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 5 

ABSTRACT 6 

Currently, in practice, ship captains are responsible for decision-making during the 7 

manoeuvring process. However, this could be improved upon by the assistance of a decision 8 

support system. Any cost reductive initiative is significant to contribute to the overall viability 9 

and economic sustainability of the industry. Therefore, it is worthy to study time and cost 10 

efficiency of ship manoeuvring when approaching the port. This study develops a decision 11 

support system model by utilizing a goal programming integrated ship manoeuvring 12 

methodology, which examines ship and environmental variables concerning manoeuvring. The 13 

methodology enables positive resultant force of the ship and tugboat against negative external 14 

parameters with minimum effort and time. A case study was then carried out using 2 different 15 

container ships approaching Gemport berths in Turkey, to show the practical applicability of 16 

the methodology. The results of the case study showed that it would be possible to reduce 17 

manoeuvring time in approaching the port from 31.6 minutes to 27.36 minutes in ship I and 18 

from 59 minutes to 48.05 minutes in ship II.  These results are significant as they can provide 19 

cost efficiency for ship owners and port authorities, especially when we consider its 20 

applicability for the entire world merchant marine fleet. 21 
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1. Introduction 24 

Ship manoeuvring is a time-consuming aspect of port operations in the maritime transport 25 

industry. However, managing ships manoeuvring time is a complex task. In fact, it is an 26 

operational outcome from a number of events occurring in manoeuvring process as a 27 

repercussion of the actions taken by the ships’ watch-keeping crew (Fan et al. 2018). 28 

Nevertheless, a bridge team of a ship faces complex decisions regarding manoeuvring 29 

consisting of many parameters, while approaching the port quay. These decisions include 30 

management of the ships’ own resources and propulsion systems, as well as towage and pilotage 31 

services available in the port area. Additionally, ship and external environment variables of 32 

manoeuvring are also taken into consideration when approaching the port. All of these 33 

combined factors have an essential influence on the general operational efficiency and time 34 

management of ships in the port area (Ugurlu et al. 2014; Tilling and Ringsberg, 2019; 35 

Zinchenko et al. 2022).  36 

Since the 2008 global economic crisis affected the shipping industry, the negative outcomes 37 

can be noticed financially (Shin et al. 2019). Therefore, internal resource-based views gained 38 

vital importance in the effective management of shipping companies. This includes operational 39 

efficiency, as well as administrative cost efficiency of shipping companies in order to remain 40 

competitive (Wang et al. 2020). The ships’ time spent in port is one of the major contributing 41 

cost elements to the balance sheet of ship owners today (Zheng et al. 2022). Thus, any initiative 42 

aiming to reduce port time can have a positive effect on the financial stability of the industry. 43 

These reasons catch attention of researchers. In this article, a rigorous literature review was 44 

carried out in order to scrutinize previous studies and determine the research gap. The findings 45 

from the literature showed that many studies such as Feng et al. (2020) and Moon and Woo 46 

(2014), have previously been carried out which discuss the effect of the ship’s time in port, 47 

however little has been done specifically on optimizing ship manoeuvring time in port.   48 

The main purpose of the research is optimizing ship’s time spent in port by developing a 49 

decision support system tool to enhance manoeuvring decision-making process. Usage of this 50 

system would not only reduce the workload of crew but would also provide cost efficiency. In 51 

order to establish this necessary decision support tool, a goