then the 
previous limitations on positioning with manual chart work 
will not apply on an electronic chart under a GIS environment.

This study proposes to include a function that constructs  
a COP, based on vector analysis (González, 2011), in a celestial 
navigation fix module in GIS. As long as there is a GP of 
the celestial body and a Ho, the entire COP can be directly 
constructed in a GIS environment in any projection. By utilizing 
the spatial analysis function in a GIS to obtain intersection points 
of the COP, the vessel’s position can be measured, which can 
then facilitate positioning and serve as an aid to set the initial 
position, to assess the likely accuracy of the fix .

RESULTS VALIDATION 

The validity of this study was verified by using observation 
data from both two celestial bodies and multiple celestial 
bodies, and also by using data at high altitude. Using several 
important methods of astronomical navigation fixing 
published in the literature in recent years, three cases were 
tested and compared. The adopted comparison methods are: 
the traditional IM; the computerized IM by DeWitt (1974) 
that was published in the Nautical Almanac, U.S. Naval 
Observatory (Kaplan, 1995); the vector-matrix method by 

(7)
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Metcalf and Metcalf (1991); the Simultaneous Equal-Altitude 
Equation Method (SEEM) by Hsu et al., (2005); and the vector 
analysis method by González (2008). The methods proposed 
by Hsu et al., and González are only applicable in a two-body 
celestial fix. The other methods do not have this restriction. 
Visual Basic.Net 2010 was used as the development tool. In 
order to plot the COP and to add visual effects, the COM 
component of the GIS was also used. This was also used for 
education on celestial navigation and integration with an 
ECDIS in the future.

TWO-BODY FIX

The data for this case study was taken from Hsu et al., 
(2005). It only contains observational data of two celestial 
bodies. All methods were tested using two different DR 
positions. Table 1 contains the relevant observation data 
and the results are presented in Table 2.

Tab. 1. Extract of relevant information from Hsu et al. (2005) for two-body 
observation

Tab. 2. Two-body fix positions

Fig. 2. Results of the two-body fix by PSO

The experimental results of the PSO are shown in Figure 2. 
Before execution, two COPs may first be plotted and displayed 
through a GIS module. The vessel position can be measured by 
mouse control and is used as a reference for setting a reference 
position. It can be seen from Table 1 that the observed altitude 
of Alkaid is as high as 77° 34.9’, which exceeds the upper limit 
of 70° specified in the IM. Hsu et al., (2005) found that for 
high-altitude observation, an LOP drawn using the IM was 

shifted due to curvature error, thus resulting in an inaccurate 
vessel position. It can be seen in Table 2 that all methods 
but the traditional IM can find the correct vessel position 
when the first DR position (DR 1) is used; i.e., the distance 
between the DR position and the actual vessel position is less 
than 30 NM. This implies that the traditional IM indeed has 
a limitation on the observed altitude. 

It is worth noting that the method proposed by Metcalf 
was designed for a multi-body celestial fix. When used in 
a two-body fix, a virtual star must be assumed, and the 
latitude of the DR position is set to be its Dec. The longitude 
of the DR position needs to be converted to the GHA of the 
star. The computation can be performed after setting the 
observed altitude of the star as 90°. Therefore, the accuracy 
of positioning when using Metcalf ’s method in a two-body 
fix is affected by the selected DR position.

In the case of the second DR position (DR 2), a greater 
error occurs in the IM due to the larger distance between 
the DR position and the actual vessel position. DeWitt’s 
method can reach the correct vessel position after 5 iterations. 
Metcalf ’s method, meanwhile, has produced a noticeable 
error. Although other methods, including PSO, can obtain the 
correct vessel position, some degree of prior DR knowledge 
is needed to help identify the answer. However, relatively 
speaking, the requirement on the accuracy of the initial 
position is lowered.

Some unlikely extreme experiments are designed in this 
study. One experiment is setting the DR position north of  
L = 60° N, λ = 17° W, i.e., with high latitude and far away. 
Another is to have two COPs intercept at only one tangent 
point. In these two cases, the IM, DeWitt, and Metcalf 
methods fail while the other methods can still give the correct 
vessel position. 

MULTI-BODY FIX.  

There are four celestial bodies involved in this case study. 
Table 3 presents the relevant observation data. In this multi-
body fix problem, a correction on the running fix is also 
applied. González’s and Hsu’s methods are not applicable in 
this situation. The experimental results are tabulated in Table 
4 and Figure 3. The vessel position obtained using the IM is 
slightly different due to errors in the graphical procedures. 
All other methods reach the same vessel position. Metcalf ’s 
method and the PSO technique do not require a DR position 
to find the correct vessel position.

Moreover, in a multi-body celestial fix, to prevent some 
abnormal observation data from affecting the overall 
accuracy, a correction on the weights is applied. Those closer 
to the vessel position are given a larger weight. This point is 
explained by comparing Figures 4 and 5. The vessel position 
in Figure 4 is obtained without applying weight correction, 
and it is at the centre of the big cocked hat. Figure 5 shows 
the vessel position with corrected weights, in which case it 
falls into the smaller cocked hat.

Results obtained using PSO show a good agreement with 
those obtained using other methods. The applicability of PSO 
on both the two-body fix and multi-body fix is thus verified.
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Tab. 3. Multi-body fix data

Tab. 4. Multi-body fix positions

Fig. 3. Results of the multi

-body celestial fix by PSO

Fig. 4. Vessel position with uncorrected weights

Fig. 5. Vessel position with corrected weights

HIGH-ALTITUDE OBSERVATION FIX

In this example, a high-altitude observation of the Sun 
was performed three times before and after its transit. When 
the Sun is in a low latitude region within a few minutes of 
the transit, its altitude can reach above 88°, and its azimuth 
changes remarkably fast. In this situation, the curvature of 
the LOP makes the IM inappropriate to use. A high-altitude 
graphical method or a computational method must be used. 
Therefore, if 2–3 observed altitudes of the Sun before and 
after the transit time are available, then the vessel position 
can be obtained from a high-altitude observation of the Sun. 
Table 5 contains observation data of the Sun’s altitude, and 
experimental results are shown in Table 6.

Tab. 5. High-altitude observations

 Tab. 6. High-altitude fix positions

The experimental results of using PSO are shown in Figure 6. 
The COPs from three observations of the Sun give two points 
of intersection, A and B. The two points are very close, and 
therefore an inappropriate DR position will lead the algorithm 
to converge to a non-optimal position. It can be seen from 
Table 6 that the PSO and Metcalf methods do not require  
a DR position as reference. As a result, they can find the 
correct vessel position, or point A.

On the other hand, DeWitt’s method is sensitive to the 
initial DR position. When the DR position is DR 1, the 
correct vessel position can be obtained. However, when the 
DR position is DR 2, DeWitt’s method finds point B as the 
vessel position, which is incorrect. Since B and DR 2 are only 
about 20 NM apart, the algorithm is mistaken in finding the 
correct vessel position when in fact it has fallen into a local 
optimum.

Fig. 6. Results of a high-altitude observation using PSO
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COMPARISON AND DISCUSSION

By comparing the three test cases, it can be determined 
that, although González’s and Hsu’s methods are accurate 
and do not need an AP to solve the problem, they are limited 
to only a two-body celestial fix. DeWitt’s method, Metcalf ’s 
method, and the PSO method proposed in this study can 
perform the fix with any number of celestial bodies and 
therefore have a wider applicability. Metcalf ’s method is very 
convenient, fast, and accurate at solving a multi-body fix and 
high-altitude observations. However, it becomes inconvenient 
for solving a two-body fix, in which case a virtual star must 
be assumed based on the DR position. The accuracy of the 
positioning is affected by the DR position. It also violates 
Metcalf ’s claim that positioning can be performed without 
needing a DR position as a reference. DeWitt’s method has 
wide applicability and can produce an accurate fix. However, it 
is still an IM in nature, which means that it has some inherent 
limitations. The accuracy must be improved by increasing the 
number of iterations. It is also possible for the algorithm to 
converge to a non-optimal solution.

The PSO method proposed in this study is applicable in all 
cases. It is not only accurate and robust, but also relies less on 
the DR reference position. However, the PSO consumes more 
computational time than the other methods. Though, a correct 
vessel position can be obtained within 10 iterations (less than 
2 seconds) that can still meet the real time requirement for 
modern marine navigation. 

CONCLUSIONS

In this work, we utilized Particle Swarm Optimization from 
the field of swarm intelligence, due to its superior optimization 
and searching ability, to compute the astronomical vessel 
position. This technique, used in combination with the GIS 
and the principle of using circles of position in a celestial 
navigation fix, allows for a fast, direct, and accurate calculation 
of a vessel’s optimal position. Test results showed that the 
proposed method not only can be applied in two-body fix, 
multi-body fix, and high-altitude observation problems, but 
it is also less reliant on the initial dead reckoning position. In 
combination with an electronic nautical almanac module, it 
can be seen as a prototype for integration with an ECDIS. It 
can serve as an ancillary positioning option and as a useful 
tool in celestial navigation–related education.
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ABSTRACT

In this study numerical and analytical approaches were investigated in terms of accuracy of their results, practicality 
of solution and ability to reproduce the main features of the parametric roll phenomenon such as loss of stability and 
bifurcations in parametric roll motion analysis of ships. In general, single-degree-of-freedom analytical approach is 
based on reducing number of degrees of freedom from 3 to 1 by  using the quasi-static Froude-Krylov assumption, 
incorporating heave and pitch effects by means of a time varying restoring moment. On the other hand, numerical 
approaches to motion of six and four degrees of freedom are based on three dimensional diffraction/radiation and 
potential flow theories. In summary, this paper reveals that analytical approaches are sufficiently adequate to obtain 
accurate practical results for this relatively complex phenomenon.

Keywords: Parametric roll motion; bifurcations; panel method; AQWA

INTRODUCTION

The first publications about parametrically excited roll 
motion appeared in 1930s and 1940s by Watanabe and Kempf 
[1,2], respectively. Roll motion of a ship in longitudinal waves 
have been studied by a number of researchers including Graff, 
Heckscher [3], Kerwin [4], Paulling and Rosenberg [5]. The 
first experimental observation of parametric roll was done by 
Paulling et al in San-Francisco Bay [6]. Although its theoretical 
existence has been known for a long time, parametric roll 
attracted a great deal of interest in recent years because of 
the incidents that resulted in damages [7,8]. Results of studies 
about Post-Panamax C11 class containership which sustained 
extensive loss and damage to deck-stowed containers in 
October 1998 showed that Post-Panamax containerships 
tend to experience parametric roll motion in extreme weather 
[7]. These casualties led designers, researchers and regulatory 
authorities to initiate further research and investigations. 
Among the researchers  Spyrou [9], Neves, Rodrigues [10] 

and Bulian et al. [11] focused attention on nonlinear aspects 
and effects of changing tuning factors on parametric roll 
motion. In addition, some researchers focused attention on 
probabilistic properties of parametric roll [12,13,14,15,16]. 
The state of the art in development of methodology and 
regulations for assessment of ship intact stability, can be 
found in [17].

Ships sailing in longitudinal waves are excited by the 
hydrostatic and hydrodynamic forces. Differing the geometry  
of ship’s wetted hull form with respect to wave crest position 
has an important role on roll motion. In regular waves, the 
excitation is periodical with a finite period and certain ratios 
of encounter and natural frequencies which may lead to loss 
of stability. The most dangerous situation usually occurs in 
the first parametric resonance region in which wave length 
is approximately equal to the ship length at an encounter 
frequency that is twice greater than the roll natural frequency. 
In this case, the variation of restoring moment causes the 
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roll angle to increase drastically unless other factors such 
as damping come into play. This particular state is called 
the parametric roll resonance phenomenon. A detailed 
explanation of the physics behind parametric roll has been 
given in [12] and assessment of parametric roll resonance in 
design of container carriers has been presented in the guide 
of American Bureau of Shipping [13].

In the literature, parametric roll resonance phenomenon 
has been investigated with the use of  both numerical and 
analytical approaches.  Both the solution methods have their 
own advantages depending on a purpose of application. 
Numerical approaches are suitable for solving coupled 
motions in time domain. Neves and Rodriguez used a two-
dimensional analysis for a set of equations for coupled heave, 
pitch and roll motion with 2nd and 3rd order nonlinearities 
describing the restoring action [18]. Levadou and Van’t Veer 
used coupled nonlinear equation of motion in time domain 
with 3 and 5 degrees of freedom ( DOF) [19]. The nonlinear 
excitations are incorporated by pressure integration over the 
actual wetted surface while diffraction forces are considered 
linear. Hydrodynamic effects are calculated in the frequency 
domain by a 3D panel code and are incorporated in the time 
domain by adopting the impulse response function method. 
France et al. [7] and Shin et al. [12] used a similar approach 
with a hybrid singularity based on Rankine source in the near 
field and transient Green’s function in the far field. 

On the other hand, analytical approaches have some 
practical advantages such as  possibility of determining roll 
amplitudes and bifurcations above the stability threshold. 
An alternative simplified approach is possible for reducing 
number of DOF from 3 to 1 with the quasi-static Froude-
Krylov assumption [20,21]. Based on these assumptions, 
both direct and indirect effects of waves may be evaluated. 
It is believed that the quasi-static approximation may be 
a good model which is able to assess the main features of the 
phenomenon such as loss of stability and bifurcations [21]. 

In this paper, both numerical and analytical approaches 
were applied to predict large roll amplitudes in time and 
frequency domain. 6 -DOF and 4- DOF time domain 
simulations based on 3D panel code and single- DOF time 
domain simulation considering heave and pitch effects by 
means of time varying restoring moment were used for 
numerical DOF approaches. 6 DOF and 4 DOF time domain 
simulation approaches were applied by using AQWA-LINE 
and AQWA-NAUT software which are capable of calculating 
motions by using 3D diffraction/radiation and potential flow 
theory. The single - DOF time and frequency domain models 
based on reducing  number of DOF from 3 to 1  by using the 
quasi-static Froude-Krylov assumption [20,21,22] were used 
for analytical approaches. In the models, heave and pitch 
effects were considered by means of time varying restoring 
moment [20,21,22]. Basically, three analytical approaches 
were used in the present study. The first is Bulian’s PolyFour 
Model, the other one is the simplified model which may be 
considered a simplified version of the first model [21,22] , and 
the other one is linear model [23]. The accuracy of numerical 
and analytical approaches were evaluated by comparing 

experimental results obtained for the sample ship form [21].

DESCRIPTION OF MODELS

ANSYS AQWA program suite was used for 6 -DOF, 
5 -DOF (surge, sway, heave, pitch and roll) and 4 - DOF 
(surge, heave, pitch and roll) analyses. AQWA-NAUT uses 
frequency - domain results for added mass and damping 
coefficients to obtain time-history analysis results of ship 
motions in regular waves by calculating hydrodynamic 
forces acting on the ship at each time step. AQWA-LINE 
program module calculates harmonic ship motion amplitudes 
and hydrodynamic coefficients in frequency domain. The 
program calculates hydrodynamic forces acting on the ship by 
integrating hydrodynamic pressure over the wetted surface of 
the ship. It calculates Froude-Krylov forces due to unscattered 
- incident wave potential, diffraction forces due to diffracted 
wave potential and radiation forces due to the resultant 
potential of 6 - DOF motion of the ship hull. Furthermore, 
the potentials are handled by a boundary surface method, 
distributing pulsating sources on the ship wetted surface by 
assuming a mean equilibrium position in the calm water by 
means of Green’s theorem [24].

In analytical approaches, models should be simplified to 
obtain steady state solution in frequency domain. The effect of 
non-hydrostatic pressure can usually be neglected for regular 
waves longer than half of the ship’s length. Therefore, non-
hydrostatic pressure referred as Smith effect is neglected. 
Sway and yaw motions are neglected by considering the 
capability of the ship to keep her course. It is assumed that the 
ship is able to maintain a constant speed, accordingly surge 
motion is neglected. On these assumptions, only roll motion 
is taken into account in the present analysis. The influence 
of roll on pitch and heave could be modeled as an explicit 
forcing, whereas the influence of heave and pitch on roll can 
be modeled as a parametric excitation by utilizing quasi-static 
Froude-Krylov assumption [20,21]. The essence of quasi-static 
assumption is balancing heave and pitch statically in a wave. 
In this study, non-hydrostatic effects under a wave profile 
are neglected and restoring moment curves are computed 
with standard hydrostatic calculation software. Quasi-
static assumption is carried out in order to solve the model 
analytically without unnecessary cumbersome calculations. 
A detailed explanation of the procedure may be found in [21,22].  

Assuming that the displacement of the ship is constant, 
roll motion equation is written in the following form:

          (1)

where is moment of inertia, is roll angle, 
),(B is damping function and  is restoring 

function.  Eq. (1) may be re-written as;

                       (2)

In Eq. (2),  may be approximated by different 
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expressions. Bulian used Eq. (3) to identify the GZ surface 
analytically [21 ]. 

 (3)

 (4)

In the above-mentioned study, )( cj xA values are 
polynomial coefficients for each wave crest position and can 
be expressed as Fourier series in the variable cx  with main 
period equal to the wave length W . Nh is the maximum 
number of harmonic components that can be estimated from 
polynomial coefficients by using Nyquist sampling theorem 
[25]. Coefficients of the Fourier series related to )( cj xA  are 
calculated as follows:

 (5)

In the simplified model, unlike the aforementioned 
model, GZ surface is approximated more simply by using 
only polynomial coefficients of wave- crest and wave- trough 
GZ curves. Furthermore, the values between aft and fore of 
a ship are approximated by a sinusoidal function. 

   (6)

Coefficients “m” and “k” in Eq. (6) are obtained from 
restoring moment curves in wave crest and wave trough 
conditions.

                    (7)

                      (8)

                       (9)

In Eq. (7) and (8), “c2n-1,crest and c2n-1,trough ” show the 
coefficients of polynomials fitted to the restoring moment 
curves in wave- trough and wave- crest conditions. 7th degree 
polynomials are used for developing the restoring moment 
surfaces. In this study, quadratic damping and linear damping 
terms are used. 

Steady state solution of the equation of roll motion in 
longitudinal waves was carried out by means of the averaging 
method in order to determine bifurcations in frequency domain. 
The averaging method was introduced by Bulian [21] to 
estimate roll amplitudes in frequency domain.  Bulian’s 
PolyFour model and simplified model are solved by using 
the same procedure as that  applied in [21]. Time domain 
solution of the simplified model was carried out by using the 
4.5 order Runge-Kutta (Dormand-Prince) method.

1- DOF linear model is based on linear Mathiue-Hill 
equation and its solution Ince-Strutt diagram [23]. Resonant 
frequencies can be estimated easily by using Ince-Strutt 
diagram. But predicting roll amplitudes at these frequencies 
is not possible. Stability of pitchfork bifurcations at minimum 
and maximum frequencies, in other words , ship speeds can 
be predicted by using a method detailed in [22].

SAMPLE SHIP AND ENVIRONMENTAL 
CONDITIONS

The sample ship used throughout the analysis is of a frigate 
form whose experimental tests were carried out at the towing 
tank of DINMA [21].The experiments were carried out for 3 
DOF (heave, pitch and roll) [21].The sample ship has no bilge 
keels and appendages. The form and main characteristics 
of the sample ship, named F1, is given in Fig. 1 and Tab. 1, 
respectively. 

Tab.1. Main characteristics of the sample ship

Type LBP B T KG
F1 Frigate 120.00 m 14.25 m 4.060 m 6.557 m

Fig. 1: Frame body plan of the sample ship
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In this study, wind force was neglected in order to create 
results which are comparable with the experimental ones. 
AQWA mesh model and pressure contours of the sample 
ship are presented in Fig. 2.

Fig. 2  AQWA mesh model and pressure contours of the sample ship.

The wave length and wave height were chosen equal to 
120 m and 2.4 m, respectively. In AQWA program suitable 
thrust forces were chosen to include ship speed and altering 
wave effect.  Non-dimensional linear damping coefficient is 
chosen equal to 0.212. Bulian’s values with respect to Froude 
number given in Fig. 3 and 4 are used for nonlinear damping 
coefficient. 

Fig. 3 Linear part of the damping term in Eq. (9)

Fig. 4 Nonlinear part of the damping term in Eq. (9)

RESULTS OF THE ANALYSES

As explained above, the maximum roll amplitudes with 
respect to ship speed were determined by using different 
approaches. Roll amplitudes over ship speeds were simulated 
in time domain by using AQWA-NAUT™ for various thrust 
forces.  Sway and yaw motions are neglected in 4-DOF model 
by considering course keeping capability of ship. Maximum 
roll amplitudes and mean ship speeds obtained by means 
of AQWA-NAUT™ (4, 5 and 6 DOF) were plotted in Fig. 5  
in comparison with the experimental results obtained in 
DINMA [21]. It can be perceived that the results of AQWA-
NAUT (4 DOF) and (5 DOF) are in good agreement with the 
experimental results in general, however, there is no results of 
AQWA-NAUT (6 DOF) where the ship has no course keeping 
capability at speeds higher than 3 m/s. It is observed that 
periodic variation of ship speed has no unfavorable effect 
on results. 

Fig. 5  Comparison of AQWA-NAUT results with the experimental results

Comparison of the analytical results with the experimental 
results was given in Fig. 6. Roll amplitudes from Bulian’s 
model are approximately  by 10° lower than the experimental 
and AQWA-NAUT results (Fig. 6). However, this fact does 
not suggest strong conclusive evidence that they may be 
disregarded in preliminary design. The simplified model 
was solved for both linear and nonlinear damping conditions 
(Fig. 6). The amplitudes acquired from the simplified model 
for nonlinear damping are approximately by 5° lower than 
the experimental results. However, when linear damping 
is used, the results of the simplified model are in good 
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Fig. 7 Comparison of the simplified model (linear damping) and AQWA-NAUT (4 DOF) results with the experimental results

Fig. 8 Variation of roll angles in time domain at neighborhood of 0.7 m/s ship speed

Fig. 6 Comparison of approximation method results and experimental results

Fig. 9 Variation of ship speed in time domain 
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agreement with the experimental results. Results of linear 
model (Mathieu-Hill Eq.) are also a stable trivial solution 
of the simplified model. Unstable trivial solution means 
 a boundary of speeds in which parametric roll motion starts 
(minimum and maximum ship speeds).

Results of AQWA-NAUT (4 DOF) and simplified model 
with linear damping were compared in Fig. 7. It can be 
perceived that results are in good agreement in a region 
where fold bifurcation occurs. Amplitudes obtained from 
AQWA-NAUT (4 DOF) were approximately by 10° higher 
than the amplitudes resulting from the simplified model 
(linear damping) at following waves. The experiments were 
made for only head waves therefore fold bifurcation could 
not be proved experimentally. 

The time domain simulation procedure applied in 4- DOF 
approach is repeated in 5- and 6- DOF calculations with the 
use of AQWA-NAUT in a specific condition. The results of 
AQWA-NAUT calculations given in Fig. 8 are compared with 
the results of analytical simplified model in time domain. 
Variation of ship speed is presented in Fig. 9. As it can be 
observed from Fig. 8, the results of AQWA-NAUT calculations 
with 4 and 5 DOF are compatible with each other but results 
of  calculations with 6 DOF differ a little from 4 -DOF and 5 
-DOF results due to the degrees of freedom. Results of sway 
and yaw motion in 6- DOF simulations are shown in Fig. 10 
and Fig. 11.  Results of the analytical model in time domain are 
obtained by solving the equation numerically. It is observed 
that maximum roll amplitudes do not exceed 15º unlike 

Fig. 11 Variation of sway motion in time domain 

Fig. 12 Results obtained from AQWA-NAUT and the simplified model in frequency domain , and the resonance region diagram with respect to initial values

Fig. 10 Variation of yaw motion in time domain 
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AQWA-NAUT results since there is fold bifurcation. The fold 
bifurcation means that there are three different solutions and 
the obtained result is the smallest one due to initial values , 
as shown in Fig. 12. Resonant and non-resonant regions are 
also plotted with respect to initial values in Fig. 12.  

CONCLUSIONS

In this study, results obtained from numerical and 
analytical approaches were compared with experimental 
results for parametric roll evaluation of a sample ship. 
Selection of the solution method has a great influence on 
setting up the model. A ship sailing in longitudinal regular 
waves experiences 6 - DOF motions under wind and wave 
effects. Therefore, the model has to be set up by considering 
6 - DOF motion to obtain more accurate results. For this 
reason, AQWA-NAUT™ program was used for the numerical 
analysis. The program was applied in three modes, namely: 
of 6 DOF, 5 DOF and 4 DOF. The results of analyses with 
6 DOF, 5 DOF and 4 DOF are highly complying with the 
experimental results. It may be concluded that 5-DOF and  
4- DOF time domain simulations are good tools for 
determining roll amplitudes. It should be noted that the 
results of 6 - DOF simulations naturally differ from 4-DOF 
results because of the presence of sway and yaw motions. 
Oscillation of ship speed is included as a second excitation 
term in restoring moment for roll motion in longitudinal 
waves, as expressed in Eq. (10). In Eq. (10), V(t) can be 
assumed a sinusoidal function (Fig.9), hence it can be said 
that excitation is doubled depending on amplitude of V(t).  
However results of this study revealed that oscillation of 
ship speed has no unfavourable effect (Fig.7). Comparison of 
constant speed and oscillating speed indicates that amplitudes 
of about 0.3 m/s in value are not adequate to change results.

  (10)

Numerical simulations usually start with a particular 
initial condition that lies in a specified domain of attraction. 
Thus, co-existence of any other steady state solutions 
cannot be estimated without changing the initial condition. 
Numerical solutions are somewhat inadequate to give a global 
picture of the response curve and bifurcations involved in the 
phenomenon. However, an analytical approach is usually able 
to give such an overall view in a more practical way. In addition, 
analytical approaches have some practical advantages such 
as determining roll amplitudes and also bifurcations above 
the stability threshold. It is strongly believed that the quasi-
static approximation maybe a good model producing the 
main features of the phenomenon such as loss of stability and 
bifurcations [21,22].  In this study, two analytical approaches 
were used: Bulian’s PolyFour and simplified models [21,22] 
in which nonlinear damping term was applied. It is found 
that the results of Bulian’s PolyFour and simplified models 

containing nonlinear damping term are in good agreement, 
comparatively. However, they are not in a close agreement 
with the experimental results: PolyFour model result is 
approximately by 10° lower and the simplified model result is 
approximately by 5° lower than the experimental results. The 
simplified model was also run with linear damping term. As 
seen from Fig. 4, the result of the simplified model with linear 
damping term complies satisfactorily with AQWA-NAUT 
and experimental results. Damping coefficients have great 
effect on results, but unfortunately they cannot be predicted 
accurately without full-scale experiments. Ships designed 
for high speed have lower block coefficients and these ship 
forms tend to encounter parametric roll motion more than 
others. In this study, a frigate ship form of block coefficient 
equal to 0.453, was chosen. Behaviour of other ship forms 
can be found in [21] and [22]. The most important factor of 
parametric roll motion is restoring moment term. The shape 
of wave crest-wave trough restoring moment curves and roll 
responses of container ships and frigates are almost the same 
as indicated in [22].

Finally, this study indicates that using the linear damping 
term gives comparable results and the nonlinear damping 
term is not demanded. The most important advantage of 
the analytical approach is ability of determining types of 
bifurcation.  It is critically important to determine the type of 
bifurcations since they lead to jump phenomenon. It should 
be also stressed  that subcritical bifurcations may lead to large 
roll amplitudes or capsizing [26,22].
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ABSTRACT

Intensive development of infrastructure for fast processing of outsized amount of space-borne data enables now to use 
the satellite data for operational controlling the state of its environment. In our presentation we show some examples 
of analysis of processes in marine environment which are possible due to satellite data and algorithms of its processing 
developed in SatBaltic Project. It concerns supporting of modelling of solar energy inflow to the sea with space-borne 
input data, identification and analysis of sea ice cover, supporting of oil spill detection, and identification of phenomena 
which modify spatial distribution of the sea surface temperature.

Keywords: satellite remote sensing, Baltic, SST, solar energy, sea ice, oil spill

INTRODUCTION

Systematic observations of the Earth environment from 
space started in the late seventies of the 20th century. Due 
to these data our knowledge about some environmental 
processes and phenomena has increased rapidly. It concerns 
both global processes and, in not smaller degree, local ones 
like, for instance, those occurring in the Baltic Sea. Fast 
development of infrastructure for efficient processing of the 
extensive amounts of data enables now to use the space-borne 
information for continuous, operational monitoring of the 
state of the environment. 

Effective use of satellite data comprises two components. 
On the one hand, it requires new, complex algorithms that 
allow converting the electromagnetic signal registered by 
sensors onboard of the satellite to physically meaningful 
quantities characterizing the state of the environment. On 
the other hand, these new, specific information has to be 
incorporated into the analysis, which often had been limited 
or even impossible with the use of traditional sources of 
data. These were the assumptions on the basis of which the 
SatBaltic Operational System has been set up. Its main goal is 
to accomplish, in a possibly wide range, the above-indicated 
activities in relation to the Baltic Sea. In this work we show 
some selected examples of the application of the satellite data 
to the analysis of physical processes in marine environment, 
based on the algorithms created within the SatBaltic Project 
at the Institute of Oceanography, University of Gdańsk. 
In Section 1 we briefly present examples of particularly 
challenging and important groups of processes analyzed 
in the project: detection of clouds, oil spills and sea ice. The 
analysis of solar radiation and sea surface temperature (SST), 

shown in Section 2, demonstrates how the data obtained as 
a result of our algorithms can be applied in oceanographic 
research.

The presentation of the algorithms begins with those 
devoted to cloudiness. Among the components of the 
terrestrial atmosphere, cloudiness is the one that, with its 
high temporal and spatial variability, influences the solar 
irradiance at the sea surface to the highest degree. The solar 
irradiance at a given place depends on whether the Sun is 
obstructed by clouds totally, partly or not at all, and in what 
degree the clouds are transparent to the light. The related 
challenges lie not only in reliable estimation of the influence 
of clouds on the amount of solar radiation reaching the sea 
surface, but also in detecting totally cloudless regions, in 
which it is possible to determine such variables as SST or 
the surface chlorophyll concentration. Even small cloud-
masking errors can result in serious errors in the analysis 
of these quantities.

Huge oil spills from oil platforms or tankers, being 
result of accidents, can seriously affect marine and coastal 
environment, but they are rare and relatively easy to detect. 
In the Baltic Sea, the main source of oil pollutants is illegal 
dumping of oily wastes from ships. Regular, small-scale 
spills, contribute to high overall amount of the hydrocarbons 
released to the environment, whose negative impact cannot 
be diminished [3]. They require frequent observation of large 
areas in order to identify as many events as possible. For this 
reason, the routine aerial surveillance nowadays is usually 
supported by the satellite SAR (Synthetic Aperture Radar) 
data.
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The third of the presented algorithm examples concerns 
sea ice, the monitoring of which has practical importance for 
marine transport and fishery, as well as weather forecasting, 
as sea ice is an important component of winter climate of 
the large parts of the Baltic Sea region. Experiments with 
a mesoscale Weather Research and Forecasting (WRF) model, 
performed in the SatBaltic project, suggest that the quality 
of sea ice data has significant influence on the simulated 
weather not only over the sea, but also the surrounding land.

DEVELOPMENT OF ALGORITHMS FOR 
SPACE-BORNE DATA PROCESSING

CLOUDINESS

During daytime, the simplest method of observation 
of cloudiness from space is based on the visible part of the 
spectrum where white clouds are easy noticeable on the 
background of a dark sea. There are several radiometers 
which can observe the Earth’s colour from space [1] [10], but 
because of the high temporal dynamics of this phenomenon 
it is important to choose the source that provides data as 
frequently as possible – preferably devices working on 
geostationary satellites. The area of the Baltic Sea is located 
in the field of view of SEVIRI (Spinning Enhanced Visible 
and InfraRed Imager) working on board of Eumetsat’s 
Meteosat Second Generation (MSG) satellite. It observes the 
Earth in 12 spectral channels and produces its image every 
15 minutes. Basing on these data, it is possible to calculate 
“cloud fraction” that corresponds with the meteorological 
cloudiness, and “cloud transmission” which characterises 
the amount of solar radiation transmitted by clouds. Details 
of the algorithm are presented in [6]. In practice, the only 
alternative to such information is atmospheric modelling, 
but as one can see in Fig. 1, very often a good agreement in 
results at one time instance is followed by a total inconsistency 
at one time instance is followed by a total inconsistency at 
another. Independent measurements of solar radiation do 
not leave doubt which data are closer to reality. 

As described in Section 2.1, SEVIRI provides the first, 
crucial component to the set of input data necessary to operate 
the solar energy transmission model. It enables calculation of 
the most important parameter which influences the majority 
of processes in marine environment.

 SUPPORT OF OIL SPILL DETECTION

Oil spills may be detected in the SAR-C images because 
of the damping effect of the oil on the backscattered 
signals from the radar instrument. This local decrease of 
backscattered energy appears as a dark spot in the image. 

SAR can collect data independently of weather and light 
conditions, what makes it an excellent tool to monitor illegal 
spillages. Before ENVISAT, European Space Agency’s 
satellite which operated from 2002 to 2012, access to SAR 
data was limited due to their high costs. Currently, a similar 
instrument operates on the Sentinel 1 satellite.

Fig. 1. Example nine days of variability of cloudiness observed from space and 
modelled (top) and solar irradiance measured (bottom) in the vicinity of Hel

The problem with interpretation of SAR data in the context 
of the oil pollution monitoring is the fact that oil spills are 
not the only phenomena causing dark spots in the images. 
Amongst phenomena causing misleading look alikes are also: 
grease ice, intensive algal blooms, windless areas known as 
“calm areas”, or upwelling regions. To distinguish oil slicks 
from their look alikes, knowledge about their specific features 
and environmental conditions has to be taken into account. 
Thus, manual inspection of SAR images, by highly-qualified 
operators, is still the most popular technique. Operators use a 
software that can calculate some spot attributes, but they still 
have to go through the whole image manually. This is time 
consuming and many ideas for automation of this process 
have been proposed over time. Our team contribute to solve 
this problem [5].

The goal of our work, undertaken as a part of the SatBaltic 
Project, was to develop a methodology that would improve 
inspection of the SAR images. Particular emphasis was put 
on the adaptation to the specificity of the seas, like Baltic Sea, 
where small, elongated oil spillages take place due to shipping 
activities and their location is difficult to predict.

We proposed an object-oriented approach to the radar 
image interpretation using the ENVISAT ASAR (Advanced 
SAR) images and eCognition software for image interpretation 
(Fig. 2). The algorithm consist of four main steps: pre-
processing of the data, hierarchical segmentation, dark spot 
recognition and their classification.

The algorithm utilizes a multi-resolution segmentation 
technique to obtain a hierarchy of objects at various scales. 
Such approach to the segmentation process enables to detect 
oil slicks, which vary in scales, and also to put dark objects in 
context of their surroundings defined by larger regions. The 
classification scheme is based on a ‘decision tree’ logic, which 
aims to eliminate look-alikes rather than classify all dark spots 
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into categories. A number of aspects is taken into account 
in the classification process, e.g., the shape characteristics 
and contrast to the surroundings, or position relative to the 
land, major shipping routes and the neighbouring objects 
on the sea surface.

Fig. 2. Sample ASAR image with the confirmed oil spill (indicated in frames) 
and result of the algorithm – a classified image (source of data: ESA, ASAR 

WSM, VV, May 7, 2008)

The algorithm seems to be very reliable. Its performance 
was tested on a group of oil spills recorded by HELCOM. After 
automatic extraction of all dark spots from ASAR images and 
elimination of over 95 % of them as look-alikes, over 95% of 
known oil spills has been successfully identified. We plan to 
improve and adapt this algorithm for Sentinel-1 data, and to 
run it in operational mode in the nearest future.

SEA ICE

Many challenges related to the satellite monitoring of sea 
ice are common with those that accompany determining 
other sea/land surface characteristics (e.g., lack of data in 
cloud-covered regions in visible imagery, or limited space/
time data coverage in ASAR data [7]). Other are specifically 
related to sea ice properties. In order to fully characterize the 
state of the sea ice cover in a given area, a number of such 
properties have to be measured, including ice concentration 
(fraction of the sea surface covered with ice), thickness 
distribution, floe-size distribution, ice age and type (level 
ice, frazil ice, deformed ice etc.; Fig. 3), albedo, snow-cover 
thickness, velocity, temperature, and so on. Many of these 
properties are strongly scale-dependent, i.e., they change 
with changes of the resolution of observation/analysis, which 
makes comparisons of results obtained with different methods 
difficult if not impossible.

Whereas satellite sea ice monitoring is difficult in general, it 
is particularly challenging in the case of seasonal sea ice, which 
is thin, has relatively low albedo and high temperature (in the 
early phases of freezing close to the albedo and temperature 
of the surrounding sea water), and due to its low mechanical 
strength is easily deformed and broken during storm periods 
and susceptible to fast melting under favourable conditions. 
Consequently, the state of the ice cover may change rapidly in 
periods with strong wind and/or air temperature variability. 
These events – interesting scientifically and important from 
the point of view of marine transport and weather prediction 
in affected areas – pose a particularly demanding test for 
satellite algorithms and expose their limitations. A storm over 

the northern Baltic Sea in early March 2010 provides a good 
example (Fig. 4). Under strong westerly winds  associated with 
a fast-moving low-pressure system, the hitherto compact ice 
cover in the Gulf of Bothnia broke up and drifted to the east, 
leaving large areas of open water in the western parts of the 
basin (Fig. 4d, h). This significant change is resolved neither 
in the low-resolution (1°) Global Forecasting System (GFS) 
dataset (Fig. 4a, e), nor in the Group for High Resolution 
SST (GHRSST) dataset dedicated to the Baltic Sea (Fig. 8b, 
f; resolution 0.03°) – both popular products with several 
applications, e.g., in numerical modelling. In both cases the 
sea ice extent after the storm is hardly different from that 
before the event. The results of the algorithm developed as part 
of the SatBaltic project (Fig. 4c, g) are much more realistic. 
The algorithm (suitable for operational use) produces daily 
maps of sea ice extent based on the whole set of SEVIRI data 
from a given day, i.e., 96 maps (available every 15 minutes) 
from 3 visible (VIS) and 4 infrared (IR) channels. This enables 
to reduce the number of gaps in the final product, because, 
first, all pixels that have been cloudless even during a very 
short time during a day are included in the analysis, and 
second, the time-variability of values from a given pixel can 
be used as an indicator of the presence of clouds. The core 
of the algorithm, which performs the essential classification 
of the data into 3 classes (water, clouds, and ice), operates 
on the VIS data; at further stages, correction to the initial 
results is performed based on the IR data in order to improve 
detection of thin, low-albedo ice. Importantly, each sea ice 
map is produced from the previous one by actualizing the 
values of those pixels that could be identified as either water 
or ice; in other words, the final products are not updated in 
permanently cloud-covered regions.

Fig. 3. Fragment of a MODIS Terra image of the Gulf of Bothnia  
from March 3, 2010
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Cross-validation with other sea ice products from the 
period 2010–2014 (not shown), as well as analysis of selected 
cases like the one presented above, confirm reliability and 
accuracy of the method, but also reveal its main limitation. 
Namely, in December and January – periods with short 
daytime and persistent cloudiness over the northern Baltic Sea 
– the average time interval between subsequent updates of the 
maps over the Gulf of Bothnia equals 5 days (as compared to 
1.5–2 days in March and 0.5–1 day in April). Hence, although 
the SEVIRI-based algorithm is very attractive (apart from the 
ice extent and albedo, it provides a possibility to determine 
the temperature of the ice surface), it illustrates the need 
for combining data from many different sources in order 
to obtain sea ice information sufficiently complete in space 
and time. 

APPLICATION OF SATELLITE DATA IN 
ANALYSIS OF THE ENVIRONMENT 

2.1. SOLAR ENERGY

The amount of solar energy reaching a given place at sea 
surface depends on the position of its source (solar zenith 
angle) and the state of Earth’s atmosphere in terms of its 
components that influence solar radiation transmission 
on the way from its upper boundary. The amount of solar 
energy can be determined by means of direct measurements 
or calculations with the use of various models of different 
precision and complexity. Both measurements and 

Fig. 4. Examples of satellite sea ice products (a-c, e-g) and SMHI ice charts (d, h) for the Baltic Sea, showing situation before and after a storm in March 2010  
(a-d: 7th March, e-h: 12th March). GFS sea ice concentration (a, e), GHRSST sea ice extent (b, f),  

SatBaltic sea ice albedo in the High Resolution Visible (HRV) channel (c, g)

calculations, are particularly complicated over the sea area 
due to problems with the exact information about the main 
components of the atmosphere. In the case of models, their 
accuracy can be improved by use of information from space. 
In the simplest way, the solar irradiance at the sea surface 
Es(λ) can be expressed as:

where: λ denotes the wavelength; ϑ – the solar zenith angle, 
Fs(λ) – the spectral density of the solar constant; β=Rs/R – 
the factor defining the annual variability of the distance 
between the Earth and the Sun (R and Rs – actual and mean 
distance between the Earth and the Sun, respectively) and T – 
transmission function depending on all important processes 
of light attenuation in the atmosphere. It can be expressed in 
the form of the product:

where subscripts R, a, O3, wv, G and cl denote dependency 
on molecular scattering, attenuation by aerosols, absorption 
by ozone, water vapour and other atmospheric gases, and 
attenuation by cloudiness, respectively. Optimal forms of 
some transmission functions in equation (2) can be worked 
out on the basis of space-borne data about such variables 
as cloudiness, aerosol optical thickness or ozone and water 
vapour content in the atmosphere [4]. Below, we present 
results of model calculations in which some input data were 
replaced by space-borne source.

(1)

(2)
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CLOUDS

Cloud transmittance was calculated based on measurements 
taken in channel 12 (HRV) of SEVIRI. It has spatial resolution 
of 1 km in the sub-satellite point, recalculated for Baltic to 
a 4-km grid. The map in Fig. 5 presents the mean diurnal 
cloud transmission. The ultimate result of the calculations, 
i.e., the daily dose of solar energy at the sea surface, shown 
later, was obtained as a sum of the SEVIRI data available 
every 15 minutes.

AEROSOLS

From the point of view of the solar radiation transmission, 
aerosols are the second-important component of the 
atmosphere. Due to their impact on light, their monitoring 
from space is performed in a visible part of the spectrum, 
which means that is possible only in the daytime and in 
cloudless areas. Standard algorithms used to determine 
the aerosol optical thickness (AOT) are based on data from  
a single spectral channel of the AVHRR (Advanced Very High 
Resolution Radiometer) [9]. The data of AOT that are used 
to determine Ta (eq. 2) are operationally archived by NOAA 
CLASS (Comprehensive Large Array-data Stewardship 
System) based on one week’s worth of data. Their spatial 
resolution is 100 km. An example of this product for the 
Baltic Sea is shown in Fig. 6. 

Fig.5. Mean daily cloud transmission at July 22, 2014 on the basis of SEVIRI 
data

Fig. 6. Aerosol optical thickness on July 22, 2014 on the basis of AVHRR data

OZONE

Absorption of solar radiation by ozone has a crucial 
importance for life on our planet. In standard conditions, 
its role consists in cutting off the UV-wavelength below 280 
nm. For the total solar radiation at the sea level, absorption 
by ozone has minor importance. Nevertheless, the use of 
space-borne ozone information for determination of TO3 in 
the model of light transmission in the atmosphere makes 
calculations more reliable. Satellite remote sensing of the 
total ozone in both the stratosphere and troposphere is based 
mainly on measurements of the ultraviolet albedo of the Earth. 
An example in Fig. 7 presents the results of analysis made 
within the framework of TOAST (Total Ozone Analysis using 
SBUV/2 - Solar Backscatter UltraViolet Version2 and TOVS 
- Tiros-N Operational Vertical Sounder). It produces total 
column ozone in the troposphere and lower stratosphere on 
the basis of measurements in the UV-range, made by SBUV/2 
instrument and in infrared in mid-to-upper stratosphere by 
TOVS. 

SOLAR ENERGY FLUXES AT THE SEA SURFACE

The above-mentioned continuous observations of the 
Earth’s environment from space provide self-contained 
information about state of the terrestrial atmosphere. 
The knowledge obtained in this way makes the results of 
atmospheric modelling much more reliable, particularly 
when instantaneous, short-time results are of interest. 
A good example of information which can be obtained in 
that way is spatial distribution of photosynthetically active 
radiation (PAR). Beside the SST and the surface chlorophyll 
concentration, it is desirable to calculate intensity of such 
complex and important processes like the primary organic-
matter production and the photosynthetically released oxygen 
in the water. An example result of the PAR calculation with  
a model working as a part of the SatBaltic Operational System 
[11] is presented in Fig. 8. An assessment of the accuracy 
of the model in regard to in situ measurements at the Hel 
station showed an increase of the linear correlation between 
the modelled and measured values from 0.87 to 0.94 when 
non-satellite input data were substituted by space-borne ones. 

Fig. 7. Total column ozone in the atmosphere over Baltic Sea at July 22, 2014 
on the basis of TOAST analysis (values in Dobson units)
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Fig. 8. Example of daily sum of photosynthetically active radiation at the sea 
surface at July 22, 2014 calculated within SatBaltic Operational System

SPATIAL DISTRIBUTION OF THE SEA SURFACE 
TEMPERATURE

There were many radiometers providing SST data over the 
history of environmental remote sensing. One of them is the 
AVHRR radiometer operating since 1978 on board a series 
of American NOAA satellites and now also on the European 
METOP -A and -B. Its three thermal infra-red bands let to 
estimate SST in clear-sky conditions with errors less than 
1 K and a resolution of 1 km. 

In the Baltic Sea area, frequent cloudiness often partially 
or entirely precludes the use of satellite sensors for recording 
radiation leaving the sea surface in the thermal infra-red 
bands. Thus, precise algorithms for detection of cloudiness, 
as well as ice cover, are required to mask areas where SST 
estimation is not possible. Despite this limitation, nowadays, 
by combining historical satellite data derived from different 
radiometers (AVHRR, MODIS, SEVIRI, etc.) we have access 
to huge database suitable for analysis of long-term changes 
in SST. In situ data, of course, provide longer time series of 
water temperature observations, but they are usually limited 
to the few coastal monitoring stations. Satellite data enable to 
study spatial variations of the climate change effects (Fig.9).

Fig. 9. Linear trends of the annual mean SST in the period 1986–2005 based 
on AVHRR and MODIS data from PO.DAAC (Physical Oceanography 

Distributed Active Archive Center) database

The general utility of the satellite data is even more apparent 
in studies of episodic phenomena such as upwelling currents 
or spreading of fresh-water inflows. 

Coastal upwellings in the Baltic Sea [8] brings water from 
below the thermocline to the surface, where it mixes with the 
upper-layer waters. During summer and autumn, when the 
sea surface is warm, upwelling is seen on infrared satellite im

ages as a local drop in temperature up to several degrees. 
Thermal fronts derived from SST maps show spatial scale 
of this phenomenon and its development in time (Fig. 10). 

Fig. 10. Example of SST distribution (AVHRR June 30, 2008) with evidence 
of a coastal upwelling event along the Polish coast and location of thermal 

fronts determined on the basis of a gradient analysis on a sequence of images 
collected during 7 days

In the southern part of the Baltic, rivers bring to the sea 
a lot of suspension and dissolved organic matter, which 
influence the transparency of sea water. Due to the high 
dynamics of riverine plumes, investigation of the extent of 
offshore penetration of the fluvial waters is difficult. However, 
they usually differ from seawater in temperature, especially in 
spring and autumn, when inflow is also the highest. This fact 
enables us to use thermal radiometers for investigation of the 
extent of offshore penetration of the riverine waters. It gives 
contemporary information to maps of optical parameters (e.g. 
diffuse light attenuation coefficient Kd in Fig. 11) derived from 
ocean colour data, which are limited to daily observations 
(Fig.11).

Fig. 11. Example of SST distribution with evidence of the fresh water 
inflow from the Vistula River and collocation of thermal fronts with spatial 

distribution of turbid waters (MODIS April 1, 2005)

CONCLUSION

The problems presented in this paper demonstrate, on the 
one hand, an immense potential to increase our knowledge 
about environment if observed from space, and on the other 
hand, how much can be done yet in that matter. The examples 
shown were often based on data recorded by “classic” satellite 
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radiometers (AVHRR, MODIS, ASAR, SEVIRI). Some of 
them (ASAR/ENVISAT) have already ended their activity, 
others, for example MODIS, are approaching the end of 
their longstanding missions. Nevertheless, the very positive 
experience with them results in preparing new missions. One 
of them, in which our group is engaged, is a family of ESA’s 
missions called Sentinels [2]. Its first member, Sentinel 1, was 
launched on April 3, 2014. Its activity gives us an opportunity 
to remove at least some of the problems related, e.g., to sea ice 
monitoring (our sea-ice algorithm based on archival ASAR 
data gave very promising results). The next one, Sentinel 3 
which should start this year is a multi-instrument mission 
to measure sea-surface topography, sea- and land-surface 
temperature, ocean colour and land colour with high-end 
accuracy and reliability. Another one, Sentinel 4, is a payload 
devoted to atmospheric monitoring that will be embarked 
upon a Meteosat Third Generation-Sounder (MTG-S) satellite 
in geostationary orbit. 

This is only a small example of the very fast development of 
the Earth observing system; it shows that every activity leading 
to the development of infrastructure suitable to process the 
ever-increasing amounts of data is justified and still needed. It 
can guarantee a better knowledge of phenomena and processes 
that occur in the ever faster changing environment, and give 
us a chance of better understanding the surrounding world.
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ABSTRACT

The SatBałtyk (Satellite Monitoring of the Baltic Sea Environment) project is being realized in Poland by the SatBałtyk 
Scientific Consortium, specifically appointed for this purpose, which associates four scientific institutions: the Institute 
of Oceanology PAN in Sopot – coordinator of the project, the University of Gdańsk (Institute of Oceanography), the 
Pomeranian Academy in Słupsk (Institute of Physics) and the University of Szczecin (Institute of Marine Sciences). 
The project is aiming to prepare a technical infrastructure and set in motion operational procedures for the satellite 
monitoring of the Baltic Sea ecosystem. The main sources of input data for this system will be the results of systematic 
observations by metrological and environmental satellites such as TIROS N/NOAA, MSG (currently Meteosat 10), 
EOS/AQUA and Sentinel -1, 2, 3 (in the future). The system will deliver on a routine basis the variety of structural 
and functional properties of this sea, based on data provided by relevant satellites and supported by hydro-biological 
models. Among them: the solar radiation influx to the sea’s waters in various spectral intervals, energy balances of 
the short- and long-wave radiation at the Baltic Sea surface and in the upper layers of the atmosphere over the Baltic, 
sea surface temperature distribution, dynamic states of the water surface, concentrations of chlorophyll a and other 
phytoplankton pigments in the Baltic waters, spatial distributions of algal blooms, the occurrence of coastal upwelling 
events, and the characteristics of primary production of organic matter and photosynthetically released oxygen in the 
water and many others. The structure of the system and preliminary results will be presented.

Keywords: bearing capacity factor, displacement, compression, tension, depth factor

INTRODUCTION

Highly significant part of the ongoing transformation 
of the Earth’s natural environment worldwide is being 
played by processes taking place in marine ecosystems. It 
leads researchers to intensify the studies and monitoring of 
the state and productivity of different seas and oceans. For 
many years now, various environment state parameters were 
measured at sea using traditional in situ methods on board 
of research vessels. Such traditional methods are costly, not 
very effective and do not satisfy some of the present-day 
requirements. Monitoring of the vast expanses of seas and 

oceans, characterized usually by high temporal variability 
requires  more systematic approach. Development of remote 
methods to investigate the functioning of marine ecosystems, 
particularly those based on satellite observations of sea colour, 
enables the efficient global monitoring of the state of the sea. 
The paper presents some of the most essential results from 
SatBałtyk project. Its aim is to develop monitoring system 
for the Baltic, based mostly on the space born information. 
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SHORT HISTORY OF REMOTE SENSING OF 
THE BALTIC SEA

The beginnings of the remote sensing of the Baltic 
Sea by Polish scientists go back to the early 1990s. It was 
a time when they start to develop on the one hand the 
modelling of bio-optical phenomena taking place in the sea 
[8,13,14,20,22,23,25], and on the other hand, remote optical 
methods for studying the functioning of marine ecosystems, 
in particular techniques based on satellite observations 
[6,7,11,12,15,17,24].

In 2001–2005 the Institute of Oceanology PAN, together 
with the Institute of Oceanography (University of Gdańsk), 
the Pedagogical (now Pomeranian) Academy of Słupsk, and 
the Sea Fisheries Institutes of Gdynia, conducted research 
within the framework of a project commissioned by the 
Polish Committee for Scientific Research – DESAMBEM 
(DEvelopment of a SAtellite Method for Baltic Ecosystem 
Monitoring; project No. PBZ-KBN 56/P04/2001).

That project’s objective was to develop scientific principles 
and methods for utilising remote sensing technology to 
monitor the Baltic, an enclosed sea with a high level of 
biological productivity. This cooperation yielded the first 
version of the DESAMBEM algorithm which enables to 
make, using remote sensing data, a set of map with spatial 
distribution of four significant characteristics of the Baltic 
Sea, namely, photosynthetically active radiation (PAR) at 
the sea surface, sea surface temperature, surface chlorophyll 
a concentration and total primary production in the water 
column [18,19].

It was obvious, that those results should be implemented 
in the interests of the efficient and systematic monitoring of 
the state of the Baltic environment and the forecasting of the 
changes taking place in it. This imposes the duty of conserving 
the natural environment of the Baltic in accordance with 
international conventions and legal regulations. 

The implementation of the DESAMBEM methods has 
become possible in early 2010 thanks to EU funding. Thus 
came into being project No. POIG.01.01.02-22-011/09-
00 entitled ‘The satellite monitoring of the Baltic Sea 
environment’ (acronym SatBałtyk) realized in Poland by 
the SatBałtyk Scientific Consortium, specifically appointed 
for this purpose, which associates four scientific institutions: 
the Institute of Oceanology PAN in Sopot - coordinator, 
the University of Gdańsk (Institute of Oceanography), the 
Pomeranian Academy in Słupsk (Institute of Physics) and 
the University of Szczecin (Institute of Marine Sciences).

The main aim of the SatBałtyk project is to prepare 
the technical infrastructure and set in motion practical 
operational procedures for the efficient, routine monitoring 
of the state of the Baltic environment described at the moment 
by more than 90 structural and functional characteristics, The 
expected end result of the project is to set up an operational 
system for the rapid and efficient determination of these 
characteristics of the Baltic Sea in the form of maps showing 
their distribution in this sea. This complex task is being 
implemented (2010-2015). 

THE THEORETICAL BASIS OF 
OPERATIONAL SYSTEM SATBAŁTYK

The use of remote sensing methods in studies of the sea is 
relatively simple only with respect to the waters of the central 
oceanic regions. The great majority of substances affecting the 
colour of the sea in those regions are autogenic, that is, formed 
by the local ecosystem – photosynthesis by phytoplankton 
and the metabolism and decay of marine organisms. In 
consequence, the spectrum of the light emerging from these 
waters and reaching satellite sensors is correlated with the 
concentration of phytoplankton and its pigments, principally 
chlorophyll a, the commonest plant pigment. 

Most of the algorithms now in common use for 
characterizing the state and functioning of marine ecosystems 
on the basis of remote sensing data are thus applicable to 
these waters: they utilize the correlations of their optical 
properties with the chlorophyll a concentration in surface 
waters and the correlation of this concentration with other 
properties of the aquatic environment (e.g. [1,3-5,9,16,21]). 
In contrast, the construction of analogous algorithms for the 
optically complex waters of Baltic Sea basin, is much more 
complicated Apart from chlorophyll and other products of 
the local ecosystem, such waters contain many substances 
entering it from the exterior (from rivers, the land, the 
atmosphere, the sea bed and shores), which have complex 
optical properties, not directly correlated with the chlorophyll 
a concentration [26]. The use of remote sensing techniques 
to monitor such waters requires the application of different 
algorithms, purpose-designed for a particular sea region. 
A serious problem hampering the design and use of these 
algorithms is also the high variability of atmospheric states, 
which distort the light spectrum bearing information from 
the sea to the satellite. Work on the development of suitable 
algorithms for the Baltic Sea has been going on in Poland 
for the last 20 years by the teams of researchers from mother 
institutions of authors of this presentation [27,28]. We now 
present only the most essential information characterizing 
the progress of this modelling.

Figure 1 illustrates the simplified general block diagram 
of main components of the SatBałtyk operations system. 
This system consists of two independent but coordinating 
subsystems:

The DESAMBEM Diagnostic System, upon which the 
entire SatBałtyk operations system is founded, enables 
current structural and functional parameters of the marine 
environment to be determined on the basis of the relevant 
calculations, for which the input data are the results of current 
remote sensing data acquisition. 

The BALTFOS Forecasting System based on a packet of 
prognostic hydrodynamic and ecological models.

Both, DESAMBEM and BALTFOS contain sets of 
algorithms (in view of the sequence of the calculations to 
be carried out and their complexity, in Fig. 1 some blocks of 
subalgorithms were distinguished) enabling diagnose current 
or forecasted the future sea states on the basis of appropriate 
input data, the sources of which are principally satellite 
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radiometers and/or hydrometeorological data supplied by 
common routine services.

These two cooperating data processing subsystems are 
complementary within the framework of the SatBałtyk 
Operational System. So, for example, if direct remote 
sensing of the sea is not possible because the sky is overcast, 
especially if the sea surface temperature (SST) and the surface 
chlorophyll a concentration Ca(0) cannot be retrieved, the 
values of these data in the DESAMBEM subsystem serving 
to determine various current values of marine ecosystem 
parameters based on SST and Ca(0) data are based on forecasts 
made by the BALTFOS subsystem (see the horizontal arrows 
from right to left between the subsystems in Fig. 1). On the 
other hand, the forecast values of parameters determined 
by the component models of the BALTFOS subsystem can 
be rectified by the assimilation of the actual values of these 
parameters determined by the DESAMBEM algorithm 
(see the horizontal arrows from left to right between the 
subsystems in Fig. 1).

THE GENERAL SCHEME AND SELECTED 
RESULTS OF THE SATBAŁTYK 

OPERATIONAL SYSTEM FUNCTIONING

The SatBałtyk Operational System (SatBałtyk OS) is 
a complex set of operational measurement instruments, 
mathematical models and procedures enabling the routine 
monitoring of different characteristics of the Baltic Sea 
environment as well as their presentation (mostly via the 
Internet) in the form of maps and tables, as well as several-
day forecasts. The instrumentation used by SatBałtyk OS 
comprises receivers of data recorded by selected satellites, 
sets of measurements from marine and meteorological 
sondes, loggers, converters and transmitters of the data from 

these sondes, as well as laboratory analytical apparatus and 
a network of computer servers with installed databases, the 
relevant mathematical models and algorithms, to be used in 
accordance with stipulated procedures. Figure 2 illustrates 
the main components of the SatBałtyk operational system 
and of how it is ultimately expected to function.

Fig. 2. Main components of the Operational System SatBałtyk

The system utilizes data systematically recorded by 
environmental satellites and also special-purpose ones such 
as TIROS N/NOAA, MSG (currently Meteosat 9), EOS/AQUA 
and Sentinel -1, 2, 3 (in the future) regularly passing over 
the Baltic, and various in situ data measured on buoys and 
ships, shore stations and analyzed in laboratories belonging 
to Institutes from the Consortium SatBałtyk. 

Fig. 1. Simplified general block of the Operational System SatBałtyk
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Fig. 3. Sea surface temperature (SST) of the Baltic Sea constructed on the basis 
of satellite data and completed by the model (17 03 2015)

As we have already stated, in the case of the Baltic, frequent 
cloudiness partially or entirely precludes the use of satellite 
sensors for recording radiation in the visible and thermal 
infra-red bands for diagnosing various parameters of the 
marine environment. Because of this the applicability of 
the DESAMBEM algorithms were expanded by linking 
them up with the set of algorithms from the BALTFOS 
Forecasting System. The latter are based on prognostic models 
and procedures for their adjustment by the assimilation of 
space born and other data and other data obtained using the 
diagnostic subalgorithms of the DESAMBEM (see Fig. 1). 
Presented in Fig. 3 map of the surface temperature SST of 
whole area of the Baltic Sea is constructed on the basis of 
satellite data and supplemented by the results of modelling.

The next example of the maps provided by the system, 
is phytoplankton assimilation number, characterizing the 
condition of phytoplankton, in particular its potential 
photosynthetic abilities. 

Fig. 4 represents maximum possible rate of photosynthesis 
in waters for a fixed amount of nutrients in those waters and 
a particular sea water temperature expressed in numbers 
of atoms or moles of carbon assimilated in unit time by 
phytoplankton of unit chlorophyll content. Such maximum 
rates of photosynthesis are usually recorded at intermediate 
(photosynthetically optimal) depths, at which irradiance 
levels are still sufficiently high not to limit the rate of light 
reactions, yet not so high that destructive photoinhibition of 
the photosynthetic apparatus comes into play. In the Baltic 
such optimal conditions usually (in ca 66% of cases) prevail 
at depths from 1 to 5 m [29]. 

List of the various characteristics of the Baltic Sea 
environment, provided by SatBałtyk OS is constantly 
expanding and includes, for example: fluxes and budgets 
of radiant energy reaching the various regions of the Baltic 
and the amount of energy driving the Baltic ecosystem 
including the inflow and characteristics of radiant energy 

PAR (photosynthetically ctive radiation (~400–700 nm)) and 
UV (ultraviolet radiation), temperature distributions, the 
occurrence of upwelling events, the dynamic state of the sea 
surface, salinity of surface waters, the speed and direction of 
surface currents, upwelling events, water transparency indices 
and other optical properties of the sea, surface ice cover, 
the concentrations of chlorophyll and other phytoplankton 
pigments, blooms of toxic algae, the appearance of patches 
of pollutants such as oil slicks, characteristics of the primary 
production of organic matter and the release of oxygen into 
the water during photosynthesis, the humidity and ozone 
content in the atmosphere over the Baltic.

Fig. 4. Maximum rates of photosynthesis of the Baltic Sea constructed on the 
basis of satellite data (17 03 2015)

Integrated part of SatBałtyk system is a module called 
SatBałtyk-Brzegi, which allows to monitor two types of 
parameters of the coastal zone conditions and their prediction 
for two days in advance. Values of the first type of parameters 
are measured for one kilometer long sections of the coast for 
three pilot areas of a dune coast: Dziwnów Spit (12 km), Spit of 
Jamno and Bukowo Lakes (10 km) and Hel Peninsula (6 km), 
in perspective to cover the whole length of the Polish coast. 
Two days prediction consists of the following parameters: 
beach width inundation in percent; dry corridor of the beach; 
possibility of rip current occurrence in the nearshore. The 
second type of parameters shows consequences of the storm 
event and they are calculated after the process ends. The 
parameters are: volume of the erosion along the coastal 
profile: topography and bathymetry; volume of dune erosion 
at the one kilometer section along the coast; amount of 
inorganic suspended matter concentration. The calculation 
of parameters were done on a basis of hydromorphodynamic 
XBeach model which was adopted for pilot areas by [2] The 
model was also used to construct the Early Warning System 
of Storm Impact, developed by Szczecin University team in 
the framework of MICORE project [10]. Additionally two 
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parameters: width inundation in percent; dry corridor of 
the beach, are calculated using statistical methods for the 
whole Polish coast. The values of parameters calculated in 
a framework of SatBałtyk project are crucial for research of 
costal processes and management. Predicted parameters are 
especially important for safety use of the coastal zone. 

An important component of the SatBałtyk system is 
a systematic validation of the products provided by the 
service. In situ data, collected on every day basis at the 
platform and our buoy as well data from regularly organised 
cruises (usually 5 per year) are used to check accuracy of the 
products. Also a third-party data e.g. from ICES have been 
used to validate environmental parameters delivered by our 
system. The recent validation showed that accuracy of some 
of them are as follow: sea surface temperature – systematic 
error -0.03oC , statistical error -0.91 oC; surface chlorophyll 
a concentration: – systematic error -9% , statistical error 
-140%; downwelling photosynthetically active radiation- 
systematic error -0.11Wm-2 , statistical error -40Wm-2. 

More information and characteristics of the Baltic Sea 
environment, can be find at the website www.satbaltyk.eu. 

CONCLUSIONS

The article brings the summary of the results achieved 
during implementation of SatBałtyk project founded on the 
scientific outcomes from earlier, long-term studies of the 
Baltic environment by the Institutes forming the SatBałtyk 
Consortium. This system, based mainly on satellite data, 
enables making of maps of spatial distributions of many 
state parameters of this environment, as well as certain state 
parameters and optical properties of the atmosphere. The 
establishing the scientific foundations and methodology for 
employing remote sensing techniques to monitor the Baltic 
as an inland sea with a high biological productivity and yet 
under serious  as a consequence of economic development 
is great Polish achievements. The final result of the project 
is  the creation and setting in motion of the SatBałtyk 
Operational System for the comprehensive and effective 
monitoring of the current state of the marine environment, 
and also to a large degree for the forecasting of a whole range 
of natural phenomena taking place in Baltic waters and in 
the atmosphere above. The end of the work is schedule for 
December 31, 2015 after 72 months of implementation.

The magnitudes of ecosystem parameters determined using 
the set of SatBałtyk algorithms from NOAA, Meteosat, the 
MSG/SEVIRI and MODIS AQUA satellite data are compared 
with the magnitudes of the same parameters measured in 
situ. For these comparisons the relevant errors have been 
calculated. These errors are relatively small, typical of remote, 
spatial estimates. Such results can be regarded as satisfactory. 
Nevertheless, improvement of all the components of this 
complex algorithm will continue.
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DAILY RADIATION BUDGET OF THE BALTIC SEA SURFACE FROM 
SATELLITE DATA

Tomasz Zapadkaa 
Adam Krężelb 
Marcin Paszkutab 
Mirosław. Dareckic

a)Pomeranian University in Słupsk, Institute of Physics, Poland
b)University of Gdańsk, Institute of Oceanography, Poland
c)Institute of Oceanology Polish Academy of Sciences, Poland

ABSTRACT

Recently developed system for assessment of radiation budget for the Baltic Sea has been presented and verified. The 
system utilizes data from various sources: satellite, model and in situ measurements. It has been developed within the 
SatBałtyk project (Satellite Monitoring of the Baltic Sea Environment - www.satbaltyk.eu) where the energy radiation 
budget is one of the key element. The SatBałtyk system generates daily maps of the all components of radiation budget 
on every day basis. We show the scheme of making daily maps, applied algorithms and empirical data collection within 
the system. An empirical verification of the system has been carried out based on empirical data collected on the oil rig 
placed on the Baltic Sea. This verification concerned all the components of the surface radiation budget. The average 
daily NET products are estimated with statistical error ca. 13 Wm-2. The biggest absolute statistical error is for LWd 
component and equals 14 Wm-2. The relative error in relation to the average annual values for whole Baltic is the 
biggest for SWu and reaches 25%. All estimated components have correlation coefficient above 0.91.

Keywords: Surface radiation budget, satellite, Baltic Sea

INTRODUCTION

The exchange of radiative energy between the atmosphere 
and the sea surface plays an important role in shaping the 
climate of the Baltic Sea. Monitoring of the radiation budget 
components at the sea surface allows to assess possible 
changes in the Baltic Sea environment and its directions. 
The surface radiative budget NET consists of four fluxes: 
downward SWd and upward SWu shortwave (solar radiation 
range 0.3 μm - 4 μm), and downward LWd and upward LWu 
(atmospheric and sea surface thermal radiation range 4 μm 
- 100 μm) longwave radiation. The sum of all fluxes gives 
the surface radiation budget at surface NET. Details of these 
fluxes are shown on Fig.1.

Fig. 1. Components of surface radiation budget with approximate values for 
the Baltic Sea estimated on the basis of data from SatBałtyk system

For the Baltic Sea seasonal changes of the radiation budget 
at sea surface are calculated mainly based on numerical 
models [1], [9] or from hydro-meteorological ship observations 
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[6]. The question of the energy budget of the Baltic Sea was 
developed within BALTEX (Baltic Sea Experiment [2], [3], 
[8], [12]). Depending on the model used, the final results 
are different [1], [9]. Due to the lack of direct measurements 
of the radiation fluxes at the sea, assessment of accuracy of 
such obtained data is very difficult. Therefore, other methods 
are desirable. Such a method commonly applied for many 
years is to assess radiative budget with the use of satellite 
observations. Satellite data allow the estimation of the surface 
radiation budget covering large areas at the one moment 
in time. Such estimations have been developed for many 
years by CM SAF (Climate Monitoring Satellite Application 
Facility on Ocean and Sea Ice) and OSI SAF (www.cmaf.eu, 
www.osi-saf.org). However, their study have a rather global 
character and possibilities of applying it to specific regions 
are often limited. In the SatBałtyk project [14], [15], local 
satellite algorithms have been used to create daily maps of 
radiation components. The algorithms were developed for 
the Baltic Sea [6], [16], [17] and improved within SatBałtyk 
project based on empirical data collected directly on the sea 
surface. The choice of satellite data source and appropriate 
algorithm determinates an accuracy of estimated values. In 
the case of a local area like the Baltic Sea, the space and time 
resolution of data used is also critical. It is important that 
the used algorithms have been developed specifically for this 
region. On the basis of these algorithms maps of radiation 
budget components are created every day and presented on the 
website http://satbaltyk.iopan.gda.pl/. The SatBałtyk project 
has launched actinometric stations along the Polish coast and 
one station on the oil rig placed around 70 km from shore. 
The data from the station at sea are very valuable and unique 
for the Baltic. The data enable to validate daily radiation 
budget components for real marine conditions for each day 
of the year. For the Baltic this type of analysis has not been 
conducted. Most of this type of validation was done on the 
basis of data from land stations or by indirect methods. The 
validations based on empirical data collected on the vessel 
have been made for instantaneous values [16].

The aim of this work is to show possibility of using satellite 
data to estimate the daily average of the surface radiation 
budget components for the Baltic Sea and to show accuracy 
of the presented methods. An empirical verification of the 
final products were carried out against empirical data from 
pyranometers and pyrgeometers placed on the oil rig [19]. 
The paper focuses on the overall scheme of modeling with 
emphasis on the type used input data and assessment of 
accuracy. Detailed information about the formulas used can 
be found in the cited papers [6], [16], [19] and in SatBałtyk 
project reports [18]. Most of them are still being modified and 
presented results should be treated as a preliminary. 

METHODS AND INPUT DATA

Figure 2 shows the general block diagram for calculating 
components of the radiation budget. The input data come from 
the four independent sources: AVHRR (Advanced Very High 
Resolution Radiometer) radiometers working on board the 

American TIROS-N/NOAA meteorological satellites (NOAA 
15, 16, 17), SEVIRI (Spinning Enhanced Visible and InfraRed 
Imager) radiometer working on board MSG (Meteosat Second 
Generation 9, 10) and from prognostic model UMPL and 
from ecohydrodynamic model 3D CEMBS [4] as auxiliary 
data. The data from these sources are generated by SatBałtyk 
service. The maps from each source were imported into a 1 km 
resolution format (1280×1408 pixels), in Lambert Azimuthal 
Equal Area projection. The final products have the same 
format. The main parameters determining the fluxes (sea 
surface temperature (SST), cloudiness) are defined based on 
satellite information. The SST were determined by using the 
split –window method for AVHRR thermal channels 10.8 
μm and 12 μm [5]. The number of SST maps was from six to 
eight for a day. Most of the maps were empty or only partially 
completed due to the presence of clouds. The cloudiness 
parameter was estimated separately for SWd and for LWd 
algorithms. This is due to the different properties of the SW 
and LW radiation. In the case SWd cloudiness coefficient was 
determined based on HRV (High Resolution Visible 0.4-1.1 
μm) channel from SEVIRI [6]. In the case LWd an impact of 
clouds on radiation reaching sea surface was determined by 
the functions of cloudiness different for night and daytime. 
For the daytime the function depends on HRV [18]. For 
the night the function is dependent on the cloud fraction 
parameter. Cloud fraction is determined based on thermal 
channels from SEVIRI [10]. 

Fig. 2. Block diagram

The used models are described below. Most of them were 
developed or improved within the SatBałtyk project. The 
empirical data for satellite algorithms development were 
collected during cruises on s/y Oceania on the Baltic Sea in 
different seasons [16].

DOWNWARD SHORTWAVE RADIATION SWD

The SWd model described in detail by Krężel et al. [6] is 
a physical parametrization in which transmittances of the 
atmospheric column are computed separately for cloudless 
and cloudy situations. The model was developed within 
SatBałtyk project. For cloudless part SWd,0 is computed by 
adding contributions from gaseous absorption, Rayleigh 
scattering and aerosols absorption and scattering. The model 
includes the absorption effect of the ozone (total ozone 
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column daily from TOAST1/NOAA or OMI/Aura), the 
attenuation by aerosols (AOT - aerosol optical thickness of the 
atmosphere from AVHRR) and the water vapour content in 
the atmosphere (from UMPL model). The clouds transmission 
calculations is based on a cloudiness parameter from visible 
HRV channel from SEVIRI.

                              (1)

where SWd,0  - the irradiance for a cloudless atmosphere, 
Tcloud - cloud transmittance computed on the basis of satellite 
algorithm as a function of cloudiness coefficient. 

The instantaneous maps are computed every 15 minutes. 
Map of dose is created based on these maps. Both products 
are in the SatBałtyk operational service. The average daily 
maps are computed from:

                                 (2)

where 8640 – the number of seconds in a day.

UPWARD SHORTWAVE RADIATION SWU

The SWu flux is computed based on the function from 
Payne [11] modified by Rozwadowska [13] for Baltic Sea and 
developed in SatBałtyk project [19]:

         (3)

where Asea,  Aice - sea and ice albedo dependent on the 
transmission of the atmosphere, solar zenith angle and ice 
thickness concentration.

The information about the ice concentration is taken from 
ecohydrodynamic model 3D CEMBS [4]. For ice areas albedo 
is calculated for melting ice, snow and pure ice.

The instantaneous SWu maps are computed every 15 
minutes and based on these maps, the daily average product 
is created:

                                    (4)

DOWNWARD LONGWAVE RADIATION LWD

The LWd model described in detail by Zapadka et al. [16], 
[17] is a semi-empirical formula which depends on water 
vapour e concentration in the atmospheric column and 
greenhouse gases, air temperature at the sea surface and 
cloudiness. Air temperature Ta and water vapour e were taken 
from the UMPL model. Cloud parameters were calculated 
separately for daytime (cloudiness from visible HRV channel 

1 Total Ozone Analysis using SBUV/2 and TOVS

from SEVIRI) and for night (cloud fraction as a combination 
IR channels from SEVIRI).

                             (5)

where LWd,0 - the longwave irradiance for a cloudless 
atmosphere, f(ci) - a satellite cloud function different for night 
and daytime. The instantaneous maps are computed every 
hour and based on these maps, the average daily product is 
created. The average daily downward longwave radiation is 
calculated based on:

                                  (6)

where n – number of maps.

UPWARD LONGWAVE RADIATION LWU

The LWu flux is computed on the basis of sea surface 
temperature TSST obtained as a combination of two IR 
channels from AVHRR [5] and ice surface temperature Tice.

                                (7)

where w , ice - emissivity of the sea and ice surfaces 
respectively, TSST - sea surface temperature from AVHRR 
and Tice - ice surface temperature from the model.

The daily maps are created on the basis of all available 
scenes from up to five days back. 

                          (8)

where n – the number of cloudless pixels.
Almost 2/3 of a year the sky over Baltic Sea area is covered 

by clouds. Obtaining the momentary temperature map for the 
whole Baltic Sea is not easy and requires analysing satellite 
maps from wider time range. Creating a satellite daily map for 
whole Baltic Sea often was done by merging many momentary 
maps. Used methodology gives a possibility to fill upward 
radiation map in 90% for almost 300 days a year [19].

EMPIRICAL MATERIAL

In this work we are presenting the verification of the 
mean daily values of every components. The verification 
was carried out against an empirical material collected in 
the years 2013 – 2014 on an actinometrical station located on 
the oil rig (PetroBaltic Platform on the Baltic Sea). The fluxes 
were measured using CG3, CGR4 pyrgeometers and CMP3 
pyranometers (Kipp&Zonen) with one minute time resolution. 
Data were averaged for every day. The database contains 
250 days from September 2013 to September 2014 without 
February, half March, half June, July 2014. Gaps in the data 
are connected with a break in the measurements. However, 
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the range of values can be considered as representative for the 
Southern Baltic. SWd changes from 6 to 370 Wm-2, SWu from 
4 to 26 Wm-2, LWd from 255 to 392 Wm-2 and LWu from 302 to 
427 Wm-2. In the Fig. 3 there is presented oil rig location on 
the background of exemplary NET map for 20th September 
2014. This figure shows a print screen taken from SatBałtyk 
website where one can find analyzed products. The analysis 
concerns one pixel within which the actinometrical station 
occurs.

Fig. 3. Print screen from SatBałtyk website service with the oil rig localization 

RESULTS

The methods described in paragraph 2 allow to create maps 
of each component of the radiation budget. The examples of 
daily average maps of SWd, SWu, LWd, LWu for a chosen day 
20th September 2014 are shown in Fig. 4. As one can see in the 
case of shortwave products SWd, SWu distribution of values 
is similar but SWu values are much smaller. It is because SWu 
depends on SWd. In the case of longwave radiation fluxes 
values, distribution differs and depends on many factors such 
as sea and atmosphere temperature, water vapour pressure 
and cloudiness. LWu is usually smaller than LWd. The daily 
map NET (Fig. 5a) for 20th September 2014 is a sum of four 
components where LWu and SWu are taken with the opposite 
sign. The smallest impact on the NET has SWu but negligence 
of this variable could lead to big systematic errors especially 
in seasons of low sun position. The components are estimated 
with different accuracy. Comparisons between modelled 
and measured values of SWd, SWu, LWd, LWu respectively are 
presented in Fig. 4 on the right side. The first plot concerns 
SWd. In this case, the correlation coefficient between the 
modeled and measured values is very high: r=0.99. Model 
works correctly in the whole range of values (for all seasons) 
with a slight underestimation of the value (systematic error 
- 2 Wm-2). In the case of SWu the model works correctly for 
values below 20 Wm-2. It means that for high positions of the 
sun model overestimates. For LWd the spread of values is the 

biggest and the statistical error reaches 14 Wm-2. The main 
reason of so high error is wrong interpretation of cloudless 
and cloudy situations. Moreover, this version of model does 
not use information on the height of the clouds base. This 
is important in the case of used cloud fraction parameter 
especially for the night. The statistical error of LWu reaching 
7 Wm 2 is associated with underestimating mask of clouds. 
This error occurs for the edge of clouds. For instantaneous 
values specially selected for cloudless sky LWu is estimated 
with statistical error of 4 Wm-2 [19].

Summarised results of empirical analysis are presented in 
Table I. The table contains statistical and systematic errors 
for each modelled component and correlation coefficients. 
Additional analysis was carried out for NET radiation balance. 
As one can see used model underestimates NET. Systematic 
error reaches value of -3 Wm-2. The relative error in relation 
to the average annual values for the whole Baltic is the highest 
for SWu and reaches 25% and the lowest for LWu – 2%. In 
other cases for SWd this error reaches 9% and for LWd – 6%.

a)

b)

Fig. 5. The surface radiation budget NET for 20th September (a) and for 2013 
year average annual (b)
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Fig 4. Daily average maps of SWd a), SWu b), LWd c) LWu d) for 20-09-2014 ,next to respectively for each flux comparisons 
between modelled and measured values
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Table 1. Validation of the components of the radiation budget (Statistic error 
- standard deviation and Systematic error – BIAS, Mean – average values for 

all database)

flux Mean Syst. error
[Wm-2]

Stat. error
[Wm-2]

Correlation 
coefficient

SWd 139 -1.8 10.0 0.99

SWu 10 -0.2 3.1 0.91

LWd 323 -1.3 14.2 0.91

LWu 359 1.1 7.1 0.97

NET -3.0 13.0 0.98

CONCLUSIONS

In presented work possibilities of estimating of the net 
radiation flux at the sea surface and its components SWd, 
SWu, LWd, LWu for Baltic Sea elaborated within SatBałtyk 
project have been shown. We presented the scheme of creating 
daily maps and used algorithms. Described methods allow 
operationally to create maps of SWd, SWu, LWd, LWu, NET for 
one day and any time period (Fig. 4; Fig. 5). The algorithms 
operate on the basis of input data from SatBałtyk system. To 
a large part, their development depends on additional input 
data generated by SatBałtyk system.

The validation was carried out for every component 
based on empirical data collected at sea surface on the oil rig 
(Fig.  3). Such data are unique to the Baltic and the Earth. The 
empirical verification showed that presented method allows 
with a high accuracy to estimate radiation budget for the 
southern Baltic Sea region (table 1). Unfortunately, the lack 
of empirical data for typical areas covered with ice, does not 
allow assessment of upward components for northern regions 
of the Baltic. We realize that some algorithms still require 
some improvement, for example, of LWd and SWu models. In 
the first place the presented model requires improvement of 
a cloudiness function. In the SWu case the function of the 
solar elevation should be improved. LWu dependence needs 
more correct mask of clouds.

The radiation budget at sea surface can be a key parameter 
for climate monitoring and analysis of the Baltic region. 
Satellite data allow estimation of the surface radiation budget 
with high spatial and time resolution. As shown, SatBałtyk 
system produce data which may be used to mentioned climate 
analysis. The daily map allows to analyse of spatial change 
of the surface radiation budget NET for every day in a year 
(Fig. 5a).The average annual map (Fig. 5b) shows the spatial 
distribution NET for the whole year.

ACKNOWLEDGEMENT

The study was supported by the Satellite Monitoring of 
the Baltic Sea Environment - the SatBałtyk project funded 
by the European Union through the European Regional 
Development Fund contract No. POIG 01.01.02-22-011/09.

REFERENCE

1. L. Bengtsson, Numerical modelling of the energy and 
water cycle of the Baltic Sea, Meteorology and Atmospheric 
Physics, 77, (2001); 9-17

2. BALTEX, BALTEX Phase I 1993–2002. State of the art 
report. BALTEX Secr. Publ., 31, (1977), 181 pp.

3. BALTEX, BALTEX Phase II 2003–2012. Science framework 
and implementation strategy, BALTEX Secr. Publ., 34, 
(2006a), 90 pp.

4. L. Dzierzbicka-Głowacka, M. Janecki, A. Nowicki, J. 
Jakacki, Activation of the operational ecohydrodynamic 
model (3D CEMBS)- the hydrodynamic part, Oceanologia, 
55(3), (2013), 519-541

5. A. Krężel, M. Ostrowski, M. Szymelfenig, Sea surface 
temperature distribution during upwelling along the Polish 
Baltic coast, Oceanologia, 47(4), (2005), 415-432

6. A. Krężel, Ł. Kozłowski, M. Paszkuta, A simple model of 
light transmission through the atmosphere, Oceanologia, 
50 (2), (2008), 125-146

7. R. Lindau, Energy and water budget of the Baltic Sea 
derived from merchant ship observation, Boreal Environ. 
Res., 7(4), (2002), 327-334

8. P. Lorenz, D. Jacob, BALTIMOS - a coupled modelling 
system for the Baltic Sea and its drainage basin, Theor. 
Appl. Climatol., 118, (2014), 715-727

9. A. Omstedt, Ch. Nohr, Calculating the water and heat 
balances of the Baltic Sea using ocean modelling and 
available meteorological, hydrological and ocean data, 
Tellus, 56A, (2004), 400-414

10. M. Paszkuta, Cloud detection and cloud fraction estimation, 
User manual - Final Report for SatBałtyk POIG.01.01.02-
22-011/09, UG Gdynia, (2015), (in Polish)

11. R.E. Payne, Albedo of the sea surface, J. Atmos. Sci., 29, 
(1979), 959-970

12. M. Reckermann, J. Langner, A. Omstedt, H. von Storch, S. 
Keevallik, B. Schneider, B. Arheimer, M. Meier, B. Hünicke, 
BALTEX - an interdisciplinary research network for the 
Baltic Sea region, Environmental Research Letters, 6(4), 
(2011), 1-11

13. A. Rozwadowska, The variability in solar energy influx to 
the southern Baltic, Ph. D. thesis, Gdańsk Univ., Gdynia, 
(in Polish), (1992)



POLISH MARITIME RESEARCH, No 3/201556

14. B. Woźniak, K. Bradtke, M. Darecki, J. Dera, J. Dudzińska-
Nowak, L. Dzierzbicka-Głowacka, D. Ficek, K. Furmańczyk, 
M. Kowalewski, A. Krężel, R. Majchrowski, M. Ostrowska, 
M. Paszkuta, J. Stoń-Egiert, M. Stramska, T. Zapadka: 
SatBaltic – a Baltic environmental satellite remote sensing 
system- an ongoing project in Poland. Part 1: Assumptions, 
scope and operating range, Oceanologia, 53(4),(2011), 
897–924.

15. B. Woźniak, K. Bradtke, M. Darecki, J. Dera, J. Dudzińska-
Nowak, L. Dzierzbicka-Głowacka, D. Ficek, K. Furmańczyk, 
M. Kowalewski, A. Krężel, R. Majchrowski, M. Ostrowska, 
M. Paszkuta, J. Stoń-Egiert, M. Stramska, T. Zapadka: 
SatBaltic – a Baltic environmental satellite remote sensing 
system- an ongoing project in Poland. Part 2: Practical 
applicability and preliminary results, Oceanologia, 53(4), 
(2011), 925–958.

16. T. Zapadka, B. Woźniak, J. Dera, A more accurate formula 
for calculating the net longwave radiation flux in the Baltic 
Sea, Oceanologia, 49(4), (2007), 449-470

17. T. Zapadka, A. Krężel, B. Woźniak, Longwave radiation 
budget at the Baltic Sea surface from satellite and 
atmospheric model data, Oceanologia, 50(2), (2008), 
147-166

18. T. Zapadka, D. Stoltmann, The preliminary version of the 
algorithm to estimation the radiation budget components 
at the sea surface, User Manual -Report for SatBałtyk 
POIG.01.01.02-22-011/09, AP Słupsk, (XII 2012), (in Polish)

19. T. Zapadka, D. Stoltmann, M. Paszkuta, The daily upward 
longwave radiation flux for Baltic Sea from MSG/SEVIRI 
data, 2013 Eumetsat Meteorological Satellite Conference; 
19th American Meteorological Society(AMS) Satellite 
Meteorology, Oceanography, and Climatology Conference, 
16-20 September (2013), Vienna, Austria

CONTACT WITH THE AUTHOR

T. Zapadka

Pomeranian University in Słupsk, Institute of Physics, 
Poland, ul. Arciszewskiego 22a, 76-200 Słupsk, Poland,  

e-mail: zapad@apsl.edu.pl

A. Krężel 

University of Gdańsk, Institute of Oceanography, al. 
Marszałka Piłsudskiego 46, 81-378 Gdynia, Poland, 

e-mail: oceak@ug.edu.pl

M. Paszkuta 

University of Gdańsk, Institute of Oceanography, al. 
Marszałka Piłsudskiego 46, 81-378 Gdynia, Poland,  

e-mail: ocempa@univ.gda.pl

M. Darecki

Institute of Oceanology Polish Academy of Sciences, ul. 
Powstańców Warszawy 55, 81-712 Sopot, Poland, 

e-mail: darecki@iopan.gda.pl

Poland



POLISH MARITIME RESEARCH, No 2/2015 57

POLISH MARITIME RESEARCH 3(87) 2015 Vol. 22; pp. 57-66
10.1515/pomr-2015-0057

INFLUENCE OF PITTING CORROSION ON FATIGUE AND 
CORROSION FATIGUE OF SHIP AND OFFSHORE STRUCTURES,  

PART II: LOAD - PIT - CRACK INTERACTION 

Marek Jakubowski, Assoc. Prof.
Gdańsk Univeristy of Technology, Poland

ABSTRACT

In the paper has been discussed influence of stresses on general corrosion rate and corrosion pit nucleation rate and 
growth , whose presence has been questioned by some authors but accepted by most of them. Influence of roughness of 
pit walls on fatigue life of a plate suffering pit corrosion and presence of the so called „ non-damaging” pits which never 
lead to initiation of fatigue crack, has been presented.  Possibility of prediction of pit-to-crack transition moment by 
two different ways, i.e. considering a pit a stress concentrator or an equivalent crack, has been analyzed. Also, influence 
of statistical distribution of depth of corrosion pits as well as anticorrosion protection on fatigue and corrosion fatigue 
has been described.

Keywords: Pitting corrosion, fatigue, ship structures, offshore structures.

INTRODUCTION

Pitting corrosion  constitutes the extreme form of  
material surface roughness due to corrosion. Melchers [1] 
has stated that influence of pitting corrosion on strength 
of  well maintained structures such as ship ones is very low, 
but reduction of thickness due to general corrosion is much 
more important. However, according to common opinion,  
pits, if only present on material surface, constitute potential 
spots of fatigue crack initiation. The fact has been often, but 
not always , observed in research and practice  [2]. At higher 
stress, pits in spot of corrosion crack initiation may not be 
present because of too short duration time. However presence 
of pits on material surface does not guarantee that initiation of 
cracks would occur in spots of the pits [3,4]. Thus the sequence 
of events:  „first pit – then crack – and finally complete damage 
of a structure” not always takes place. There are sometimes 
exceptions but a great importance of  the sequence of events 
can not be questioned. 

Most publications concerning mutual pit-crack relation  is 
focused on aircraft industry problems. Therefore they mainly 
concern Al-alloys with low resistance to seawater corrosion, 
especially of 2000 series [3, 5-7], or 7000 series [2, 8-10] of the 
alloys. As far as steels are concerned, majority of  research 
papers deals with steels applied in machinery industry, i.e. 
medium- carbon steels after different heat treatment [11-15], 
or even high -carbon steels  [16,17] or a martensitic stainless 

steel [18]. Only a few papers concern weldable  low-alloy,  
low- carbon steels applicable to ship and offshore structures 
[4, 19-22]. Although this paper concerns mainly ship and 
offshore structures, a limited amount of data on relevant 
materials makes that a model to be used for predicting  fatigue 
life of such structures must be partly based on conclusions 
drawn from  the tests on materials not applicable to ship and 
offshore structures. The existing models deal with aircraft 
materials and structures [6,12,23,24]. In the most complete 
model, initially proposed by Goswani T.K. and Hoepner D.W. 
(1995), and then adopted by Shi and Mahadevan [24], fatigue 
process runs through seven phases (Fig. 1). 

Fig. 1. Seven phases of pitting corrosion  fatigue process  [24]

In this approach 4 stages, each lasting a definite period, 
and 3 transient states: transition from pit nucleation  to its 
growth, from pit to short crack and from short crack to long 
one, are considered. Phases of short crack growth and long 
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crack growth are assumed to be separated from each other 
because of different mathematical description of short and 
long cracks propagation. Total pitting corrosion fatigue life of  
a structure, when its damaging crack is initiated in a pit, can 
be calculated by summing the following four phases:

tf = tpn + tpg + tsc + tlc

tpn    - pit nucleation duration time;
tpg    - pit growth duration time;
tsc     - short crack growth duration time;
tlc     - long crack growth duration time;

All the above mentioned phases and transition states, or 
only some of them, are described deterministically [6,12] or 
probabilistically [23,24]. Akid et al. [25], does not consider the 
pit- to- crack transition to be a transition state in the above 
presented sense but a stage which lasts a definite period. In 
such approach, the pit-to-crack transition time (tp→c) should 
be included into the above presented model described by Eq.1 
which takes the following form: 

tf  = tpn + tpg + tsc + tlc + tp→c                                                  

Phenomena, mechanism and partly the modeling of 
particular pitting corrosion phases has been discussed 
previously [26]. This paper is focused on inf luence of 
mechanical loads on pit growth kinetics as well as a criterion 
for transformation of  pit into fatigue crack, importance of 
statistical distribution of pit depth with respect to corrosion 
fatigue life, as well as importance of anticorrosion protection 
in these conditions, and  influence of grooving corrosion - 
a specific kind of pitting corrosion - on fatigue of welded joints.  
All the phenomena discussed in this paper are controlled 
mainly by electrochemical action of the environment  together 
with an additional influence of fatigue loads.

INFLUENCE OF STRESSES ON GENERAL 
AND PITTING CORROSION 

 
Although this paper concerns interrelation between pitting 

corrosion and fatigue process, there is certain, previously 
described in [26], relation between general corrosion and 
pitting one, It is common knowledge that dynamic (monotonic 
or cyclic) stresses, and especially strains, increase corrosion rate 
of passive metalic materials such as Al-alloys and corrosion 
resistant steels, mainly by rupture of their passive film. However, 
the same was demonstrated by Evans [27] for low-carbon steel 
exposed to cyclic stress action in chloride solution, where the 
steel was covered by a very weak passive film. Corrosion rate 
was increasing together with increasing cyclic stresses even 
below fatigue limit where plastic strains are close to zero. It 
was probably possible due to high loading frequency, hence  
specimen’s surface strain rate was also high. In service, ship’s 
hull is usually exposed first of all to low-frequency loads and 
only from time to time to a greater change in the mean load 
level. Some observations indicate that every stress increase 
and – in smaller degree – the stress drop accelerates corrosion 

(1)

(2)

as a transient effect only [28]. Melchers [28] stated that at high 
level of strains in plate surface , rust layers are able to fall down 
periodically. At extremely high strains a continuous removal 
of rust may occur and the initially high corrosion rate may be 
maintained for a significant part of life of a structure. At lower 
strain levels rust is removed only from time to time, hence 
only a transient increase of corrosion rate  may be expected. 
Melchers concluded that “the above mechanisms appears to be 
likely to occur only in highly strained regions, at strains well 
in excess of what would normally be expected in operational 
ships”. 

Kobzaruk et al. [29] tested a low-carbon steel exposed 
to action of natural sea environment (1,8% salinity, 5500 h 
exposure) both without stresses and under cyclic stresses  
(1 cycle per day ). Corrosion of stressed coupons was faster, 
but more uniform with a lower number of less sharp pits than 
that of non-stressed ones. The fact was attributed by him to 
a stress-induced removal of corrosion products and marine 
growths, that led to a more uniform surface of the stressed 
specimens. 

Various authors formulate different opinions about influence 
of stresses and strains on pitting corrosion. 

Booth et al. [30] observed that the weld toe grinding, which 
very effectively increases fatigue life in the air for welded joints 
made of a high-strength low-alloy (HSLA) offshore steel, only 
slightly improved  corrosion-fatigue life of the joints in sea 
water. This phenomenon resulted from pitting corrosion of the 
grinded surface. The mentioned slight increase of corrosion-
fatigue life corresponded to a short time necessary to generate 
pits deep and sharp enough to become crack initiation sites. 
They concluded  that for this reason an increase of corrosion 
fatigue life due toe grinding is almost independent on the 
stresses. It means that they consider pitting corrosion rate 
as almost independent on stresses. For a high-carbon steel 
[17], under short exposure time to corrosion, growth rate 
of pits appears independent on applied mechanical loads.  
For longer exposure time values pit growth rate depends on 
applied loads. However, Linder and Blom [17] believe that 
other parameters such as flow velocity of corrosive solution 
and its temperature affects to a greater extent growth rate of 
pits. Hence, in this case the influence of cyclic stresses on pit 
growth rate may be neglected in engineering applications. 
Majority of authors, however, note a role of stresses and/or 
strains in pitting corrosion process. 

For an austenitic steel [18] plastic strains associated with 
fatigue loading evidently accelerated pit nucleation in slip bands. 
For non-alloyed steels, influence of applied cyclic strains on pit 
nucleation period is not so distinct or is even negligible. Akid et 
al.  [25] stated that the first pit appearance which was identified 
to be a breakdown in a moderately passive layer on steel surface, 
was controlled rather by electrochemical phenomena acting on 
metal-electrolyte interface than degree of mechanical damage. 
In established time periods, the mechanical damage degree 
was increasing along with increasing number of deformation 
cycles resulting from increasing load frequency (f). Akid et al.  
stated that the pit initiation period ti has been independent 
on the frequency f. The present author has reanalyzed the 
data read from an appropriate diagram published in [25] and 
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stated that a weak relationship did occur and the period ti 
may be considered approximately proportional to f -0.105. It 
means that though electrochemical control of pit nucleation 
dominates, mechanical loading may also play a certain role 
but it is not primary one. As stated in [20], the corrosion pits 
growing without of stresses, in an offshore structural steel, had 
a form close to circular on specimen surface. However along 
with fatigue process progress the form of the pits changed 
from circular to elliptical one with its main axis always 
perpendicular to direction of applied stresses. It proves that 
the stresses affected growth of pits not nucleation.

  In a medium-carbon steel [13], driving force for 
pitting, i.e. corrosion current density inside the pit, is dependent 
on a stress level and its state. The pit current density, hence 
consequently the pit growth rate drops if the pit approaches  
a structural barrier of the growth, i.e. when plastic deformation 
range drops ahead of defect. The pit current density increases 
by an order of magnitude when the value of applied shear 
strains increases from 0.49% to 1,2%, typical values for low 
cycle fatigue. Nakajima and Tokaji [14] stated that the average 
depth of pits in a similar steel under fatigue corrosion is greater 
than under stress-free corrosion and increases along with stress 
level increasing. They proposed the following relation between 
growth of pit depth (ap) and action of stress (σ):

  ap  =  (0.028σ + 0.404)tB         
B = 0.199-0.224      
ap : μm ; t : min

Other tests [6] of a similar medium-carbon steel showed that 
the pit growth rate at 100 MPa stress amplitude was from 5 to 
10 times greater than that in load-free conditions. This order 
of magnitude of the pit growth rate acceleration by stresses is 
in agreement, for the same stress amplitude, with the value 
of 7 resulting from Eq. (3).

 In another corrosion fatigue tests [11] on a medium-carbon 
steel, pits were initiated in the very early stage of the tests , i.e. 
approximately after 5000 load cycles (the total corrosion fatigue 
life was in the range from 20000 to 500000 cycles), almost 
independently of stress level. In non-loaded specimens the 
nucleation period of pits was the same but the pits ceased from  
growing very early. Therefore the pit growth rate increased 
along with stress amplitude increasing. The higher stress 
amplitude the greater density of pits on specimen surface. 
Worth reminding that in the Kobzaruk’s investigations [29]  
influence of cyclic stresses on the density of pits on steel surface 
was opposite, that was probably associated  with the extremely 
low load frequency (1 cycle per day) as well as marine growth 
presence. 

Akid et al. [25] tested a carbon steel under fatigue loading in 
a synthetic sea water. They determined a ten-times increased 
value  of pit growth rate as a result of stress range increasing. 
However, two threshold ranges (two plateaux) were observed 
where pit growth rate was almost independent of applied 
load range. The first of them corresponded to fatigue limit or  
a little above it where elastic state of surface stresses prevails. 
The other plateau corresponded to large stresses and the 
shortest fatigue lives well below 105 cycles,  where “it might 

be considered that there is a trend towards a saturation of 
plasticity in the surface layers” [25]. Hence the increase of pit 
growth rate may be attributed mainly to the increasing range 
of plasticity in steel surface layers between the two plateaux. 
The last statement is not in compliance with some results of 
the tests which revealed a significant difference in pit growth 
rate between these observed in a load-free steel and a loaded 
steel below fatigue limit ) [6,14].

For 2024-T3 Al-alloy [6], pit growth rate depended both on 
the stress amplitude (σ) and stress frequency (f). However  the 
stress amplitude effect was distinctly dominant. The authors 
proposed the following formula for the growth rate of the pit 
depth (ap):

      ap  = A(σ) tB f C

  
where :
C  - a constant  assumed equal to 0, but its real value amounts 

 to 0.01,
B = 0.36
A(σ) = 2.34 ∙ 1.014σ

 
Wang and  Akid [15] stated that the corrosion at the 

inclusion-matrix interface in a high-strength, medium-carbon 
steel, after application of cyclic stresses, run more suddenly than 
in the stress-free state.  It leads to pit generation in this place. 
On the basis of nine different tests, Akid et al. [25] stated that 
the time to initiation of corrosion fatigue crack , i.e. the total 
time for nucleation and growth of a pit and its transformation 
into crack , was strongly decreasing along with cyclic stress 
increasing. Kendo et al. [31] examined a ferrite- pearlite steel in 
which general corrosion was non-uniform, and with corrosion 
pits due to non-homogenous microstructure of the steel, as well 
as a ferrite- bainite steel with uniform general corrosion and 
almost free of pits. The initiation period of corrosion fatigue 
crack of the first steel (with pits) was strongly shortened along 
with increasing level of cyclic stresses, and that of another steel 
(without pits) was much longer and only weakly dependent 
on stress level.  The above mentioned results [15, 25,31] as well 
as results for Al-alloys [8,32] show that pitting corrosion is 
accelerated by cyclic stresses.

PIT-TO-CRACK TRANSITION 

When a pit reaches its critical size, often called threshold 
one, in its bottom a surface fatigue crack is initiated. 
Almost all researchers are unanimous that pit’s critical size 
is decreasing along with increasing cyclic stress level, see 
e.g. [5,6,10,11]. At low stress amplitudes a small number of 
relatively large pits is generated as a result of their nucleation 
and growth , and fatigue cracks are always initiated in the 
pits, whereas at higher stress amplitudes a large number of 
small pits is generated in slip bands, and the test duration 
time is probably too short to cause pits to reach their threshold 
size as a result of their growth process, therefore cracks start 
in slip bands and only from time to time in small pits. The 
above described behaviour cases were the same for the steel 
[11] and Al-alloy [2].

(3)

(4)
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Some authors have introduced the notion of the so called 
non-damaging depth of pit which never leads to fatigue crack 
initiation. Goto and Nisitani [11] considered pit diameter to 
be pit threshold size , but noted that some pits whose diameter 
values were greater than threshold ones, did not undergo cracks 
because pit depth is a more important parameter than pit 
diameter. Most authors mainly consider pit depth despite 
difficulties met in measuring pit depth in real structures. The 
non-damaging pit depth values are very different even for 
similar materials: e.g. for weldable  HSLA steels the values 
amounted to 110 μm [19] or below 40 μm [21]; for Al-alloys the 
smallest depth of a pit in which fatigue cracks were initiated 
, amounted to 60 μm [2], 20÷30 μm [8] or 2 μm [5], hence the 
non-damaging pits for Al-alloys were smaller than for steels. 
The above mentioned scatter of  the data suggests that not 
only the pit depth but also another factors may affect pit-to-
crack transition. 

Cornet and Dolan [16] investigated an influence of salt water 
temperature on corrosion fatigue life of two high-carbon steels. 
The life was increasing along with increasing temperature of the 
water , because at higher temperature values pits were more of 
a hemispherical shape and less sharp. Therefore pit sharpness 
should be also taken into account. The stress concentration at  
a pit is determined in global scale by general pit curvature, but 
on the local scale by the curvature strictly in the site where 
crack is initiated [3]. In order to examine a role of roughness of 
pit walls for crack initiation in a weldable HSLA steel, many pits 
were chemically polished to make their bottom more smooth 
[19]. The life of specimens with more smooth pits was longer 
by about 50% than those with rough (non-polished) pits. 

In global scale pit’s shape is characterized by the pit aspect 
ratio, i.e. the ratio of the pit depth (ap) and pit breadth (the 
diameter D). The following formula has been proposed [19] 
for the stress concentration factor (Kt) at a pit:

In the formula the reciprocal of the pit aspect ratio appears. 
In the tests [19] the pit aspect ratio values changed in the range 
from 1/3.6  to 1/2.1 with their average value of about 1/3. Hence 
the stress concentration factor  values changed in the range 
from 1.85 to 2.2 with their average value equal to 1.98 . Smaller 
values of pit aspect ratio are often observed for steel after its 
very long exposure to sea environment action. For an Al-alloy  
the pit aspect ratio values were contained within the range 
from 0.5 ( i.e. for hemispherical pit ) to 3,7, and most pits were 
more deep than broad , hence the maximum value of stress 
concentration factor amounted to Kt = 2,75. The pit aspect 
ratio for Al-alloys shows a tendency to increasing along with 
increasing corrosion exposure time. It means that the real pit 
approximation proposed in the subject-matter literature, by 
using a hemispherical form of the same depth as that of real pit 
and the factor Kt = 2,25, appears to be a conservative approach 
in the case of steels, but non-conservative assumption in the 

case ofAl-alloys. An additional support of the conclusion is the 
fact that walls of pits in steels are more smooth than those in 
Al-alloys where there are many sharp corners resulting from 
a specific form of pit growing due to crystallographic tunneling 
[1]. Though it cannot be expected that micro-unevenness of 
pit walls plays a significant role in steels, but the fatigue life 
reduction by 30÷40% as a result of pit surface roughness [19]  
cannot be considered as negligible. The above considerations 
show that on the basis of the tests on Al-alloys only qualitative 
conclusions, but  not quantitative ones, concerning  pit-crack 
transition in steel structures, may be drawn. 

The most general approach to the problem of critical depth 
of pit  and its transition to crack  was presented by Jones and 
Hoepner [33]. The approach was elaborated on the basis of 
Al-alloy tests , but it seems to be qualitatively correct  also for 
other materials. Interaction between different factors seems 
to play an important role, among which the following can be 
counted : 

• material micro-structure, its properties (especially 
fracture toughness) and thickness,

• pit depth,
• pit surface area,
• pit size and shape ,
• vicinity of other pits.

However for practical purposes pits on metal surface are 
often considered simply to act as effective stress concentrators 
[3,9,19,34]. It seems to be well-founded in the case when the 
pits are generated by corrosion, but later cracks in them are 
initiated and grown as a result of purely mechanical fatigue 
as in the case of aircraft fuselage structures. If  a crack in a pit 
is initiated under corrosion fatigue conditions in a liquid or 
humid environment, then not only the stress concentration 
factor but also electrochemical activity in  pit’s tip should 
be taken into account [18,35]. The approach based on the 
stress concentration factor seems especially productive in 
determining fatigue life of pit-corroded material by using 
S-N diagrams. 

The stress concentration factors for pits, as determined with 
the use of Eq. (5), are independent of pit depth. However, the 
tests of HSLA steels [19] showed that the pit depth rather than 
its aspect ratio affects fatigue and corrosion fatigue properties 
of specimens. The life to initiation of corrosion fatigue crack 
and total corrosion fatigue life are decreasing when pit depth 
is increasing [5,10,11]. The fact suggests that the quantities 
may be mutually dependent through the stress intensity factor 
which constitutes the main parameter of linear-elastic fracture 
mechanics.  Another reason for which the method is presently 
more and more often used, is the direct using of pit and crack 
dimensions in it, therefore it can be integrated with results of 
inspection of structures. 

In this approach a corrosion pit, in the moment of its transition 
to crack, is simply taken as a semi-elliptical crack of the same 
length as the pit depth (ap) [5,6,10,12, 13,17, 23, 24]. A question 
may be put how a surface defect of  three-dimensional geometry 
and a relatively blunt tip can be approximated by a sharp two-
dimensional crack. However it is common knowledge that 
period of crack initiation from pit’s tip is negligibly short 

(5)
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[5,10]. The equating of pit growth to crack propagation is 
more justified since Smith and Miller [13] have shown that  
a crack grew from bottom of surface notch of the depth D 
and bottom radius ρ to reach the depth l approximately 
equal to 0.13(Dρ)1/2, then the effective crack depth is equal to 
(D+l). The value of l of the order of 1.2 μm is obtained after 
substitution of typical values of  D and ρ, equal to 20 μm and  
4 μm, respectively, where the assumed value of the radius ρ 
accounts probably for pit bottom micro-geometry. It is rather 
 a non-important component in crack growth calculations 
when  pit-to-crack transition is considered[13]. 

Kawai and Kasai [12] applied the approach in which a pit is 
considered equivalent to  crack, to fatigue limit determination 
for material with corrosion pits. They approximated  Kitagawa’s  
diagram which represents a relation between fatigue limit 
and crack length, by using a simple El-Haddad’s relation, and 
determined a relation between single pit depth and fatigue 
limit for low-carbon steel, medium-carbon steel and a high-
alloy corrosion-resistant steels. The determined relations were 
in a satisfactory conformity with test results. However, the 
discussed approach in which a pit  is considered as equivalent 
to crack, is applied much often to procedures based on linear 
fracture mechanics. 

Range of  the stress intensity factor (ΔK) value in the 
moment of pit-to-crack transition must be greater than, or 
equal to, the threshold value for propagation of fatigue or 
corrosion fatigue crack, (ΔKth):

ΔK  ≥  ΔKth

Kawai and Kasai  proposed a relation (that can be found in 
[13]) for the critical depth of a pit from which a fatigue crack 
can subsequently grow as a function of the stress range, ΔKth, 
and the fatigue limits for smooth and of corroded material. 

Relation (6) is valid under the assumption that initially 
pit grows faster than a crack in pit’s root [13]. The pitting 
corrosion process controls pit nucleation and growth as well as 
a dominating part of  pit-to-crack transition phase [25]. Pitting 
corrosion is then much faster than crack growth. Preliminary 
tests performed by Akid et al. [25]  showed that  current density 
in a pit  dropped when crack has been initiated in it. The current 
density drop may be used for detecting the moment of crack 
initiation and determining the threshold stress intensity factor 
[25]. However it is not clear if the current density drop (i.e. 
drop of corrosion rate inside the pit) results from the crack 
initiation or is a condition which makes initiation of the 
crack inside the pit, possible. Therefore must be introduced 
another important condition taking into account that there is 
a competition between the pit growth and the crack growth. 
In the moment of pit-to-crack transition the pit growth rate 
(dap/dt) must be smaller than the crack propagation rate  
(da/dt) [8,10]:

dap/dt < da/dt  =  f  · da/dN  at   ΔK = ΔKth                                     

The above discussed approach is questioned by Akid et 
al. [25] since the pit-to crack transition is controlled not only 
by stress intensity but also electrochemical conditions. The 

linear-elastic fracture mechanics parameter ΔKth is determined 
from examination of long cracks but : (i) local electrochemical 
conditions inside such cracks greatly differ from the conditions 
inside short cracks and pits, and (ii) the parameter in question 
concerns elastic state whereas a micro-plasticity state is 
associated with a pit which forms a notch.   

Certainly, cracks which propagate from pits are micro-
structurally, physically and chemically short ones which, as 
it is common knowledge, propagate faster than long ones at 
the same value of  the stress intensity factor ΔK, and their 
propagation is possible below the ΔKth value for long cracks.  
Thus ΔKth which appears in the eq. 8, would mean the threshold 
value for short cracks [8,10]. It seems that, in order to satisfy 
the condition, the crack propagation rate could be determined 
according to an appropriate crack growth curve for long 
cracks in the range of validity of Paris law but extrapolated 
to the threshold and near-threshold range. Such approach 
seems to be strongly conservative but simple. The conditions 
determined by Eq. (6) and/or (8) make it possible to predict 
an initial crack length necessary for determining the crack 
propagation period with the use of the methods of linear-elastic 
fracture mechanics. However the condition dap /dt <da/dt is 
to be fulfilled during the whole crack propagation period. If 
it is not satisfied then pits will be formed on the crack path 
in the early phase of crack propagation, that was observed in 
some tests [8,36].

Ishihara et al. [6] applied the Murakami’s approach to 
calculate the stress intensity factor for surface cracks of an 
irregular shape. The authors determined the following formula 
for the stress intensity factor value corresponding to the 
moment of pit-to-crack transition:

Kp→c  =  0.65σa {π [(area)p→c ]1/2 }1/2

where the areas of corrosion pits (area)p→c are those of 
pit traces left on the crack surfaces in the moment of their 
nucleation (for hemispherical pit this is the semi-circular area 
equal to π(ap)2/2). The obtained Kp→c values, independently 
on their scatter, were practically independent of a level of 
applied stresses and approximately equal to the threshold 
value of the stress intensity factor, obtained from the tests of 
propagation rate of corrosion fatigue cracks in the rotating 
bending conditions.

 For 7075-T6 aluminum alloy [10] pre-pitted and then 
fatigued in the air, the fatigue life values determined from 
the  tests generally agreed with the predicted ones when the 
mean pit size was assumed to be initial crack length. The fatigue 
life values predicted  by assuming the initial crack length to 
be equal to the largest pit size, were smaller than measured 
ones. The authors stated that much greater number of pits 
having dimensions more close to their mean value than to 
maximum one, were present. Therefore the probability of crack 
initiation within a mean size pit is greater. Also, Medved et 
al. [8] informed that in many cases the largest pits did not 
initiate fatigue cracks. 

(6)

(8)

(9)
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IMPORTANCE OF STATISTICAL PIT DEPTH 
DISTRIBUTION FOR CORROSION FATIGUE

  
For the modeling of pitting corrosion fatigue it is necessary to 

know statistical distribution of depth of pits on material surface 
because the pit depth distribution greatly affects statistical 
fatigue life distribution [5]. The main effort of researchers  who 
analyze statistical pit depth distribution, is focused on depth 
distribution of the largest pits. However, pits of depths closer 
to their mean, are more frequent and hence more hazardous 
from the point of view of possible initiation of fatigue cracks  
[10]. Therefore not only the statistical pit depth distribution 
but also a rigorous quantitative analysis of probability of crack 
initiation in pits of different depth values [10] is important for 
assessing fatigue damage risk for structures 

INTERRELATION BETWEEN CRACK 
INITIATION DUE TO PITTING-

CORROSION FATIGUE AND 
ANTICORROSION PROTECTION 

In engineering practice, metal surfaces exposed to 
corrosive environment action are usually protected against 
corrosion. Cathodic protection effectively protects offshore 
structures against pitting corrosion [30,37] which usually 
leads to initiation of corrosion fatigue cracks in non-protected 
structures. The cathodic protection will much less effectively 
prevent initiation of corrosion fatigue cracks if certain pits are 
developed on the to-be-protected surface  before the protection 
has been applied [38].

Kumakara et al. [21] exposed specimens made of KA32 steel 
(with blunt notches of Kt = 2) for 20 days in the air outside 
laboratory, which was associated with sprinkling them twice  
a day, i.e. every morning and evening, in order to simulate 
steel material storing practice in shipbuilding industry. During 
the period the pits up to 40 μm deep were generated. Then the 
specimens were suitably brushed and covered with a tar epoxy 
resin layer . In the higher nominal stress region, cracks in the 
protective coating were detected earlier than crack initiation 
in steel. Therefore, in spite of the coating, crack initiation in 
steel may have a corrosion fatigue nature and start probably 
from pits. In the of lower nominal stresses region and  longer 
life values, fatigue cracks were initiated without salt water 
interaction in previously existing pits below the coating layer, 
and next the coating layer was cracking as a result of increasing 
crack opening displacement. Salt water could penetrate through 
the cracks in the protective coating, therefore, in contrast to 
crack initiation, crack propagation in the steel preceded under 
corrosion fatigue conditions through the pits produced during 
the initial corrosion exposure. The cracks can merge plural 
pits initiated and developed separately. 

Anticorrosive coatings are able to prevent pitting corrosion 
effectively, hence they can cause delay of corrosion fatigue 
crack initiation. Defects of a porosity type in an Al -coating 
thermally sprayed could result in nucleation and growth of 
pits on damaged surface [39]. The observation seems to be 
valid also for other metal and non-metal coatings, because e.g. 
Kumakura et al. [21} stated that in the range of longer fatigue 

life values some specimens had blisters in the coating layer (tar 
epoxy resin), this way the coating was gradually deteriorated 
its quality. In the situation, corrosion developed in the steel 
under the protective layer.  

Sometimes, to delay nucleation of pits and slow down 
their growth a modification of corrosion environment is 
implemented. For a HSLA offshore steel [20] exposed to salt 
water action, presence of the anodic inhibitor (0.04 M  NaNO3) 
did not prevent pitting corrosion due to sulfide inclusions, 
but the pits were less numerous and showed smaller growth 
rates than those developed in clear salt water. Addition of an 
oxidizing agent to salt water  1000 sec  after application of  
a small anodic polarization  to the pits on medium-carbon 
steel surface [13] resulted, after 1600 sec, in full repassivation 
of the pits which ceased to grow. 

GROOVING CORROSION VERSUS FATIGUE 
OF WELDED JOINTS 

Among different factors , the stress concentration factor 
resulting from joint’s geometry is considered a factor of the 
greatest impact on fatigue strength. The grooving corrosion 
phenomenon was described in the paper [26]. High stress 
concentration may be expected in the case when loading 
direction is perpendicular to grooving corrosion line. Yuasa 
and Watanabe [40,41] carried out tensile fatigue tests on welded 
butt, fillet and gusset joints made of a higher-strength steel, 
with grooving corrosion close to the weld edge, as well as 
the same tests on non-corroded joints. The initial corrosion 
period was equal to 3 months (Case 1) or 6 months (Case 2). 
Grooving corrosion  rate slowed down after 3 months. Cross 
sections of the corroded joints are presented in Fig. 2. In the 
butt joints rather deep grooving corrosion (about 0.9 mm deep) 
occurred along line of the weld and close to its edge. Local 
corrosion grooves about 0.3 deep were observed close to the 
weld in the cruciform joints, but in the gusset joints almost no 
traces of grooving corrosion were found. The specimens were 
fatigued in the laboratory air atmosphere. The test results are 
presented in Fig. 3.

Fig.3 Cross sections of corroded specimens butt joint; cruciform joint [42].

Fig.4  Results of fatigue tests in air of pre-corroded and non-corroded welded 
joints  under tensile load of the stress ratio R=0.1 and at the load frequency  

f = 0.1Hz [42].
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It has appeared that only the fatigue strength of the butt 
joints decreased as a result of the initial corrosion. A stress 
analysis showed that in this case the mean value of the stress 
concentration factor increased from 2.13 do 3.83 due to 
corrosion. The stress concentration factor values in the non-
corroded cruciform joints and gusset joints (fatigue results 
omitted in fig. 3) were relatively high and the corrosion was not 
able to sharpen the notches more (in reality it even decreased 
the mean value of stress concentration factor from 3.91 to 
3.63). Thus the fatigue strength did not almost undergo any 
change as a result of the pre-corrosion.   

The extended pre-corrosion period  did not influence fatigue 
properties of the joints of any type. It seems reasonable to 
expect that in some cases  the stress concentration factor  at 
weld toe could be even reduced due to the prolonged grooving 
corrosion  process  However in such cases a more important 
role may be associated rather with local reduction of plate 
thickness than stress concentration factor value. It depends 
on initial material thickness as well as loading mode.

The above given statements are correct for fillet joints with 
the weld leg greater than  the so called critical dimension – term 
discussed in [42]. If  the weld dimension is „subcritical” then 
the joint will undergo fatigue damage as a result of a fatigue 
crack initiated in weld root and propagating through the weld, 
where water has no access, hence stress concentration can not 
be changed under corrosion action. Then a very important 
role may be played  by reduction of fillet weld leg, resulting 
from corrosion, but not by local notch sharpness at weld edge. 
Yuasa and  Watanabe [43] modeled corrosion-induced material 
loss in fillet weld with the use of  machining the plate and 
weld. Roughness of  real corroded surfaces was considered 
unimportant because fatigue cracks were initiated in the weld 
root. Fatigue strength of specimens, expressed by nominal 
stresses, dropped markedly when weld and plate thickness 
has been reduced. When real, but not nominal, stress values 
were compared then the drop of fatigue strength of the joints, 
resulting from the decreased thickness of plate and weld, was 
much lower than in the case of nominal stresses. The above 
mentioned reduction of weld thickness affected also the stress 
concentration factor in weld root, therefore the strength of 
the joints with reduced thickness, expressed by real stress, 
showed a tendency to be somewhat smaller than that of the 
full - thickness joints. An inverse tendency observed in certain 
cases the authors attributed to the effect of releasing residual 
stresses as a result of reduction of weld and plate thickness.  

CONCLUSIONS

1. There is the almost common opinion [6,11,13-15,17,33] 
that growth rate of pits under stress is faster than 
without stress action, and that the rate increases 
along with applied load increasing. However in the 
publications the formulae for pit growth which take 
into account stress effect, were found only for an 
aluminum alloy and medium-carbon steel, both 
exposed to salt water for a short period under cyclic 
load of a relatively high frequency. A suitable formula 
for typical shipbuilding steels applicable in typical 

working conditions , especially unaerobic ones after 
a long exposure period,  is still lacking. The opinion of 
Melchers [28], in which stress effect importance in these 
conditions is depreciated, deals mainly with general 
corrosion , is only qualitative one and not based on 
test results. 

2. There are different contradictory opinions concerning 
applied load influence on corrosion pits:

 (a) stresses do affect pitting corrosion but  the stress  
 level is a factor of secondary importance [22];

 (b) plastic stresses, resulting from loading, control  
 pit nucleation [18] and growth [30]; this could mean 
 that stress inf luence in elastic range is not  
 a significant factor and is in line with argumentation  
 of Melchers [28] concerning general corrosion;

 (c) in the case of an aluminum alloy, when load  
 frequency increases then pit growth rate also increases 
 (this growth is small enough to be omitted in  
 engineering applications) [6] , but the rate evidently  
 decreases for a HSLA steel [22]; 

 (d) for medium-carbon steels : applied stress affects 
 pit initation but not its growth [14], or it does not affect 
 pit nucleation but strongly affects its growth [6].

3. Some authors [2,5,8,19,21] determined the so called 
non-damaging pit depth, i.e. the maximum depth of pit 
which will never initiate a fatigue crack. The depth was 
greater for steel than for aluminum alloys , but for the 
same group of materials the depth differed significantly. 

4. The critical pit depth in the moment of pit-to-crack 
transition decreases along with stress level increasing 
[2,6,10,11].

5. Pit-to-crack transition seems to be a complex process 
dependent on many variables [34], including: (i) 
material micro-structure and properties, (ii) pit depth, 
(iii) pit size and shape, including  micro-shape, (iv) pit 
surface area and  (v) proximiti of other pits.

 In a simplified , more practical approach a pit may be 
 considered a surface crack of the same length as the 
 pit depth. The approach makes it possible to determine:

 (a) fatigue limit in function of pit depth for a material 
 with surface pits ;

 (b) total fatigue life of a material with surface pits, 
 by using the methods of linear-elastic fracture 
 mechanics.  

6. The following working conditions should be checked 
in order to determine the critical pit depth:

 (a) ΔK ≥ ΔKth 
 (b) dap/dt < da/dt = f ∙ dd/dN   at  ΔK = ΔKth 
 (c) to the relation (a) the threshold value of  the stress 

 intensity factor (ΔKth) for short cracks should be 
 inserted, or ΔKth = 0 should be assumed; in the latter 
 case the condition (b) will be decisive of pit depth 
 critical value.  

7. Statistical pit depth distribution was described by  
some authors, but the descriptions were focused on 
the distribution of maximum values only, whereas it 
seeems [10]  that the mean value of pit depths controls 
the mean value of fatigue life of specimens.
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8. Cathodic protection effectively prevents pitting 
corrosion, but already existing pits developed during 
storing steel material in open air or during a break 
between protection periods can greatly reduce fatigue 
life of a protected structure.

9. Fatigue damages affect pitting corrosion : (a) degradation 
of protective coatings may lead , in corrosion fatigue 
conditions , to occurrence of blisters in the coatings and 
formation of pits under a metal or non-metal coating, 
(b) fatigue crack initiation in a pit results in a transient 
drop of corrosion current inside the pit. 

10. Tar epoxy resin coating greatly extends corrosion 
fatigue life of steel [21], but does not guarantee full 
protection for it because :  

 (a) at higher nominal stress amplitude values (i.e. 
 shorter life values) the coating layer frequently  
 suffered cracks before a crack has been initiated in 
 the steel; it means that the crack initiation and 
 propagation processes in steel were running in 
 corrosion fatigue conditions;

 (b) at lower nominal stress amplitude values cracks 
 were initiated in the pits developed under the  
 protective coating during the pre-exposure of steel 
 material in open air and after sprinkling it twice 
 a day; then the coating was fractured as a result of 
 increasing crack opening displacement and water 
 penetrated into the cracks which continued to  
 propagate but now in corrosion fatigue conditions.

11. In the case of the joints with a lower stress concentration, 
i.e. butt joints, grooving corrosion occurring in heat 
affected zone close to weld edge resulted in a marked 
reduction of fatigue strength. In the case of the joints 
with a higher stress concentration , i.e. cruciform and 
gusset joints , the notch at weld toe become even blunted 
by the grooves, hence the corrosion did not decrease 
fatigue strength of the joints. It seems that the corrosion 
grooves, similarly to pits , may be considered straight 
–line- front cracks or through-thickness cracks.  
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ABSTRACT

The article collates guidelines concerning experimental construction of the S-N fatigue curves within a limited fatigue life 
range. An attempt is made to compare these guidelines, based on experimental data recorded during rotating bending 
of a notched specimen made of 42CrMo4. The recorded differences in fatigue life values between the constructed curves 
reach the maximum of 12.2%. According to the above guidelines, the number of tests in particular test series varies 
from 6 to 28. Based on the performed analysis a conclusion was made that the increase in the number of tests leads to 
the increase of accuracy but, on the other hand, remarkably increases the time of the experiment and, consequently, 
its cost. In this context, it is the research worker who, taking into account a possible future use of the fatigue curve, 
should individually decide about its accuracy.

Keywords: high-cycle fatigue, S-N curve, fatigue tests

INTRODUCTION

When designing new structural elements which are 
expected to be exposed to time-dependent loads, such as 
for instance load-bearing parts of ship hulls, their fatigue 
strength curve  is calculated for the assumed lifetime [1]. 
These calculations require the information on the S-N fatigue 
characteristic. 

For this purpose curves constructed according to 
normative guidelines [2] or those formulated by classification 
societies [3,4], for instance, are used. Specimen  fatigue curves 
for different categories of welded joints, taken from [4], are 
shown in Fig. 1. The recommended characteristics refer to 
75% confidence with 95% probability of reliability [2,5]. It 
is noteworthy that the dispersion of the results recorded in 
experimental examination is relatively large, as shown in Fig. 
2 [7]. Since any change of material, geometry, heat treatment, 
etc., of the structural element results in its fatigue strength 
change, fatigue tests are to be repeated each time when new 
technology is introduced, or new material used. 

Fig. 1. Specimen fatigue curves for different categories of welded joints  
[4]
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For instance, Ref. [8] presents the effect of the size of the 
tested object on its fatigue life.

Fatigue tests oriented on constructing the S-N curve 
within a limited fatigue life range can be performed based 
on guidelines given in [5,6,9,10,11], among other options. 
However, despite the fact that all these documents refer to 
the limited fatigue life range, each of them was prepared for 
an individually defined scope of applications and contains  
different guidelines.

The present analysis aims at comparing these guidelines 
and presenting experimental verification of the effects  of their 
implementation when constructing the S-N characteristic.

Fig. 2. Dispersion of results of fatigue tests for steel 0,72%C [7]

NUMBER OF TESTED SPECIMENS 

The fatigue tests are time-consuming and, consequently, 
expensive. For instance, obtaining 105 cycles at the loading 
frequency of  30 Hz takes 55 min, while 106 cycles require as 
much as 9 hours. This assessment does not take into account 
the time of specimen preparation. It is also noteworthy that 
fatigue test machines frequently enable to obtain much 
lower frequency, for instance 5 Hz or less, which even more 
extends the time of examination. That is why numerous 
research workers limit the number of the tested specimens to 
a minimum, in particular in case of multiaxial fatigue tests, 
such as those reported in Ref. [12]. Since different characteristics 
are frequently used for comparisons, for instance to determine 
the effect of different production technologies on the fatigue 
life,  numerous normative guidelines were worked out which  
define the minimal acceptable number of specimens. Selected 
guidelines are discussed below.  

According to the standard [11], tests oriented on  
determining the fatigue characteristic for a given  reliability 
level, require 28 specimens as the minimum, while in 
preliminary tests 7 specimens are recommended as sufficient. 
The above guidelines do not define the number of the applied 
load levels, they only refer to the standard ASTM [6] which 
gives the relation for the replication percent:

                         (1)

where:
Sl – number of load levels,
n – total number of specimens.

This standard includes a suggestion that the replication 
percent given in Tab. 1 is to be obtained.

It is noteworthy that the minimal number of specimens 
recommended in the standard  [11] is larger than that given 
in the document [6]. Numbers of specimens suggested in the 
ASTM standard are given in Tab. 2.

Other guidelines can be found in the EN standard [9], 
where a proposal is formulated to start the test at the load 
level for which the fatigue life approximately equal to 105 

cycles is expected. This guideline can be applied when the 
characteristic for a similar material is known. When the  
reliable information which would enable to assess this load 
level is missing, the following formula can be used instead:

S5=(UTS + 0.2% PS)/2,                            (2)

where:
S5 – stress amplitude for 105 cycles
UTS – ultimate tensile strength, 
0.2% PS – proof stress.

The above notation is in accordance with the document 
[9]. It is noteworthy that the fatigue life based on tensile test 
results can be calculated using analytical methods, described 
in [13,14], among other references.

Tab. 1 Guidelines concerning the replication percent for various tests [6]

Type of Tests Replication 
Percent 

Preliminary and exploratory 
(research and development tests) 17 to 33

Research and development tests of 
components and specimens 33 to 50

Design allowable data 50 to 75

Reliability data 75 to 88

Tab. 2 Guidelines concerning the number of specimens [6]

Type of Test
Minimum 

number of 
specimens

Preliminary and exploratory 
(research and development tests) 6 to 12

Research and development tests 
of components and specimens 6 to 12

Design allowable data 12 to 24

Reliability data 12 to 24
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The next level of load should be lower by 40 MPa than the 
initial level. If the specimen cracks before the number of 107 

cycles is obtained, the next level of load should be decreased by 
20 MPa. Then, the level of load should be increased by 40 MPa 
with respect to the initial level. If the specimen does not crack 
after about 104 cycles, the level of load should be increased by 
the next 20 MPa. As a final part, tests should be performed 
for the load levels situated between those previously applied. 
This testing procedure does not include the information on 
the recommended minimal number of specimens.

Other guidelines can be found in the PN standard [10]. 
This document recommends that the tests are to be performed 
for a minimum of 15 specimens and at least for 5 levels of 
load. The obtained S-N characteristic should cover the range 
from 104 to 106 cycles. 

On the other hand, the guidelines of the International 
Institute of Welding [5] suggest that the tests are to be 
performed for a minimum of 10 specimens, and for at least 
2 levels of load within the range from 105 to 106 cycles.

It is also noteworthy that the ISO  standard [11] has   the 
applicability range limited to determining fatigue properties 
of metal elements, while the ASTM document  [6] refers 
generally to construction of the S-N curve when it can be 
estimated using linear regression for the probability not lower 
than 5%. 

In turn, the EN standard [9] can be applied for metal 
materials for which high-cycle fatigue characteristics are to be 
constructed. It does not refers clearly to structural elements, 
but only suggests that this methodology can be applied for 
those elements.   

The PN standard [10] refers to tests of metals at axial load, 
bending, and twisting. It can be used for both smooth and 
notched specimens. The above standard does not include tests 
of specimens with welded, or glued joints, etc.  

The IIW document [5] is recommended in cases of tests 
of welded elements made of steel or aluminium.  

INTERVAL BETWEEN LOAD LEVELS 

As shown in Ref. [15], the S-N characteristic can take 
different forms. Within the limited fatigue life range it can 
be most frequently estimated by a linear model, see Fig. 3. 
This model of S-N characteristic is applied in the majority 
of  practically used methods to calculate limited fatigue life 
and strength within this cycle range. Fig. 3 shows a scheme of 
estimation of the fatigue characteristic based on experimental 
data. The relation between the fatigue life   and the load is 
most frequently estimated using the linear regression method, 
which can be described as:

log(N)=m log(S)+b,                       (3)

where: 
m – slope coefficient, 
b – intercept term.

The values of the slope coefficient m vary within a wide 

range (Fig. 5, Fig. 6, Fig. 7, Fig. 8). When the value of m is 
close to the upper limit of its changeability, the   characteristic 
becomes more horizontal and the intervals between the levels 
of load become smaller. On the other hand, when the slope 
coefficient m is small, the fatigue characteristic has a more 
vertical form and, consequently, the intervals between the 
levels of load are larger. As an example, Fig. 4 shows two 
fatigue characteristics for smooth specimens made of steels 
4140 [16] and SUJ2 [17]. The S-N curves for these two materials 
have different slope coefficients, equal to 23.15 and 9.829 for 
the former and latter material, respectively. For the material 
4140 the fatigue strength changes by about 30 MPa within 
the cycle number ranging from 5·104 to 2·105 cycles. For the 
steel  SUJ 2 and the same cycle range, the stress amplitude is 
higher and approximately equal to 100 MPa.

Fig. 3. Scheme of estimating the fatigue curve in high cycle range

Fig. 4. Fatigue characteristic for steel 4140 [16] and steel SUJ2 [17]

This effect poses a problem when formulating the fatigue 
test programme, as precise assessment of the next level of 
load is not possible. To solve this problem, an attempt can be 
made to assess the most likely value of the  coefficient m which 
will enable to determine approximately the changeability of 
the fatigue strength within the given range of fatigue life. 
Analyses oriented on determining slope coefficient changes 
are presented in [18,19]. Fig. 5, Fig. 6, Fig. 7 and Fig. 8 show 
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distributions of values of the slope coefficient m for structural 
steel and normal and shear stresses, and for even and notched 
specimens.

Fig. 5 reveals that the most frequent value of the slope 
coefficient m for smooth specimens and normal stresses is 
10.9, i.e. the value which is higher than that obtained for the 
material SUJ2, but lower than that for 4140.

Moreover, it should be noted that in case of notched 
specimens the dispersion of values of the slope coefficient m 
is smaller, which makes assessing intervals between load levels 
during examination less problematic and more predictable.

Fig. 5. Distribution of coefficient m for structural steel, smooth specimen, and 
normal stress

Fig. 6. Distribution of coefficient m for structural steel, notched specimen, and 
normal stress

The analysis of values of the slope coefficients m has made 
the basis for calculating modal values of this quantity for 
selected types of loads and specimens. The results of these 
calculations are given in Tab. 3, which also includes the 
calculated strength changes for the fatigue life ranging from 
5·104 to 2·105 cycles, assuming that the value of the slope 
coefficient m is equal to the modal  value of the relevant 
distribution. It is noteworthy that the values obtained for 
shear stresses and notched specimens have poorer statistical 
background due to a relatively small  amount of data used to 
construct a histogram (reports on this type of research are 
under-represented in the literature).

Fig. 7. Distribution of coefficient m for structural steel, smooth specimen, and 
shear stress

Fig. 8. Distribution of coefficient m for structural steel,  notched 
specimen, and shear stress

Tab. 3 Modal values of slope coefficient m for structural steel 

Type of load and 
specimen geometry  

Modal value 
of slope 

coefficient  m

Strength change 
within fatigue 

life  ranging from   
5·104 to 2·105 
cycles [MPa]

Normal stress 
smooth specimens 10.9 38

Normal stress 
notched  specimens 5.3 92

Shear stress 
smooth specimens 12 25

Shear stress 
notched specimens 8.5 45
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EXPERIMENTAL VERIFICATION OF THE 
PRESENTED GUIDELINES 

The reported tests aimed at, among other goals, obtaining  
experimentally verified data constructed in accordance with 
particular guidelines [5,6,9,10,11] and in comparable test 
conditions, i.e. for the same specimens (Fig. 9), the same 
material (Tab. 4), and the same type of load (rotating bending, 
the same strength testing machine).

The tests were performed for the material 42CrMo4,  
tempered, and for cylindrical notched specimens. Static 
properties of the material selected for examination are given 
in Tab. 4, while the geometry of the specimens is shown in 
Fig. 9.

Tab. 4 Properties of material 42CrMo4

Ultimate strength Su [MPa] 1172

Yield stress Sy [MPa] 1095

Hardness HB 308

Fig. 9. Notched specimen used for tests 

The tests were performed on the research rig used for 
rotating bending. The strength testing machine and its 
verification are described in Ref. [20]. The tests were performed 
at the frequency equal to 28.5 Hz.

The obtained test results are shown in Fig. 10, Fig. 11, 
Fig. 12 and Fig. 13, along with the estimated S-N curves. The 
curves were constructed in accordance with the guidelines 
formulated in the above quoted documents.   

In cases when the linear regression was applied to the 
results shown in Fig. 11 (IIW guidelines [5]), low   coefficient 
of determination and small intervals between load levels were 
obtained. Moreover, the resultant slope coefficient m differs 
much from those obtained for the remaining characteristics. It 
was equal to 6.197 in tests based on IIW guidelines [5],  while 
its values for the remaining characteristics were, respectively, 
equal to:   ISO [11] – 5.809, EN [9] – 5.563, and PN [10] – 
5.768.  The value of the intercept term calculated for the 
characteristic constructed based on the IIW guidelines [5] 
is also remarkably higher that the remaining estimated values, 
which most likely results from the fact that the   inflection 

point of the fatigue characteristic curve is situated close to 
4·105 cycles, which made fatigue life assessment in the vicinity 
of 106 cycles impossible. It is worth mentioning here that  
Sonsino [21] suggests that the inflection point cycle number 
of the S-N curve for high-strength steels is equal to  5·105. The 
above facts were the reason why the characteristic obtained 
in accordance with the  IIW guidelines [5] was not taken into 
account in further analysis. 

Fig. 10. Fatigue curve of steel 42CrMo4 for notched specimens, Kt = 1.99, [10]

Fig. 11. Fatigue curve of steel 42CrMo4 for notched specimens, Kt = 1.99, [5]

Fig. 12. Fatigue curve of steel 42CrMo4 for notched specimens,  Kt = 1.99, [9]



POLISH MARITIME RESEARCH, No 3/201572

Fig. 14 compares all constructed characteristics  (except 
that making use of the IIW methodology [5]). The qualitative 
analysis reveals that the obtained differences between 
positions of particular lines are small. 

The quantitative comparison was done using the following 
equation:

                                (4)

where:
B – relative difference between the analysed curves,
N1, N2 – fatigue life values calculated using the analysed 

curve.

Fig. 13. Fatigue curve of steel 42CrMo4 for notched specimens,  Kt = 1.99, [11]

The results calculated using the equation (4) are shown in 
Fig. 15. The largest difference amounts to 12.2% and refers 
to the results obtained bases on PN and EN guidelines. The 
smallest difference is -2.6% and was recorded between the 
S-N curves constructed based on PN and ISO guidelines. 
The differences between the linear regression coefficients 
estimated based on the PN and ISO standards were smaller 
than those based on the PN and EN standards, and the ISO 
and  EN standards.

Fig. 14. Comparing the estimated curves 

The slope coefficients m calculated in accordance with the 
guidelines of ISO [11], EN [9], PN [10] are close to the modal 

value of 5.27 obtained from the probability function shown in 
Fig. 6. At the same time, the stress change amplitude within 
the fatigue life range from 5·104 to 2·105 cycles was smaller 
and equal to 74 MPa.

Fig. 15. Differences in cycle estimation based on the obtained fatigue curves for 
steel 42CrMo4 and notched specimens

SUMMARY AND CONCLUSIONS 

Based on the above analysis of methods to construct the 
S-N fatigue characteristic within the high-cycle range the 
following conclusions can be formulated:

• the number of specimens used for tests affects the 
parameters of the obtained linear regression, which 
in turn affect the value of the fatigue life calculated 
using the estimated characteristic,

• small differences between the characteristics obtained 
with the aid of the methodology recommended in 
the PN standard (15 tests) and the ISO standard (30 
tests) suggest that these curves are more accurate that 
the characteristic obtained using the EN guidelines 
(6 tests),

• performing more that 3 measurements at one load level 
leads to higher dispersion of results  (lower value of 
the coefficient of determination was obtained),

• the largest differences between the obtained 
characteristics are observed at the ends of the 
examination ranges,

• the characteristic obtained using the IIW methodology 
[5] reveals that this methodology was inappropriate 
for the examined material and specimen geometry,

• guidelines of the EN standard [9] seem to be 
appropriate for preliminary examination, but they 
should be  verified for other materials and specimen 
geometries, as well, as for other types of load, twisting 
for instance,

• although the EN standard [9] is not applicable to 
notched specimens, a suggestion that it can be used 
to   construct the fatigue curve for such objects seems 
reasonable, which was confirmed by the experimental 
results,   

• arguments in favour or the methodology contained 
in the EN document [9] include an unambiguous 
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procedure of selecting intervals between load levels; 
this approach is also supported by the distributions of 
changes of the slope coefficient m presented in  Fig. 5, 
Fig. 6, Fig. 7 and  Fig. 8, as well as the analysis collated 
in Tab. 3,

• the use of load level intervals given in Tab. 3 when 
constructing fatigue characteristics for structural 
steels  seems justified.

BIBLIOGRAPHY 

1. Kozak J., Górski Z., Fatigue strength determination of ship 
structural joints, Polish Maritime Research 2(69) Vol 18, 
2011.

2. PN-EN 1993-1-9, Eurokod 3: Designing steel structures. 
Part 1-9: Fatigue, 2007 (in Polish).

3. Kocak M., et al.,. FITNET Fitness-for-Service PROCEDURE 
– FINAL DRAFT MK7. tom I: FITNET FFS Procedure. 
European Fitness-for-Service Thematic Network – FITNET, 
2006.

4. Hobbacher A.F., The new IIW guidelines for fatigue 
assessment of welded joints and components- A 
comprehensive code recently updated. International Journal 
of Fatigue, Vol. 31, Is. 1, January 2009.

5. Hobbacher A, et al. Guidelines for fatigue design of welded 
joints and components, IIW document IIW-1823-07ex 
XIII-2151r4-07/XV-1254r4-07;2008.

6. ASTM E 739-91, Standard Practice for Statistical Analysis  
of Linear or Linearized Stress-Life (S-N) and Strain-Life 
(S-N) Fatigue Data, 2004.

7. Data Sheet on Fatigue Properties of Rail Steel by Alternating 
Axial Loading Life Test. [online]. Meiji University 
Academic Frontier. [access: 07 August 2012]. World Wide 
Web: <http://www.isc.meiji.ac.jp/~shinrai/ H12/H12%20
Alternating%20Axial%20(Rail%20Steel2).pdf>.

8. Tomaszewski T., Sempruch J., Analysis of size effect in high-
cycle fatigue for EN AW-6063, Solid State Phenomena, Vol. 
224, 2015.

9. PN-EN 3987, Aviation and astronautics – Methods to test 
metal materials – High-cycle fatigue tests with constant 
amplitude of controlled load, 2010 (in Polish).

10. PN-H 04325, Fatigue tests of metals – Basic terms and 
general guidelines on preparation of specimens and testing 
procedure,1976 (in Polish).

11. ISO 12107, Metallic materials - fatigue testing - statistical 
planning and analysis of data, 2003.

12. Skibicki D., Sempruch J., Pejkowski L., Steel 
X2CrNiMo17-12-2 testing for uniaxial, proportional and 
non-proportional loads as delivered and in the annealed 
condition, Material Science Forum, Vol. 726, 2012.

13. Sempruch J., Strzelecki P., Error of fatigue life determined 
according to the Fitnet method, 17th International 
Conference on Engineering Mechanics, Svratka, Czech 
Republic, May 2011.

14. Strzelecki P., Sempruch J., Experimental verification of 
analytical method for determining the S-N curve for alloy 
steel, Key Engineering Materials, Vol. 598, 2014.

15. Strzelecki P., Analytical method to determine high-cycle 
fatigue properties of materials and construction elements  
(in Polish), Ph.D. thesis, 2014.

16. Kenan G., Mehmet D., Mustafa U., Effect of cathodic 
polarisation on corrosion fatigue behaviour of ion nitrided 
AISI 4140 steel. International Journal of Fatigue, Vol. 24 
Is. 5, May 2002.

17. Data Sheet on Fatigue Properties of SUJ2 Steel by Rotating 
Bending Test (HRC30),[online], Meiji University Academic 
Frontier, [access: 07 August 2012], World Wide Web: http://
www.isc.meiji.ac.jp/~shinrai/H01/H01%20Rotating%20
Bending%20%28SUJ-HRC30%29.pdf.

18. Strzelecki P., Sempruch J., Analysing slope coefficient of 
the Wöhler curve within finite life range (in Polish). XXV 
Conference on Fatigue and Fracture Mechanics, Bydgoszcz-
Fojutowo 2012.

19. Strzelecki P., Sempruch J., Hybrid method for determining 
fatigue characteristic in high cycle life. 20th International 
Conference Engineering Mechanics 2014, Svratka, Czech 
Republic, May 2014.

20. Strzelecki P., Sempruch J., Experimental verification of the 
analytical method for the estimated S-N curve for limited 
fatigue life. Materials Science Forum, Fatigue Failure and 
Fracture Mechanics, Vol. 726, August 2012.

21. Sonsino S.M., 2007. Course of SN-curves especially in the 
high-cycle fatigue regime with regard to component design 
and safety. International Journal of Fatigue. Vol. 29, Is.12, 
December 2007.



POLISH MARITIME RESEARCH, No 3/201574

CONTACT WITH THE AUTHORS

Przemysław Strzelecki
Janusz Sempruch

Krzysztof Nowicki

UTP University of Science and Technology
ul. Ks. Kordeckiego 20

85-225 Bydgoszcz
Poland



POLISH MARITIME RESEARCH, No 3/2015 75

POLISH MARITIME RESEARCH 3(87) 2015 Vol. 22; pp. 75-81
10.1515/pomr-2015-0059

LASER DOPPLER VIBROMETER BASED EXAMINATION OF THE 
EFFICIENCY OF INTRODUCING ARTIFICIAL DELAMINATIONS 

INTO COMPOSITE SHELLS 
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ABSTRACT

During its operation, the laminate shell of the watercraft hull can be exposed to local stability losses caused by the 
appearance and development of delaminations. The sources of these delaminations are  discontinuities, created both 
in the production process and as a result of bumps of foreign bodies into the hull in operation. In the environment of 
fatigue loads acting on the hull, the delaminations propagate and lead to the loss of load capacity of the hull structure. 
There is a need to improve diagnostic systems used in Structural Health Monitoring (SHM) of laminate hull elements to 
detect and monitor the development of the delaminations. Effective diagnostic systems used for delamination assessment 
base on expert systems. Along with other tools, the expert diagnostic advisory systems make use of the non-destructive 
examination method which consists in generating elastic waves in the hull shell structure and observing their changes 
by comparing the recorded signal with damage patterns collected in the expert system database. This system requires 
introducing certain patterns to its knowledge base, based on the results of experimental examinations performed on 
specimens with implemented artificial delaminations. The article presents the results of the examination oriented on 
assessing the delaminations artificially generated in the structure of glass- and carbon-epoxy laminates by introducing 
local non-adhesive layers with the aid of thin polyethylene film, teflon insert, or thin layer of polyvinyl alcohol. The 
efficiency of each method was assessed using laser vibrometry. The effect of the depth of delamination position in the 
laminate on the efficiency of the applied method is documented as well. 

Keywords: watercraft hull, laminate,  artificial delamination, SHM diagnostics, advisory expert system knowledge base

INTRODUCTION 

The durability of the watercraft hull structure affects 
considerably the voyage safety and is subject to demanding 
requirements from maritime surveillance institutions.  

The developed hull structures are oriented on the use of 
intelligent materials and structures. Research activities in 
this area are directed towards gradient and self-repairing  
materials, new technologies of production of elements and 
combining them into modules, subassemblies and the final 
structure, new solutions and methods of system operation 
administration, new and/or modernised methods to analyse 
correlations of links/factors in the  human being/technology/
environment (C–T–O) macrosystem, new applications of 
mechanics methods and related techniques, modelling 
methods to simulate operating processes, and/or methods 
of structure diagnostics to assess its technical state.   

The present approach to structural durability of watercraft 
hulls defines the durability as structure’s robustness to the 
agents which lead to the degradation of material properties 
or structural integrity of the hull operating in the corrosion/
fatigue environment. In normative terms, the need to 
preserve sufficient watercraft hull durability imposes certain 

conditions to ensure material consistency and integrity of 
structural joints of the hull at the macroscopic level in real 
operating conditions. The loss of consistency or integrity is 
caused by damage development to the scale in which part 
of the construction material which is free from damages, or 
a weakened joint, is not able any longer to carry the operating 
load. The damages can be initiated at different levels of matter 
organization: as (1) the development of discontinuities 
formed during production processes of materials, elements, 
subsystems, and their assembly into a final product, 
or  (2) the development of operating damages caused by 
local transgression of permissible loads due to bumps of 
foreign bodies. The further course of  the discontinuity 
development depends on the type of construction material, 
the applied design solutions, and/or other agents acting on 
the hull structure in the C–T–O macrosystem during the 
hull operation.  

The watercraft hull durability created at the preoperational 
stage should ensure macroscopic consistency of its structure by 
preserving a safe level of stresses and deformations generated 
by external and internal loads acting on the hull during its 
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operation. Moreover, possible damages should develop only 
locally within the range which is acceptable from the point of 
view of safety requirements, and should be able to be detected 
and monitored using non-destructive methods. The durability 
is to be ensured by an effective diagnostic system which will 
detect and assess the degradation or destruction processes.  

Modern engineering structures are developed with 
orientation towards intelligent applications [4]. One of 
solutions here is intelligent diagnostics. Applying a system 
of integrated diagnostics based on intelligent solutions enables 
to obtain a more robust and trustworthy structure, as a result 
of real assessment of its technical state [5, 6].

Two philosophies are applied when designing ship hulls. 
One of them consists in designing the hull structure in 
accordance with the applicable regulations, with further 
verification, based on real and virtual experiments, that 
in the assumed lifetime of operation the integrity of joints 
and material consistency will be preserved at the assumed 
safety level. The other philosophy takes into account the fact 
that all materials contain internal discontinuities resulting 
from technological processes, and these discontinuities 
can develop during the hull operation only up to a level at 
which the fatigue crack type damage does not jeopardise 
the metal structure of the ship hull and therefore can be 
permitted. Dural structures of ship hulls should ensure their 
safe use by revealing  sufficiently high resistance to fatigue, 
corrosion, and external damages. When well recognised in 
experimental examination, the fatigue processes of dural 
materials used in ship hull building make the basis for 
preparing structural inspection procedures. Dural materials 
are constantly improved with respect to their fatigue crack 
resistance. Designs of modern hulls make frequent use of 
laminates due to their high fatigue and corrosion resistance, 
and the progressive increase of their use is observed [10, 16].  

 
Fig. 1. Laminate structures of contemporary watercraft units [15]

Laminates reveal high corrosion and fatigue resistance, but 
when they are exposed to bumps of foreign bodies they crack. 
Damages resulting from low-energy bumps, especially those 
which cannot be observed from outside, can lead to internal 
integrity loss between composite layers, a process which is 
recognised as delamination. This type of damage is dangerous 
for laminates and should be detected in the early phase of 
existence, as its propagation in the fatigue load environment 
poses a threat to the safety of the structure. 

During its operation, the thin-walled structure of the 
composite watercraft hull shell is susceptible to local stability 
losses resulting from the appearance and development of 
delaminations. These delaminations appear as a consequence 
of the development of material discontinuities generated 
during the lamination process, when compression stresses 

act on the laminate. They can also be initiated during the 
hull operation, when the laminate hull shell is exposed to 
bumps of foreign bodies. Especially dangerous are low-energy 
bumps, as they do not cause macroscopic damages which 
can be observed from the outside, and lead only to local loss 
of adhesive connection between the laminate layers. The 
appearance and development of these discontinuities can 
remain undetected. When propagating, the discontinuities 
initiate delaminations in the layered composite, which poses 
a threat of stability loss of the composite shell exposed to 
operating fatigue loads, especially compression loads. 
Therefore there is a need to improve tools used to diagnose 
the technical state of the ship hull for the appearance and 
development of delaminations [1-3, 9, 11-13]. Among other 
methods, elastic Lambda waves generated in thin-walled 
structures can be used for this purpose [8, 14].  

When designing the ship hull, certain preventive measures 
should be named which will protect the hull against 
damages, including delaminations. The effect of damages 
on ship’s safety is assessed based on observations of other 
real structures and modelling the observed  behaviours in 
experiments with the newly designed structure. The time 
of experiments performed during the design stage should 
be shortened by performing intensive tests. Their only 
goal is to shorten the time of experiment, and it needs to 
be examined whether the speeding-up procedures do not 
affect the structure damage criterion, whether the damage 
mode (type) is preserved, and whether other modes which 
would change the nature of damage propagation and structure 
destruction are absent. Theoretically, the accelerated tests, 
in which additional modes associated with acceleration are 
observed, can also be performed. However, for the accelerated 
tests, the behaviours which are characteristic for the observed 
mode and for the associated modes should be extracted, which 
is a difficult process.   

Observing the behaviour of a structure exposed to 
simulated operating loads enables to assess the range 
of its safe operation. An aspect of highest importance 
here is to attribute  certain symptoms of gradual loss of 
material consistency and/or integrity of structural joints 
to successive phases of the experiment. These symptoms 
are used in diagnostics. The recognised symptoms make 
 a basis for assessing the remaining time of operation defined 
by the residual durability. Particular phases depend on the 
adopted time intervals, referred to as observation windows. 
The lower limit for the adopted time interval is the sampling 
interval, while the upper limit can be defined by the linearity, 
or quasi-linearity, of the behaviour of the symptom. The 
observation of the structure in operation should be oriented 
on detecting the abovementioned symptoms. This problem 
can be dealt with in two ways: (1) based on experimental tests 
the times of successive inspections are determined during 
which the technical state of the structure is examined using 
non-destructive tests – NDT, or (2) passive and/or active 
sensors, introduced to the structure,  make it possible to detect 
the symptoms online during structure operation. The latter 
approach is more effective, both economically and in safety 
terms, as it eliminates the problem of  access to diagnosing 
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points, and reduces, or totally eliminates, the effect of human 
interference. Moreover, it has a wider applicability  scope 
and increases the technical readiness, thus taking care of the 
quality of service offered for the final user. It is noteworthy, 
however, that this higher efficiency bases on the following 
assumptions: (1) the system of sensors has been selected 
correctly and optimally for the given structure, and (2) its 
reliability is high and does not affect the reliability of the 
structure, in particular it does not generate false alarms.  

The efficiency of the diagnostic systems used for 
delamination assessment is improved by implementation 
of expert systems. The diagnostic advisory expert systems 
make use of, among other tools, non-destructive test methods 
which consist in generating elastic waves in the examined 
structure and comparing the recorded signal with the 
damage reference pattern. This system requires introduction 
of reference patterns to the knowledge base of the expert 
system. The knowledge base is obtained from experimental 
examinations performed on specimens with implemented 
artificial delaminations. 

The article presents the evaluation of efficiency of diagnostic 
methods which introduce artificial delaminations into 
composite shells made of glass- and carbon-epoxy laminates 
in order to define the reference delamination patterns for the 
expert system. The performed tests made use of three methods 
to introduce artificial delamination to the structure, and 
the modern diagnostic method based on the laser Doppler 
vibrometer to detect it. 

 
CHARACTERISTICS OF SPECIMENS USED 

IN TESTS 

The article reports results of tests oriented on evaluating 
the delamination area and position depth in specimens with 
delaminations artificially generated between the composite 
layers. The specimens, prepared from glass- and carbon-
epoxy laminates, had the A5 size. The generated artificial 
delaminations had the form of non-adhesive areas created 
between the laminate layers during the composite production 
process. These areas were created using three methods, by 
introducing: (1) a thin polyethylene film, (2) a teflon insert, 
and (3) a thin layer of polyvinyl alcohol. The delamination 
areas had the shapes of isosceles trapeziums with  bases of  
5 and 20 mm in length, arranged in such a way that the 
longer base is situated alternately at the left and right side of 
the specimen (Fig. 1a). 

 Fig. 1. A5 specimen made of carbon-epoxy laminate with local separation 
layers alternately introduced to obtain delaminations having the assumed 
areas and the shapes of isosceles trapeziums with bases of 5 and 20 mm

 The above structure of the specimen was selected to 
obtain the information for the knowledge   basis of the 
advisory expert system, which was the main goal of the 
research reported in the  article. These specimens will also 
be used in further tests, and the adopted system should 
facilitate evaluation of the measurement uncertainty at the 
next stage of construction of the diagnostic system based 
on piezoelectric sensors permanently integrated with the 
ship hull structure. 

METHODOLOGY OF EXAMINATION  

The tests were performed in the Engineering Institute, Los 
Alamos National Laboratory, USA, using the measuring set 
schematically shown in Fig. 2.

Fig. 2. Scheme of the test rig used for evaluation of the area of artificial 
delamination in the laminate structure 

The examined specimen was mounted vertically at 
the distance of 1,5 m from the laser  Doppler vibrometer. 
A high-frequency piezo activator which generates constant-
frequency waves was wax-glued on the specimen. The assumed 
vibration frequency was equal to 80 kHz, following expert 
recommendations by Erick Flyn of Los Alamos National 
Laboratory. During the test, Lambda waves were generated 
in the specimen and, simultaneously, the surface of the 
specimen was scanned using the 2D Doppler laser. The 
visualisation was obtained via automatic estimation based 
on the assessment of the wave number, pixel-by-pixel, being 
the response to the excitation in the wave number domain 
[7]. The advantage of the applied method is that it does need 
reference patterns. Anomalies in the image  indicate  the 
presence of deformations, which are larger in places with 
delaminations due to lower stiffness of these areas caused 
by the loss of interlayer integrity. 

The obtained results are presented in 3D using an 
additional map of colours. These 3D images can be used 
to evaluate the depth of delamination, measured from the 
surface of scanning.

The specimens prepared for the tests are collated in 
Table 1, which in successive columns shows the number 
of the specimen, its  label, and basic data concerning the 
reinforcement material (glass, carbon) and type of material 
used to generate local delamination (teflon, polyvinyl alcohol, 
polyethylene film). 
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Table 1. Specimens prepared for testing the efficiency of introduction of 
artificial

Six specimens shown in Fig 3 were used in the tests.

Fig. 3. Photo of the set of specimens used in the examination performed with 
the aid of the  laser Doppler vibrometer to assess the areas of delamination

Specimens 1 to 3 were prepared from glass-epoxy laminate. 
During the delamination introduction process, all trapezoidal 
artificial delamination areas of the specimens were filled with: 
(1)  polyvinyl alcohol with a thin copper wire, or (2) thin 
polyethylene film, or (3) rectangular teflon insert. Specimens 
4 to 7 were prepared from carbon-epoxy laminate. Specimen 
4 was pure, without artificial delamination, while specimens 
5 to 7 had delamination areas filled with polyvinyl alcohol, 
thin polyethylene film, and rectangular teflon insert, 
respectively, like in case of the glass-epoxy specimens. 

Specimen 5 made of carbon-epoxy laminate with local 
artificial delaminations introduced using polyvinyl alcohol 
was damaged during annealing in the production process.  

RESULTS OF TESTS 

The analysis of the test results having the form of the 
recorded images clearly detects    the delaminations. The 
method of their detection is very effective, fast, and efficient. 
The recorded images have made a basis for evaluating the 
efficiency of particular delamination introduction methods. 
Covering Specimen 1, made of  glass-epoxy laminate, (Fig. 4), 
 with polyvinyl alcohol did not result in local adhesion 
loss (Fig. 5), and the only visualised damage was caused by 
removing the specimen form the mould.

 

Fig. 4. View of Specimen 1, made of glass-epoxy laminate. To generate 
delamination, the places marked as trapeziums were covered with polyvinyl 

alcohol  between layers 2 and 3, 4 and 5, and 6 and 7 in the production process

Fig. 5. Visualisation of Specimen 1, made of glass-epoxy laminate with 
trapeziums covered with polyvinyl alcohol to provoke local adhesion loss and 

further delamination between layers 2 and 3, 4 and 5, and 6 and 7

During the production process, a copper wire was 
introduced to the places covered with polyvinyl alcohol to 
enable the generation of additional high-voltage discharge, 
and thus provoke the appearance of delamination being the 
object of further examination. 

Specimen 5 made of carbon-epoxy laminate with 
trapeziums covered with polyvinyl alcohol was damaged 
during annealing. 

Three thin trapezium shaped films were introduced to 
Specimen 2, made of glass-epoxy laminate, between layers 
2 and 3, 4 and 5, and 6 and 7 (Fig. 6).  
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Fig. 6. View of Specimen 2, made of glass-epoxy laminate with places of 
introduction of trapezium shaped polyethylene films between layers 2 and 3, 4 

and 5, and 6 and 7

Figure 7 shows visualisation of elamination of Specimen 2.

Fig. 7. Visualisation of delamination of Specimen 2. Internal delaminations 
obtained when   the trasducer was glued at the bottom left corner on the 

smooth side of the specimen and the rough surface was scanned (left), and 
when the trasducer was glued at the bottom left corner on the rough side of the 

specimen and the smooth surface was scanned (right) 

On the left-hand side, Fig. 7 shows the visualisation of 
internal delaminations obtained  by exciting the Lamba waves 
with the aid of the trasducer glued at the bottom left corner on 
the smooth surface of the specimen and scanning the rough 
surface, while the visualisation shown on the right-hand side 
was obtained in the opposite situation, i.e. when the trasducer 
was moved to the bottom left corner of the rough surface and 
the smooth surface of the specimen was scanned.  

Figure 7 shows clear patterns of internal delaminations, 
the used colour palette illustrates the depth of delamination 
position. The patterns on the left-hand and right-hand sides 
are similar to each other. The right-hand pattern can be 
obtained after transforming the left-hand pattern by rotation 
by 1800 with respect to the bottom right corner, which reflects 
the arrangement of the delaminations purposely introduced 
to the structure of the laminate. The performed examination 
indicates that the efficiency of generating artificial internal  

delaminations by introducing the films during the production 
process is high; the images of the introduced films are almost 
identical in both cases. We can also conclude that the side 
on which the trasducer is glued and the side along which 
the specimen is scanned do not affect the results of the 
examination. Further research is to be performed to separate 
the trasducer position/surface smoothness relation, from that 
between the surface smoothness and the scanned pattern.  

The method to generate delamination by inserting a thin 
polyethylene film has also turned out effective for carbon-
epoxy laminates.  

However, unlike the test with the glass-epoxy laminate, 
here scanning Specimen 6 (Fig. 8), made of carbon-epoxy 
laminate with thin film introduced to generate delamination, 
has revealed some effect of trasducer position and scanned 
surface smoothness on the recorded results. More precise 
evaluation of this effect requires additional tests. The 
visualisation patterns on the left-hand and right-hand sides 
clearly differ between each other, by colours attributed to 
particular delaminations and depths of their positions in the 
laminate, rather than by delamination shapes themselves. 

Fig. 8. Carbon-epoxy laminate with

 delamination obtained using a thin polyethylene film introduced between 
layers 2 and 3, 4 and 5, and 6 and 7 in the production process.

Fig. 9. Visualisation of delamination of Specimen 6 made of carbon-epoxy 
laminate with artificial delamination generated by introducing a thin film. The 

trasducer was glued on the smooth side of the specimen  and the rough side 
was scanned (left), and trasducer was glued on the rough side of the specimen  

and the smooth side was scanned (right). 

For Specimen 7 (Fig. 3 and Table 1), made of carbon-epoxy 
laminate, a rectangular teflon insert with a copper wire was 
introduced into it, and separately a cooper wire alone, see Fig.  
10. If no delamination had been recorded, the specimen was 
planned to be exposed to high-voltage discharge. 
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Fig. 10. Specimen 7, made of carbon-epoxy laminate, with (1) rectangular 
teflon insert and  copper wire, and (2) a separate copper wire introduced 

during the production process

The visualisation did not detect the presence of 
delamination (Fig. 11). Here, the introduction of teflon turned 
out ineffective, as far as the goals of the reported research 
were concerned. 

Fig. 11. Visualisation of Specimen 7 made of carbon-epoxy laminate, with 
locally introduced teflon insert. The  trasducer was glued on the smooth 

surface of the specimen and the rough surface  was scanned

CONCLUSIONS AND DIRECTIONS OF 
FURTHER RESEARCH 

The article presents the results of the research oriented on 
evaluating the efficiency of different methods to introduce 
delamination into structures of glass- and carbon-epoxy 
laminates. The delamination was obtained by generating, in 
the production process, local non-adhesive areas between 
the laminate layers. A thin layer of polyvinyl alcohol, a thin 
polyvinyl film, and teflon were used for this purpose. The 
efficiency of particular methods was evaluated using the Laser 
Doppler Vibrometer. The highest efficiency was obtained 
using the thin polyethylene film, which was confirmed by 
the recorded visualisation images. Further research should 

analyse in more detail the effect of surface smoothness on the 
introduction of Lambda waves and on the results of scanning. 

The performed tests have also proved the efficiency of 
the applied method in assessing the depth in which the 
delamination takes place, i.e. between which layers. The 
efficiency of this method decreases with the increasing depth 
of delamination. The laminate thickness limits for which 
the method can be applied  should be assessed taking into 
account the type of reinforcement fabric, its thickness, and 
volumetric percentage of the reinforcement and the matrix 
(binder) in the laminate. 

The research was performed during author’s stay in the 
Los Alamos National Laboratory, within the framework of 
the grant for study visit financed from the Development 
Programme of the Faculty of Power and Aeronautical 
Engineering, Warsaw University of Technology, for years 
2011-2015, being part of the EU Operational Programme - 
Human Capital.
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ABSTRACT

An improved harmonic detection method based on average arithmetic is proposed. According to the research results, the 
designed solution uses an LPF (low-pass-filter) and a mean value module connected in series instead of the conventional 
mean value module, and simultaneously, a three-phase voltage phase-locked module instead of commonly used PLL 
(phase lock loop) module is applied in order to reduce the influence caused by three-phase distorted voltage and rapid 
variation of load. The experimental results show that the application of this solution leads to increase in the accuracy 
of harmonics detection for distorted three-phase voltage and rapid variation of load.

Keywords: distorted three-phase voltage; rapid-variation load; harmonic detection; average arithmetic

INTRODUCTION

With the development of power electronic devices 
in recent decades, more and more power converters are 
applied onboard, and the ship electric propulsion system is 
the representative example. But the fact is, power quality in 
marine electric power networks is becoming worse and worse, 
especially the level of harmonics increases. For example, in 
the case of Queen Mary 2 [10], the bulky ship has suffered  
a failure of harmonic passive filter, which resulted in explosion 
and damage of the surrounding electrical panels, and finally 
a total black-out of the vessel. In this case, the only protection 
against catastrophic failure of the capacitors being a part of 
harmonic passive filter, was a current imbalance detection 
system, which after the accident was found to be inoperable 
[10]. Anyway, a problem how to detect and compensate 
harmonic components with appropriate accuracy in a real 
time is one of the most important questions concerning a 
problem of power quality in ship networks. This question is 
fundamental from the point of view active or hybrid power 
filters control [9], [15]. Conventional harmonic detecting 
method is based on the theories such as instantaneous reactive 
power theory, Fourier transform or adaptive algorithms. The 
most commonly used methods are ip-iq algorithm [1] and its 
advanced method [8]. A method using a mean value module 
to replace LPF is described in [6] and [9] to improve the 
accuracy and reduce the response time of harmonic detection. 
The methods described in [1] and [9] using ip-iq algorithm 
without PLL are proposed to solve the problem caused by 
asymmetrical load. In [16] and [17], symmetrical component 

method is proposed for positive sequence voltage and current 
measurement. But in the case of distorted three-phase voltage, 
these methods sometimes cannot detect positive sequence 
component accurately. And sometimes their accuracy may 
be influenced by the variation of the fundamental current. 
To reduce the influence of distorted three-phase voltage, 
a new three-phase PLL circuit is proposed in [7]. But using 
this circuit, the response time is longer. In [14], a PI controller 
is added to the detection system. In [12], a new PLL circuit 
is proposed for compensation of error which is caused by 
system delay. In this paper, a improved harmonic current 
detection method is discussed under the circumstances of 
distorted three-phase voltage - with unbalanced initial phase 
angles and amplitudes in the presence of rapid variation of 
load. In shorthand, an advanced PLL circuit is proposed 
for detection of the positive sequence voltage completed by 
a module consisting of a LPF and a mean module that are 
connected in series. It is to supersede the conventional LPF.

HARMONIC DETECTION METHOD WITH 
MEAN VALUE MODULES

PRINCIPLE OF HARMONIC DETECTION METHOD 
WITH MEAN VALUE MODULES

The harmonic detection method with mean value modules 
is graphically presented in Fig. 1. It applies ip-iq algorithm 
but LPF module is replaced by mean value modules. The 
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mean value obtained by simple integration is the DC value 
corresponding to the fundamental current. In an ideal power 
network, its detection time is only 1/6 cycle [6]. Its principle 
analysis is as follows. Assuming that the three-phase load 
current is,

where, In and φn are the amplitude and initial phase angle 
of the nth harmonic current. The sine and cosine signals 
corresponding to the voltage of phase A, sinωt and cosωt can 
be detect by the PLL. They form matrix C which is showed 
in Fig.1,

According to the scheme, the formulas of ip and iq are,

( ) ( )

( ) ( )

1

1

2 2 23 sin cos cos 1 cos sin sin
3 3 3
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3 3 3
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Here, ip is taken for example; when n=1,

1 1
3 cos
2p pi I iϕ= =

when n = 3k   (k = 1, 2, 3…),

when n = 3k + 1   (k = 1, 2, 3…),

when n = 3k - 1   (k = 1, 2, 3…),

And iq can be obtained in the same way. In three-phase 
symmetry circuit, even order harmonics do not exist. The 
system only contains harmonic currents of 5th, 7th, 11th 
and so on. So it can can be stated that only components  
n = 6k ± 1 (k=1, 2, 3…) would exist. Then ip and iq become,

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

After integrating the above formulas for 1/6 cycle, the 
fundamental component of ip and iq are obtained.

After transforming them into three phase, fundamental 
currents iaf, ibf and icf are detected. And the harmonic 
component can be obtained.

ERROR ANALYSIS

As shown in Fig.1, the phase of sine & cosine signal detected 
by method with mean value modules is determined by ua. 
When three-phase voltage is asymmetrical and contains 
harmonic components, it has positive sequence component 
and negative sequence component. Detected by the PLL circuit, 
as shown in Fig.1, the phase of sine signal is the same as that 
of ua, but differs by θ from its positive sequence component. 
The exact signal are sin(ωt+θ) and cos(ωt+θ). Calculating with 
the matrix C formed by them, the detection of fundamental 
active and reactive current will be influenced. Moreover, 
in the operation process of the APF (active power filter) 
from sampling of filtering signal to inverter output (Fig. 2), 
there exists sampling delay, transformer phase delay, signal 
processing delay and inverter delay of main circuit [3]. If the 
time delay is not compensated, the accuracy of detection 
will be very poor, and even the harmonic problem becomes 
more serious. That is, phase preprocessing during detection 
is necessary. But when load varies, the conventional detection 
method with mean modules may be readily disturbed by 
changing currents.

 

Fig.2 Principle block diagram of the considered ship network, active power 
filter and its control

(9)

Fig.1 Block diagram of harmonic detection method based on ip-iq concept with mean value modules
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PRINCIPLE OF PROPOSED HARMONIC 
DETECTION METHOD

According to the above error analysis, an improved 
harmonic detection method is proposed. Its scheme (block 
diagram) is shown in Fig. 3.

The proposed solution is able to detect positive sequence 
component of three-phase voltage when it is distorted and 
asymmetrical. Its principle analysis is as follows. Assume 
that the asymmetrical three-phase voltage is,

where, U represents voltage amplitude, n represents 
harmonic order, φ represents initial angle, and (+,-) represent 
positive and negative sequence components.

When voltage signal passes BPF, the output signals are 
uaf, ubf and ucf. Then the output signals are calculated by 
symmetrical component theory, all asymmetrical three-
phase vectors are divided into three parts - positive sequence 
component, negative sequence component and zero-phase 
sequence component. The formulas are,

where, ,  , and  ƒa, ƒb, ƒc are unsymmetrical 
three-phase vectors [17]. Then the above formula is 
transformed into,

Similar method is applied to define the matrix T - in Fig.3 
- as,

The positive sequence component of fundamental voltage 
can be readily detected. Its formula is,

(10)

(11)

(12)

(13)

According to the above theory,  the calculation of ubf need 
a 240° phase shift, and 120° for ucf. The time delays at least 
2π/3. Using Formula (15),

Formula (14) becomes,

So, signal processing method as shown in formula (16) 
is able to save time. After getting the positive sequence 
component of fundamental voltage, the sine signal  
sin(ωt + φun

+) and the cosine signal cos(ωt + φun
+)  can be 

easily found. The matrix C as formed is,

Moreover, because of the time delay caused by the 
system itself, as shown in Fig. 2, compensation module as 
compensatory angle is added to make up for it. Assuming 
that the operation of APF is with a time delay equal to Δt, 
there is a delay angle equals to ωΔt. After the compensation 
module is applied, the new matrix CΔt is able to guarantee the 
identity of the phase after transformation. The matrix CΔt is,

And the fundamental currents after compensation are,

The system time delay angle is predicted by theoretical 
analysis of configuration shown in Fig 2. There is a difference 
between theoretical result and the result obtained in practical 
operation. So the fundamental current detected by this 
method is different from practical one. In practical operation, 
repeated test is necessary for finding the accurate time delay.

(14)

(15)

(16)

(17)

(18)

(19)

Fig.3 Block diagram of harmonic detection method with a three-phase voltage phase-locked module as well as low-pass filter and mean modules connected in 
series, BPF - band-pass-filter
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SIMULATION

SIMULATION MODEL OF THE SHIP NETWORK 
UNDER NON-IDEAL CONDITIONS

Simulation was carried out wing Matlab / Simulink 
environment, applied for the configuration of ship electrical 
power system resulting from Fig.2. A comparative analysis 
of level of the waveform distortion and time of response of 
harmonic detection for the active power filtering was carried 
out by using Mathcad environment for waveform distortion 
analysis. The parameters of load are R = 20 Ω and L = 2 mH. 
According to the analysis of [12], it is assumed that the 
time delay of the system is 140 μs. That would be 2.52º if it 
is expressed in angle (for f = 50 Hz). The value of positive 
sequence voltage is 220 V. The initial phases of A phase 
voltage, B phase voltage, and C phase voltage are 25º, -115º, 
and 120º respectively. Then, harmonic voltage of 5th order, 
7th order, and 11th order are added to the three phases. In 
Fig. 4 the waveforms of the distorted three-phase voltage 
before APF compensation are shown.

Fig.4 Distorted and asymmetrical three-phase voltage waveforms before APF 
compensation

SIMULATION RESULTS UNDER 
DISTORTED THREE-PHASE VOLTAGE

On the basis of the aforementioned model, comparative 
study by simulation experiments has been carried out, with 
usage of the three different detection methods, i.e. with mean 
modules, with mean modules and a three-phase voltage phase-
locked module, and the proposed method. The experimental 
results are based on the assumption, that in all cases the 
same APF control method and load are used. An assessment 
of the distortion level of the analyzed waveform is based on 
the THD concept, in the meaning [4], [5]. Other distortion 
factors definitions are sometimes used [11]. Fig. 5 shows the 
results of harmonics detection by using the mean modules. 
Fig. 5(a) shows the positive sequence voltage and detected 
positive fundamental active current of phase A. Fig. 5(b) 
shows the detected fundamental current of phase A. It can be 
seen that a quite good waveform of the fundamental current 
can be detected after slightly above 0.01s. Fig. 5(c) shows the 
spectrum of detected fundamental current of phase A. Its 
THD value is 2.80%.

Fig.5 Simulation results of harmonic detection method with mean modules, (a) 
positive sequence voltage and detected positive fundamental active current of 

phase A, (b) detected fundamental current of phase A, (c) spectrum of detected 
fundamental current of phase A

Fig. 6 shows the results of harmonics detection by using 
the method with mean modules and a three-phase voltage 
phase-locked module. Fig. 6(a) shows the positive sequence 
voltage and detected positive fundamental active current of 
phase A. It is clear that there exists no phase difference. So the 
reactive compensation can be carried out accurately. Fig. 6(b) 
shows the detected fundamental current of phase A. It can 
be seen that a pretty ideal waveform of fundamental current 
can be detected after slightly above 0.01s. Fig. 6(c) shows the 
spectrum of detected fundamental current of phase A. Its 
THD value is 1.16%.

Fig.7 shows the results of harmonics detection by using 
the proposed method. Fig.7 (a) shows the positive sequence 
voltage and detected positive fundamental active current 
of phase A. It’s clearly that there exists no phase difference. 
So the reactive compensation can be carried out accurately. 
Fig.7 (b) shows the detected fundamental current of phase A. 
It can be seen that a pretty ideal waveform of fundamental 
current can be detected after one cycle. Fig.7 (c) shows the 
spectrum of detected fundamental current of phase A. Its 
THD value is 0.52%.
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Fig.6 Simulation results of harmonic detection method with mean modules 
and a three-phase voltage phase-locked module, (a) positive sequence voltage 

and detected positive fundamental active current of phase A, (b) detected 
fundamental current of phase A, (c) spectrum of detected fundamental current 

of phase A

Fig.7 shows the results of harmonics detection by using 
the proposed method. Fig.7 (a) shows the positive sequence 
voltage and detected positive fundamental active current 
of phase A. It’s clearly that there exists no phase difference. 
So the reactive compensation can be carried out accurately. 
Fig.7 (b) shows the detected fundamental current of phase A. 
It can be seen that a pretty ideal waveform of fundamental 
current can be detected after one cycle. Fig.7 (c) shows the 
spectrum of detected fundamental current of phase A. Its 
THD value is 0.52%.

After the comparison of the obtained results, it can be 
concluded that the accurate sine & cosine signals can be 
detected by using the three-phase voltage phase-locked 
module. It helps with the accuracy of harmonic detection 
and reactive power compensation. The accuracy of the 
detection can be further improved by using a LPF and a mean 
module connected in series. The THD value of the detected 
fundamental current dropped from 1.16% to 0.31%. Though 
the THD value is noticeably lower, the response time increases 
more or less by 0.005s.

Fig.7 Simulation result of harmonic detection method with an LPF and a 
mean module connected in series and a three-phase voltage phase-locked 

module, (a) positive sequence voltage and detected positive fundamental active 
current of phase A, (b) detected fundamental current of phase A, (c) spectrum 

of detected fundamental current

SIMULATION RESULTS UNDER 
DISTORTED THREE-PHASE VOLTAGE AND 
SUDDEN-VARIATION RAPID VARIATION 

OF LOAD

An experiment of rapid variation of load is performed by 
load step change from 50% to 100% at 0.05 s time instant. 
That means the resistance drops from 20 Ω to 10 Ω, and the 
inductance drops from 2 mH to 1 mH. The resulting waveform 
of load current during the process is shown in Fig. 8.

Fig.8 Simulated current during load step change by 50% at 0.05 s time instant
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Next, the harmonic detection method with mean modules 
and the harmonic detection method with the proposed method 
are applied respectively. And the results are shown below. Fig. 9 
shows the results obtained by using the harmonic detection 
method with mean modules. Fig. 9(a) shows the detected 
fundamental current of phase A. Fig. 9(b) and Fig. 9(c) are the 
spectrums of detected fundamental current of phase A before 
and half cycle after step load change. The THDs are 2.96% and 
2.33% respectively. Further, the THD has been calculated for 
the cycle just after the step change (0.05 s to 0.07 s). This has 
been equal to 8.37%. Fig. 9(d) shows the fluctuation of detected 
active component and reactive component respectively. It can 
been seen that fluctuation is very serious.

Fig.9 Simulation result of harmonic detection method with mean modules 
when load varies, (a) detected fundamental current of phase A, (b) spectrum 
of detected fundamental current for one cycle before step load change (0.03 
s to 0.05 s), (c) spectrum of detected fundamental current for one cycle after 

step load change (0.06 s to 0.08 s), (d) detected active component and reactive 
component

Fig.10 shows the results obtained by using the proposed 
method. Fig.10(a) shows the detected fundamental current. 
Fig.10(b) and Fig.10(c) depict the spectra of detected 
fundamental current for one cycle before (0.03 s to 0.05 s) 
and one cycle after step load change (0.07 s to 0.09 s). The 
THDs of them are 1.31% and 0.5% respectively. Further, the 
THD has been calculated for the cycle just after the step 
change (0.05 s to 0.07 s) and half cycle after load step change 
(0.06 s to 0.08 s). These have been equal to 14.18% and 2.52%.  
Fig. 10(e) shows the dynamic changing processing of detected 
active component and reactive component. The fluctuation 
is a little bit lower than in Fig. 9(d).

Fig.10 Simulation result of harmonic detection method with an LPF and a 
mean module connected in series and a three-phase voltage phase-locked 

module, when load varies, (a) detected fundamental current of phase A, (b) 
spectrum of detected fundamental current for one cycle before step load change 

(0.03 s to 0.05 s), (c) spectrum of detected fundamental current for one cycle 
after step load change (0.07 s to 0.09 s), (d) detected active component and 

reactive component
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The careful comparison of the afore described experimental 
results leads to the following conclusions:

1. Within the first period immediately after the moment 
of load variation, THD value of fundamental current 
of phase A obtained by harmonic detection method 
with mean modules is 8.37%, and that obtained 
by harmonic detection method with an LPF and 
a mean module connected in series and a three-phase 
voltage phase-locked module is significantly higher, 
i.e. 14.18%.

2. It is also higher, if one considers its value half cycle 
after load step change, 2.33% versus 2.52%. But after 
more than 0.01s, the THD value obtained by the 
harmonic detection method with an LPF and a mean 
module connected in series, and a three-phase voltage 
phase-locked module, started to drop quickly. After 
one cycle delay (0.02s), it becomes 0.5%. Whereas in 
the case of the harmonic detection method by only 
mean modules, THD reaches 2.33% and almost keep 
in this level. It’s obvious that, though the response 
speed of the harmonic detection method an LPF and 
a mean module connected in series and a three-phase 
voltage phase-locked module, is not as quick as the 
response speed of the harmonic detection method 
with mean modules only, the former solution is more 
accurate. The difference of the two THD values of 
fundamental currents is 1.83%.

3. The waveforms of active component and reactive 
component detected by the harmonic detection 
method with an LPF and a mean module connected 
in series reveals lower ripples of current components 
in comparison to the harmonic detection method 
with mean modules only. It shows that the proposed 
harmonic detection method has better performance.

FINAL REMARKS

The proposed solution is based on average arithmetic. It 
combines a LPF and a mean module connected in series with 
a three-phase voltage phase-locked module. It is a harmonic 
detection method with good performance under non-ideal 
conditions. According to the experimental results, four 
conclusions are given:

1. The conventional detection method based on average 
arithmetic cannot detect the positive sequence 
component and initial phase of the distorted voltage. 
The proposed solution solves this problem. And 
active power and reactive power compensation can 
be carried out accurately.

2. The THD value of fundamental current detected by 
conventional method is above 2.3%. And the THD 
value of fundamental current detected by the proposed 
method is below 0.5%. So that the proposed solution 
is more accurate.

3. The response time of conventional method is about 
0.01s. The response time of the proposed solution is 
below one cycle, but more or less 0.005s slower.

4. When load suddenly changes, the detected by the 
proposed solution active and reactive current 
components have less ripples, which shows that the 
proposed harmonic detection method has better 
performance.

In shorthand, the proposed solution is able to overcome the 
shortcoming of the conventional harmonic detection method 
with mean modules when the two solutions are applied to detect 
current harmonics under the condition that 3-phase voltage 
is distorted or load varies suddenly. Simply put, the proposed 
solution leads to broadly understood higher detection accuracy. 
The downside of the proposed solution is that its response time 
is 0.005s longer than that of conventional harmonic detection 
method based on average arithmetic. Further study will be 
undertaken to solve this problem.
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AN EXPERIMENTAL STUDY OF EMISSION AND COMBUSTION 
CHARACTERISTICS OF MARINE DIESEL ENGINE IN CASE OF 

CYLINDER VALVES LEAKAGE
Jerzy Kowalski, Ph.D.
Gdynia Maritime University, Poland

ABSTRACT

Presented paper shows the results of the laboratory tests on the relationship between throttling of both air intake duct 
and exhaust gas duct and a gaseous emission from the marine engine. The object of research is a laboratory, four-stroke, 
DI diesel engine, operated at loads from 50 kW to 250 kW at a constant speed equal to 750 rpm. During the laboratory 
tests over 50 parameters of the engine were measured with its technical condition recognized as a „working properly” 
and with simulated leakage of both air intake valve and exhaust gas valve on the second cylinder. The results of this 
laboratory research confirm that the leakage of cylinder valves causes no significant changes of the thermodynamic 
parameters of the engine. Simulated leakages through the inlet and exhaust valve caused a significant increase in fuel 
consumption of the engine. Valve leakages cause an increase of the exhaust gas temperature behind the cylinder with 
leakage and behind other cylinders. The exhaust gas temperature increase is relatively small and clearly visible only at 
low loads of the engine. The increase of the temperature and pressure of the charging air behind the intercooler were 
observed too. Charging air temperature is significantly higher during the engine operation with inlet valve leakage. 
The study results show significant increases of the CO, NOx and CO2 emission for all the mentioned malfunctions. The 
conclusion is that the results of measurements of the composition of the exhaust gas may contain valuable diagnostic 
information about the technical condition of the air intake duct and the exhaust gas duct of the marine engine.

Keywords: marine diesel engine, exhaust gas composition, emission, exhaust gas valve leakage, inlet valve leakage

INTRODUCTION

In classic technical solution of a ship engine room a few 
diesel engines are installed. One or more engines are installed 
as a main propulsion. Usually there are low-speed, two-
stroke diesel engines operating with fixed pitch propeller 
[1], or medium - speed, 4-stroke diesel engines operating 
at a constant speed with variable pitch propeller. Moreover, 
there are two or more power generators and one emergency 
power generator in the ship engine room. The power generator 
usually contains medium-speed, 4-stroke diesel engine 
operating at a constant speed.

One of the crucial tasks of the ship’s crew is keeping 
marine engines in proper technical condition. This task is 
especially important for the ship safety, but also because of 
reduction of the operating costs and of the negative impacts 
on the marine environment. The ship’s crew cannot allow 
the main propulsion engine to emergency stop in case of 
unfavorable weather conditions. It should also be noted that 
the engine with nominal power equal to 10 MW consumes 
about 2 tons of fuel, emitting large quantities of toxic 
compounds into the atmosphere. Each engine failure causes 
an increase of fuel consumption and of toxic compounds 
emissions. For the reasons the ship’s crew controls technical 

parameters of engines and tries to predict their condition. 
Due to the specification of the onboard operation, ship 
engines maintenance must be planned well ahead. The main 
propulsion engine stop for the maintenance can be made only 
under certain conditions. For example, according to ISGOTT 
regulation [2], an oil tanker staying at marine terminal must 
be prepared to an immediate departure in case of danger from 
land (e. g. fire, terrorist attack). Planned engines maintenance 
must also consider the supply of spare parts.

For these reasons the correct operation of main propulsion 
engine boils down to the continuous diagnostics of engine 
technical condition. Standard approach to the diagnosis of 
the technical elements of engine cylinders and therefore the 
combustion process is the observation of the exhaust gas 
temperature behind individual cylinders of the engine and 
observation of the turbocharger operating parameters. In 
cases of significant temperature variations between cylinders 
or exceeding the threshold values (which is usually only 
during significant failures and/or the engine operating at 
the load close to the nominal) additional measurements of 
the cylinder combustion pressure are made. This method 
is ineffective. Even small changes of the engine operating 
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parameters can lead to a significant increase of emission 
levels and the fuel consumption. It should be remembered 
that the analysis of the combustion pressure in marine engine 
cylinders is considerably impeded. In the presented case the 
determination of the crankshaft angular position, based on 
compression pressure characteristics in engine cylinder is 
usually impossible. The reason of this is the ignition of the 
fuel before the TDC (Top Dead Centre) engine crankshaft 
position. According to the research results presented in [3], 
TDC determination error of one degree of crank angular 
position leads on average to 7 - 10 % error of mean in-cylinder 
pressure. The distance between the cylinder chamber and 
the place of installation of combustion pressure sensor is 
also a problem. According to the research results presented 
in [4], this distance can result in the displacement of the 
characteristics of combustion pressure in the cylinder of up 
to 6 - 7 degrees of the angular position of the crankshaft. 
The presented conditions cause the quality and quantity of 
diagnostic signals to limit significantly during the onboard 
operation, which in consequence leads to a significant increase 
of the engine maintenance costs. 

International Maritime Organization introduced  
a legislation imposing on the ship owners to control and 
reduce nitric oxides emission from the engines with a nominal 
power over 130kW [5] installed onboard after 2001. These 
regulations, among others, allow to measure toxic compounds 
emissions. This provides an opportunity to obtain additional 
information about the engine condition. The author believes 
that the composition of the exhaust gases can bring diagnostic 
signals of the engine condition during onboard operation.

Construction of diesel engines with mechanically 
controlled fuel systems were intensively studied in 20th 
century. Unfortunately, most publications were focused on 
the aspects related to improving the energy efficiency. Less 
attention was paid to reduction of the toxic compounds 
emission. Only a few new experimental works focusing on 
the emission characteristics of marine diesel engines are 
available.

Sarvi et al. [6], [7], [8] present emission characteristics 
of a large medium-speed diesel engine with parameters 
similar to those of marine engines. Desantes et al. [9], [10] 
show influence of fuel injection characteristics on emission 
characteristics and parameters of combustion in one cylinder 
engine. Weiser, in his doctor’s thesis [11] , presents results of 
direct measurements on 9- cylinder, medium-speed engine. 
Works about comparing the emission characteristics of 
diesel engines with direct and indirect fuel injection [12], 
different types of fuels [12], injection strategies [13] – [16], and 
nozzle geometries [17] , are also available. The experimental 
investigations of diesel combustion with water emulsion [18], 
[19] and different fuel bio-components [20] – [30] and much 
frequently are presented.

This paper presents the results of the experimental studies 
on the effects of the cylinder valves leakage (both at air inlet 
and exhaust outlet) on the composition of the exhaust gas. 

LABORATORY STAND

The object of research is a three-cylinder, four-stroke, 
turbocharged, laboratory engine with mechanically controlled 
fuel pumps, inlet and exhaust valves. The fuelling system of 
the engine consists of Bosch fuel pumps and multi-hole fuel 
nozzles. The engine was loaded by an electrically-connected, 
water resistance generator. During the tests the engine was 
fuelled by diesel oil and operated at a constant speed equal to 
750 rpm. This type of engine is commonly used onboard as  
a power generator or a main propulsion system with variable 
pitch propeller [1]. The load and speed of the engine, speed 
of the turbocharger and parameters of cooling, fuelling, 
lubricating, and air exchange systems ,were measured. The 
composition of exhaust gas was also recorded by using an 
electrochemical gas analyser with infrared carbon dioxide 
sensor. Pressure, temperature and humidity of air were also 
recorded by laboratory equipment. All the mentioned results 
were recorded with a 1- second sampling time. Injection 
pressures and pressures of the combustion in all cylinders 
of the engine were also collected with a resolution of 0,5 
degree of the engine shaft rotation angle. The scheme of the 
laboratory stand is presented in [1] and the engine parameters 
are given in Tab.1.

The experimental study consists of 4 stages of 3 observations 
each with simulations of different malfunctions of both air 
inlet valve and exhaust valve in second cylinder of the engine. 
During each start of the observation, the engine was loaded 
to a maximum load equal to 250 kW, measured as the electric 
power of the generator. After stabilizing the temperature of 
the exhaust gas behind the turbine, the engine operating 
parameters were recorded for 3 to 5 minutes. After that, 
the load of the engine was decreased by 10 kW and, after 
stabilizing the temperature of the exhaust gas behind the 
turbine, the engine operating parameters were recorded 
again. Observation was continued with loads up to 50 kW. The 
engine did not work with a load of 190 kW due to resonance 
vibrations.

The stages of the experiment were set as follows:
- 1st stage  - during the operation of the engine 

 assumed as “working properly”,

Tab.1. Parameters of the test engine
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- 2nd  stage - during the operation of the engine with 
 a small simulated leakage of the air inlet valve,

- 3rd  stage - during the operation of the engine with 
 a small simulated leakage of the exhaust valve,

- 4th  stage - during the operation of the engine with 
 a large simulated leakage of the exhaust valve.

The mentioned simulations of valves leakage were obtained 
by drilling holes in the valve, according to the scheme 
presented in Fig.2. A small leakage was simulated by drilling 
one hole of 1mm diameter and a large leakage was simulated 
by drilling four holes of 2 mm diameter.

Fig.1. The laboratory stand scheme. 1 – exhaust duct, 2 – water resistance, 
3 – gas analyzer, 4 – computer, 5 – A/C converter, 6 – combustion pressure 

indicator, 7 – injection pressure indicator

Fig.2. Scheme of the valve leakage simulation

RESULTS AND DISCUSSION

Figures from 4. to 6. present average changes of measured 
and calculated parameters of the engine with simulated 
malfunctions in relation to the parameters of the operation 
of the engine recognized as “working properly” (Fig.3).

INLET VALVE LEAKAGE

The air intake valve leakage was simulated by drilling 
one hole in the valve with a diameter of 1mm. The location 
of the hole was selected in a way to separate the surfaces of 
the valve seat from leaking gas into cylinder.

The air intake valve leakage in the second engine cylinder 
causes penetration of the gas mixture to the air intake duct. 
The mixture of gases in the cylinder has a higher temperature, 
and therefore, according to the results presented in Fig.4a 
and Fig.4b, the mentioned malfunction causes an increase 
of the air pressure and temperature behind the intercooler. 
The results of the measurements for the engine assumed 
as “working properly”, presented in Fig.3a , show that the 
increase of the engine load leads to an increase of the air 
pressure behind the intercooler at a stable temperature. The air 
intake valve leakage causes an increase of the air temperature 
and the air pressure at low loads of engine operation. The result 
of the increase of thermodynamic parameters of air in the air 
intake duct is an increase of the temperature and pressure 
of air entering also other engine cylinders. These changes, 
however, do not change the amount of supplied air in relation 
to fuel consumption in all considered engine loads. This 
conclusion results from the lack of oxygen content changes 
in the exhaust gas for all considered loads of the engine (the 
result were not presented in this paper). Therefore, the increase 
of air pressure is compensated in the object of research by 
the temperature rise, and thus the amount of air supplied to 
the cylinders increases proportionally to fuel consumption 
increase. The change of temperature and pressure of the 
air behind the intercooler results in a deterioration of the 
combustion process in all engine cylinders. Fig.5c shows 

Fig.3. Parameters of the engine assumed “working properly”



POLISH MARITIME RESEARCH, No 3/2015 93

changes of the specific fuel consumption (SFC) with changes 
of the engine loads. According to the presented results, the 
10-27% increase in fuel consumption follows, clearly visible 
especially at low loads engine operation. The increase of 
the fuel consumption also increases amounts of the carbon 
dioxide (CO2) emission, which was presented in Fig.6d. The 
characteristics of carbon monoxide (CO) emission indicate 
the deterioration of the combustion process. According to 
Fig.6c, the air intake valve leakage causes about 60 % increase 
in amounts of CO emission in relation to those from the 
engine assumed “working properly”, presented in Fig.3c. The 
deterioration of the combustion process causes the increase 
of the exhaust gas temperature behind the engine cylinders. 
According to the results presented in Fig.5a and Fig.5b, 
changes of the exhaust gas temperature behind cylinders 
are similar for all engine cylinders. Fig.5d shows the change 
in the exhaust gas temperature measured at the exhaust gas 
duct behind the turbocharger. According to the presented 
results the air intake valve leakage causes a relatively small 
increase of temperature.  

As a result, an increase in the turbocharger speed occurs. 
According to the results in Fig.4c, the increase of the 
rotational speed of the turbocharger is so small that it may 
go unnoticed during the onboard operation. The change in 

the turbocharger and the engine cooperation as well as the 
mentioned conditions cause an increase of the volumetric 
exhaust gas flow rate. Fig.4d presents changes of the exhaust 
gas flow rate according to the engine load conditions. 
A volumetric exhaust gas flow rate was obtained by calculation 
with the use of the carbon balance method, in accordance 
with ISO 8178 standard regulation [31]. According to the 
presented results, the 10-28 % increase of volumetric exhaust 
gas flow rate followed. The largest changes of the presented 
parameters were observed for low engine loads. The reason 
for this is the constant size of the simulated valve leakage. The 
air inlet valve leakage causes a leakage of the gaseous mixture 
from a cylinder,  which, in relation to combusted mixture 
mass in the cylinder, increases at low engine load operation.

Fig.6a and Fig.6b present changes in values of both fraction 
and emission of nitric oxides (NOx) in relation to the operation 
of the engine assumed “working properly” for all considered 
loads of the engine. According to the presented results, the 
air intake valve leakage causes a noticeable decrease of the 
NOx fraction in exhaust gas. The probable reason for this 
is a decrease of the combustion temperature in the leaky 
cylinder. However, this thesis has not been proved in this 
research. It should be noted that the deterioration of the 
combustion process in the leaky cylinder and the changes 
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Fig.4. Changes of the air parameters in front of the cylinders, changes of the turbine speed and the exhaust gas flow rate
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in the engine and the turbocharger cooperation result in the 
fuel consumption increase and the increase of the exhaust 
gas volume. This implies an increase of NOx emission, despite 
a decrease of NOx fraction in exhaust gas. Changes of NOx 
emission in relation to NOx emission from the engine assumed 
“working properly” are presented in Fig.6b.

According to the presented results, a relatively small 
leakage of air intake valve can cause significant changes in 
the emission of CO2, CO and NOx and the fuel consumption 
increase.

EXHAUST VALVE LEAKAGE

Exhaust valve leakage is a very common malfunction. 
It is caused by the damage of the valve seat due to hot and 
corrosive exhaust gases.

In this experiment the exhaust valve leakage was simulated 
by drilling holes in the valve as shown in Fig.2. Two leakages 
were simulated:

• a small leakage, which consists of one hole with 
a diameter of 1 mm, its cross - section area 
corresponding to leakage of 0,1 mm thickness of valve 
seat with angle equal to 10 degrees,

• a large leakage, which consists of four holes with 
diameters of 2 mm, which corresponds to leakage of 
0.3 mm thickness of the valve seat with angle equal 
to 55 degrees.

The exhaust valve leakage causes the penetration of the 
gas mixture to the exhaust gas duct during the combustion 
process in the cylinder. The result is a reduction of the 
maximum combustion pressure in the cylinder and the 
increase of the exhaust gas temperature behind the cylinder. 
According to Fig.5a and Fig.5b, the increase of the exhaust 
gas leakage causes the increase of the exhaust gas temperature 
behind a damaged cylinder, but also for cylinders without 
leaks. The presented increase of the exhaust gas temperature 
is relatively low and clearly visible only at low loads of the 
engine. Accordingly, the observation of this parameter allows 
to detect a large leakage of the exhaust valves only. It should 
be noted that simulated leakage will not initiate the automatic 
alarm systems. A leakage of the combustible mixture to 
the exhaust gas duct causes a deterioration of the engine 
efficiency. According to Fig.5c, the simulated malfunctions  
producing even small changes of the exhaust gas temperature 
behind cylinders, cause a large increase of SFC, reaching up 
to 30 % at low engine loads operation. Similarly to the case 
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Fig.5. Changes of exhaust gas parameters and specific fuel consumption in relation to engine assumed “working properly”
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of the air intake valve leakage, the amount of air in relation 
to the amount of burned fuel undergoes no visible change 
(this result is not presented in this paper). Leakages of the 
gaseous mixture into the exhaust gas duct and the increase 
of the exhaust gas temperature behind all cylinders cause the 
increase of the rotational speed of the turbocharger. Fig.4c 
presents the turbocharger speed changes caused by the 
simulated malfunctions. The mentioned results are compared 
to the parameters of the operation of the engine assumed 
as “working properly”, presented in Fig.3b. According to 
the presented results, the increase of the leakage causes the 
increase of the turbocharger speed. Volumetric flow rate of the 
exhaust gas, calculated according to the mentioned algorithm, 
rises with the increase of the valve leakage. As reported by 
the results presented in Fig.4d, the exhaust valve leakage in 
one cylinder causes even a 30% increase of the volumetric 
exhaust gas flow rate at low engine loads. This result is also 
the effect of the exhaust gas temperature increase behind the 
turbine, which is presented in Fig.5d.

Exhaust valve leakage in one of the engine cylinders causes 
an increase of both temperature and pressure of the charging 
air in front of the cylinders. According to Fig.4a and Fig.4b, the 
characteristics of the charging air temperature and pressure 

are qualitatively similar to the previously discussed inlet 
valve leakage. Although the effect of both the discussed valve 
malfunctions is similar, the genesis of these phenomena is 
different. In the case of the exhaust valve leakage the increase 
of the charging air pressure and temperature in front of the 
engine cylinders is a result of the increased compressor 
efficiency, caused by the increase of turbine speed. The inlet 
valve leakage causes, apart from the mentioned increase of the 
compressor efficiency, the additional increase of the charging 
air temperature as a result of the mixing of air and leaking 
combustible mixture from the cylinder. The result of this is 
that the same size of a leakage at the inlet and exhaust valve 
causes the same increase of the charging air pressure (Fig.4a), 
but the charging air temperature is significantly higher during 
the engine operation with inlet valve leakage (Fig.4b).

Increased fuel consumption of the engine is the direct 
cause of the CO2 emission increase. According to the 
measurement results presented in Fig.6d, the increase of the 
exhaust valve leakage causes an increase of the CO2 emission, 
especially at low engine loads operation. As mentioned 
earlier, the exhaust valve leakage causes the decrease of the 
maximum combustion pressure and the deterioration of the 
combustion process. The result of this is a large increase of 
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Fig.6. Exhaust gas composition changes
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the CO emission, which rises with an increase of the exhaust 
valve leakage. Changes of the CO emission in all considered 
loads of the engine are presented in Fig.6c. As for the case of 
the inlet valve leakage, the described malfunction reduces 
the NOx fraction in the exhaust gas. In Fig.6a a drop of the 
NOx fraction together with the increase of the leakage is 
also observed. This is caused by the combustion pressure 
decrease. There is a probability that the temperature of the 
combustion process also decreased (thus implicitly indicated 
also the increase in the CO emission), but it was not clearly 
confirmed by the measurement results. The correlation of 
changes in the NOx fraction and the exhaust gas flow causes, 
at low loads of the engine, a significant increase of the NOx 
emission. The increase of load of the engine operating 
with the exhaust valve leakage in one cylinder, results in 
a reduction of the NOx emissions in comparison to the values 
observed for the engine assumed as “working properly”. It 
should be noted that the increase of the engine load rises 
the amount of combusted mixture in the cylinder, which, 
at the same cross-section area of valve leakage, provides 
a relative decrease of leakage through the leaking valve. The 
mentioned leakage depends also on the pressure difference in 
front and behind the leaking valve. According to the obtained 
results the simulated leakages are too small to increase the 
combusted mixture amount (consequently the load) to such 
an extent as to cause a proportional increase of the leakage. 

CONCLUSIONS

This paper presents the results of laboratory tests carried 
out on the four-stroke diesel engine for marine applications. 
The study consisted of determining the impact of the leakage 
of both the air intake valve and the exhaust gas valve on the 
engine operating parameters, including the composition of 
exhaust gas.

The obtained results of the measurements allow to 
formulate the following conclusions:

1. The simulated leakages in the inlet and the exhaust 
valve caused a significant increase in the fuel 
consumption of the engine. It was also observed that 
the amount of air delivered to the engine cylinders 
increases in proportion to the increase of the fuel 
consumption.

2. The valve leakages cause an increase of the exhaust 
gas temperature behind the cylinder with a leakage 
and behind the other cylinders. The presented exhaust 
gas temperature increase is relatively small and clearly 
visible only at low loads of the engine. Therefore, the 
observation of this parameter allows to detect only 
large leakages of the exhaust valves.

3. The valve leakages taken into account in this experiment 
cause an increase of temperature and pressure of 
charging air behind the intercooler. This increase is 
caused by the risen efficiency of the turbocharger. In 
case of the inlet valve leakage, an additional increase 
of temperature was observed, caused by a gas leakage 
into the air intake duct. Charging air temperature is 
significantly higher during the engine operation with 

inlet valve leakage in one cylinder.
4. In all the simulated malfunctions the deterioration 

of the combustion process in leaky cylinder and the 
change of the co-operation between the engine and 
the turbocharger were observed. Relatively small valve 
leakages caused significant changes in CO2, CO and 
NOx emissions.

5. The largest changes of the mechanical and 
thermodynamic parameters of the engine and gaseous 
emissions were observed for low engine loads. The 
reason for this is the constant size of the simulated 
valve leakage in all the considered engine loads. The 
simulated leakages caused an amount of  gaseous 
mixture to flow out from the cylinder, which, in 
relation to the mass of the mixture in the cylinder, is 
larger at low loads of engine operation.

NOMENCLATURE

CO – carbon monoxide
CO2 – carbon dioxide
ISGOTT - International Safety Guide for Oil Tankers 

   and Terminals
NOx – nitric oxides
SFC – Specific fuel consumption [g/kWh]
TDC – top dead centre of crankshaft position
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ABSTRACT

The recently deployed supercomputer Tryton, located in the Academic Computer Center of Gdansk University of 
Technology, provides great means for massive parallel processing. Moreover, the status of the Center as  one of the main 
network nodes in the PIONIER network enables the fast and reliable transfer of data produced by miscellaneous devices 
scattered in the area of the whole country. The typical examples of such data are streams containing radio-telescope 
and satellite observations. Their analysis, especially with real-time constraints, can be challenging and requires the 
usage of dedicated software components. We propose a solution for such parallel analysis using the supercomputer, 
supervised by the KASKADA platform, which with the conjunction with immerse 3D visualization techniques can be 
used to solve problems such as pulsar detection and chronometric or oil-spill simulation on the sea surface. 

Keywords: supercomputer, data streams, distributed systems, radio-telescope, satellite

INTRODUCTION

The emerging need to analyze radio-telescope data means 
that scientists are required to use the most sophisticated HPC 
equipment in their research. The amount of data produced 
by such devices can only be processed by extremely efficient 
computers, usually large computer clusters. Thus, HPC 
solutions seem to be the most appropriate for radio-telescope 
observation data analysis. Because of the (soft) real-time 
constraints, dedicated software solutions need to be used.

Moreover, due to the possible interference with the space 
observations, such powerful computation equipment cannot 
be located next to the radio telescope, so fast and reliable data 
transfer is yet another problem.

Currently used at Nicolaus Copernicus University in 
Torun, radio telescope RT-4 has a 32 m diameter and  
a number of receivers for various frequency bands, however 
the proximity to urban areas decreases its usability. Thus, 
 a new planned radio-telescope RT-90+ is going to have a 90 m 
(or even larger) diameter and will be located in Tuchola Forest, 
where the interferences are significantly lower (even 1 to 
1000 ratio). Such a sophisticated device gives a great research 
opportunity, but it also introduces new challenges. One of the 
most important ones is the amount of data gathered during 
the observations. The data streams produced by the radio-
telescope need to be transferred, decoded and analyzed by 
a powerful computer system, and due to the usual interference 
produced by digital devices, located at some distance from 
the radio-telescope.

Considering the above constraints, we perceive the 
Academic Computer Center of Gdansk University of 
Technology to be an excellent choice for the gathered data 
analysis. It is the nearest data center to the proposed radio-
telescope’s location and the connection to the PIONIER 
network enables fast data transfer. The Center is also equipped 
with the most powerful computer in Poland (1.37 PFLOPS) 
and finally, thanks to the Center of Excellence in Scientific 
Application Development Infrastructure (CD NIWA), 
it provides a suitable base for proper software solutions 
designated for the described data analysis.

The rest of the paper provides the information about the 
potential of the Academic Computer Center including the 
Tryton supercomputer. Two following sections present more 
information about the processed data, the next one describes 
the supercomputer including its internal characteristics and 
networking capabilities. Section 5 presents the KASKADA 
platform as a universal solution for data stream processing, 
section 6 describes immerse 3D visualization, and finally 
in the last section, some conclusions and future works are 
provided.

RADIO-TELESCOPE DATA STREAM

One of the most popular techniques in the field of radio 
astronomy is called astronomical interferometry. It involves 
using multiple connected radio-telescopes and superimposing 
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the signal waves to significantly increase resolution of the 
observations. The maximum resolution is determined by 
a baseline, i.e. the distance between the furthest radio-
telescopes. The most known examples of using this method 
are the Very Large Array (VLA) observatory in USA with 
a maximum baseline of 36 km and Multi-Element Radio 
Linked Interferometer Network (MERLIN) in England with 
the longest baseline of 217 km.

It is possible to use interferometry with even more distant 
radio-telescopes, for example located in various countries 
across Europe. This method is known as Very Long Baseline 
Interferometry (VLBI) and has been used since the 1960s [9]. 
Until recently, sending data over such distances was possible 
only by physically transporting magnetic tapes or hard drive 
arrays to a central location. However, with modern computer 
networks based on fiber-optic cables it is possible to transfer 
large amounts of data in real-time, significantly speeding up 
and simplifying the observation process.

In order to transmit data from a radio-telescope through 
the Ethernet, it must be first converted from an analog to 
a digital signal. The Digital Baseband Converter (DBBC) 
performs this transformation with sampling frequency up to 
1 GHz. Digital samples are then transmitted to a VLBI data 
system such as Mark 5. The data system bundles samples into 
data frames and aggregates them into streams and threads 
which can be sent over the Ethernet using TCP or UDT 
protocol. This sequence is shown in Figure 1.

Fig. 1. Data stream flow from a radio-telescope to a computer cluster

Using a supercomputer for data processing is beneficial in 
many ways. First, the data stream can be analyzed in real-time 
and the output is almost immediately visible for the observer. 
Besides the obvious advantage of obtaining results of the 
observation faster, it allows the researchers to, for example, 
recalibrate the radio-telescope if some interesting event is 
detected. Additionally, the supercomputer could be placed 
at a remote location, many kilometers from the observation 
site, which results in reduction of radio noise produced by 
CPUs and other computer equipment.

A typical single e-VLBI data stream contains multiple 
threads and has a total bandwidth ranging from 1 Gbit/s 
(Mark 5B) to 16 Gbit/s (Mark 6). For example, the RT-30 
radio-telescope, which is used by Torun Centre for 
Astronomy at Nicolaus Copernicus University, produces 
a data stream with 2 polarizations, 4 frequency bands, 
each with 2 sub-bands, sampled at 32 MHz and using 2 
bit digitization. As mentioned before, the interferometry 
technique requires data from multiple streams to achieve 
high resolution of the observation, which results in even 
higher data throughput.

Perhaps one of the greatest challenges would be processing 
and analyzing the data acquired by RT-90+ radio-telescope, 
which will be built in Tuchola Forest in Poland. A radio-
telescope with a diameter of over 90m and state-of-the-art 
equipment could produce even several Tbit/s of observation 
data samples.

SATELLITE DATA STREAM PROCESSING

Satellite images are commonly used in Geographical 
Information Systems (GIS) to support decision-making 
in urban development and infrastructure protection. In 
general, it is realized by integrating numerical models of 
hazard scenario simulations with existing information 
from geodatabases and earth observation data streams from 
satellites.

SafeCity GIS [6] is an innovative system that allows 
monitoring threats and analyzing risks for the municipal 
areas developed by the Geoinformatics Department of 
Gdansk University of Technology. The system can integrate 
data from multiple sources, including data from a 1.5 m-wide 
HRPT/MetOp-A/B satellite ground station and information 
from Service Support Environment (SSE), and then perform 
various hazard simulations like blast and chemical attacks, 
floods or oil-spill.

Fig. 2. Architecture of a GIS system integrated with computing cluster
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Such simulations often require significant computing 
power, especially when risks must be analyzed in real-time. 
For example, oil-spill simulation requires parallel modeling 
of sea currents and winds, analyzing diffusion of oil spill 
droplets, processing vaporization and dispersion, and 
forecasting the size and shape of oil-spill for several hours 
ahead. The GIS system that handles these types of simulations 
must offload computation to a high performance computing 
cluster. Figure 2 demonstrates this concept.

SafeCity GIS system includes two client applications: the 
complete web client and mobile client. Due to the nature 
of mobile devices and their restrictions, the mobile client 
does not offer all functionalities that are available in the 
complete web client: for example launching a hazard scenario 
simulation is not possible on a smartphone or tablet. These 
limitations could be bypassed by offloading some tasks from 
the mobile device to the cloud [8]. However, the Internet 
connection required for communication with the cloud 
services may not be always available and developers have 
to use adaptive application architecture to overcome this 
problem, i.e. enable or disable features based on the context 
of a mobile device, or move the execution between the mobile 
device and the cloud dynamically.

One of the solutions to this problem is the Mobile 
Offloading Framework (MOFF) [3] developed as a part of the 
Center of Excellence in Scientific Application Development 
Infrastructure “NIWA” project. It provides mechanisms for 
optimizing the execution of mobile applications in run-time, 
based on various parameters, such as network availability, 
network speed, CPU power or battery level.  The framework is 
constantly monitoring parameters of the device and execution 
time of mobile application components to optimize user 
experience. The process of offloading execution to the cloud 
is transparent for the user, as well as for the application 
developer. The concept of integrating the mobile devices 
with the cloud is presented in Figure 3.

Fig. 3. The concept of Mobile Offloading Framework

TRYTON SUPERCOMPUTER DESCRIPTION

Tryton supercomputer [10] is the first computer cluster 
in Poland which exceeded 1 PFLOPS computing power. It 
is located in the Academic Computer Centre in Gdansk 
University of Technology and was built to support the 
newly created Center of Excellence in Scientific Application 
Development Infrastructure “NIWA”. Its primary purpose 

is to provide computing capabilities for the scientific 
community, including radio-telescope and satellite data 
streams processing.

Every node of the cluster contains two processors (Intel 
Xeon Processor E5 v3, 2.3GHz, Haswell), with 12 physical 
cores (24 logical ones, due to Hyperthreading technology) and 
128-256GB RAM memory. Some of the nodes have additional 
accelerators, such as nVidia Tesla, Intel Xeon Phi or AMD 
FirePro.

In total the supercomputer consists of 40 racks with 1483 
servers (nodes), 2966 processors, 35592 compute cores, 
48 accelerators, 202 TB RAM memory. It uses fast FDR 
56Gb InfiniBand in fat tree topology and 1Gb Ethernet for 
networking. The total computing power is 1.37 PFLOPS. The 
cluster weighs over 20 metric tons.

The computer center also has extensive storage capabilities. 
Within a few projects, such as PL-Grid, Platon (U4) or Mayday 
Euro 2012, storage servers can store up to 5PB of data, using 
modern hard disk and tape archives. All this storage space 
is easily accessible for the applications and services working 
on the supercomputer, via InfiniBand or other optic fiber 
connections.

The supercomputer is placed in one of the most 
important nodes of the wide area network connecting 
the Gdansk metropolis and the whole country. The 
MAN (metropolitan area network) is based on 10 Gigabit 
Ethernet & ATM technologies. It creates a ring structure 
connecting academic nodes in Tricity, consisting of 260 
km of the fibers in total.

Fig. 4 The PIONIER network structure. Source: http://www.pionier.net.pl

The Internet outside connection is facilitated by the 
PIONIER network (the computer center is one of the 
shareholders), providing fast access to the current radio-
telescope in Torun, and it can be easily extended to the 
possible location of RT-90+ in Tuchola Forest. The foreign 
connection is provided by the access to Geant and CERN 
(through Amsterdam) networks, see Fig. 4.
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KASKADA PLATFORM – FRAMEWORK FOR 
DATA STREAM PROCESSING

The KASKADA platform is a solution dedicated to 
processing of continuous streams of data. Initially, it was 
designed for video and audio processing, however with time it 
was extended for other data types, like endoscopy examination 
results or text documents. Moreover, the platform provides 
the support for high numbers of processed streams and is 
capable of doing so satisfying (soft) real-time constraints.

Fig. 5. KASKADA platform architecture

Fig. 5 presents the layered architecture of the KASKADA 
platform. It is based on the computer cluster equipped with 
multiple compute nodes connected by a fast network (see 
section 3 for more details).  The second layer uses compute 
tasks to perform processing dependent on the implemented 
stream processing algorithm. The next layer provides the 
support for web services, the simple and the complex ones, 
respectively. Finally the top layer: user applications enable 
direct interactions using the proper GUI mechanisms.

The additional components: stream repository and 
event server are used to support the data stream online 
computations. The repository uses the mass storage for 
archiving and managing the incoming streams to facilitate 
the compute and to provide the data to the user through 
the user application. The event server provides the means 
to store and transfer the messages about the events detected 
during the online processing, and deliver them to the user 
with the various protocols. See [2] for more details about the 
architecture and task/service management in general, and 
[4],[7] specifically for the KASKADA platform.

It is important to emphasize the support for service 
scenarios implemented in the complex service layer. They 
enable usage of the pipeline processing including parallel 
execution of the underlying algorithms. This approach is 

crucial for processing of massive data streams because they 
must be distributed between multiple computing nodes to 
satisfy real-time constraints. When the user chooses to start 
some data processing scenario, the application sends a request 
to the KASKADA platform. The corresponding complex 
service is selected from the repository, required simple 
services are assembled, and one or more compute tasks are 
executed for every simple service. These tasks communicate 
directly with the stream repository to send or receive data 
streams and, with the event server, to send notifications to 
the user application.

Fig. 6 presents an example of such a scenario described 
in MSP-ML (Multimedia Stream Processing Modeling 
Language) [1]. The first service (Decoder) is responsible for 
decoding the data, the second one (SpectralDensity) is used 
for converting the data from a time to a frequency domain, 
the two others analyse the pulsar timing (PulsarTiming) and 
produce the data used for plotting the spectrum function and 
time series data for the user (GraphPlot). The pulsar timing 
is only one example of a service scenario that could be used 
for analyzing data streams from a radio-telescope. Other 
scenarios that could be easily executed on the KASKADA 
platform are pulsar discovery, polarimetry or detecting 
unknown astronomical objects.

Fig. 6. An example of a service scenario in the KASKADA platform

On the other hand, the KASKADA platform can be 
also used for non-stream related processing, including 
such services like simulations, numerical computations or 
implementation of other scientific algorithms. The platform 
supports the master-slave processing model (see Fig. 7), where 
the problem can be split into parts in the master task, and 
then sent to the slaves; who can be placed on different cluster 
nodes, increasing the speedup of computations.

Fig. 7. Master-slave processing model
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IMMERSE 3D VISUALIZATION 
LABORATORY

The KASKADA platform is also connected with the 
Immerse 3D Visualization Laboratory [5] that could be used 
to visualize the results of data processing. The aim of I3DVL 
is to ensure the highest possible degree of immersion together 
with the least amount of equipment worn by the user. To 
achieve this, the laboratory is equipped with a Spherical Walk 
Simulator placed in a cubic CAVE (Cave Automatic Virtual 
Environment). Visualization of the laboratory is shown in 
Figure 8.

Fig. 8. Visualization of the rotary sphere inside the CAVE. Source: [5]

The Spherical Walk Simulator is a transparent sphere 
rotating on rollers. Therefore, the user can move freely in 
any direction without actually changing location. Transparent 
panels allow the user to see the CAVE screen-walls through 
the sphere. The image is rear-projected on all six faces of 
the cube structure using stereoscopic projectors. Every wall 
displays an image with a resolution of 1920x1920 pixels and 
stereoscopy is achieved either, using an active shutter, or 
spectrum channels separation glasses.

The I3DVL uses 12 projectors which are driven by 
a visualization cluster consisting of 12 computing nodes with 
Nvidia GPUs, connected in an all-to-all communication 
model. The visualization cluster is controlled by two 
management nodes, which are responsible for analyzing 
the context of the simulation, i.e. user position, speed 
and direction of movement. Architecture of the I3DVL is 
presented in Figure 9.

This computation model is suitable for visualization of 
authentic scenarios modeled by maritime applications, 
including oil-spill simulation, algae bloom monitoring or 
physical simulation of a ship in rough seas. The results of data 
processing from the radio-telescope and satellites could be 
easily transferred from the KASKADA platform to I3DVL. 
3D models of planets, stars, galaxies and other astronomical 
objects could be generated from the observation data and 
used to better study and analyze results of data processing. 
The concept of this solution is presented in Figure 10.

Fig. 9. Model of the I3DVL

Fig. 10. Immerse 3D Visualization Laboratory
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CONCLUSION

The paper presented the potential of the ACC in GUT for 
radio-telescope and satellite data processing. Three different 
computational solutions are suggested (The KASKADA 
pipeline, master/slave, and I3DVL). The hardware capabilities 
of the Tryton supercomputer (the highest computational 
power in Poland), as well as the software provided in the center 
(KASKADA platform) enables dependable and fast adaptation 
to the current computational requirements following the 
different radio-telescope and satellite analysis scenarios, and 
are ready for the challenges of the new, planned, equipment 
(e.g. RT-90+).

Although the platform is ready to use for any data stream 
processing applications devoted to sea and space analysis, 
we plan to introduce additional features especially designed 
for the radio-telescope data, such as dedicated input data 
archiving, or output stream generation. Also, additional effort 
is required to provide the proper GUI interface and frontend 
application, first of all for CAVE presentations.

ACKNOWLEDGEMENT

This work was carried out as a part of the Center of Excellence 
in Scientific Application Development Infrastructure “NIWA” 
project, Operational Program Innovative Economy 2007–
2013, Priority 2 “Infrastructure area R&D”.

REFERENCES

1.  Bobkowska, A., Nykiel, M., Proficz, J., A Model-Driven 
Solution for Development of Multimedia Stream 
Processing Applications, Proceedings of the 13th 
International Conference on Software Engineering, 
Parallel and Distributed Systems, 2014

2.  Hennessy, J. L., Patterson, D. A., Computer architecture: 
a quantitative approach, Elsevier, 2012

3. Krawczyk, H., Nykiel, M., Proficz, J., Mobile Offloading 
Framework: Solution for Optimization of Mobile 
Applications using Cloud Computing, Communications 
in Computer and Information Science, 2015

4. Krawczyk, H., Proficz, J., Real-time multimedia stream 
data processing in a supercomputer environment, 
Interactive Multimedia, InTech, 2012

5.  Lebiedź, J., Mazikowski, A., Innovative Solutions for 
Immersive 3D Visualization Laboratory, WSCG2014 
Conference on Computer Graphics, Visualization and 
Computer Vision, 2014

6.  Moszyński, M., Kulawiak, M., Chybicki, A., Bruniecki, K., 
Bieliński, T., Łubniewski, Z., Stepnowski, A., Innovative 
Web-based Geographic Information System for Municipal 
Areas and Coastal Zone Security and Threat Monitoring 
Using EO Satellite Data, Marine Geodesy, 2014

7.  Proficz, J., Krawczyk, H., Task allocation and scalability 
evaluation for real-time multimedia processing in a cluster 
environment, proceeding of 6th International Conference 
on Pattern Recognition and Machine Intelligence, Warsaw, 
Poland, 2015 (accepted)

8.  Rittinghouse, J.W., Ransome, J.F., Cloud Computing: 
Implementation, Management, and Security, CRC Press, 
Taylor and Francis Group, 2010

9.  Thompson, A., Moran, J., Swenson Jr, G., Interferometry 
and synthesis in radio astronomy, John Wiley & Sons, ch. 
9, pp. 304-325, 2008

10.  Tryton Supercomputer, Academic Computer Centre in 
Gdansk, http://task.gda.pl/kdm/sprzet/tryton/

CONTACT WITH AUTHOR

Henryk Krawczyk 
Michał Nykiel

Faculty of Electronics, Telecommunications 
and Informatics,  

Gdańsk University of Technology, 
G. Narutowicza 11/12 Str.

80-233 Gdansk
POLAND 

hkrawk@eti.pg.gda.pl
mnykiel@task.gda.pl

Jerzy Proficz 

Academic Computer Centre in Gdansk
Gdańsk University of Technology

ul. G. Narutowicza 11/12 Str.
80-233 Gdansk

POLAND

jerp@task.gda.pl


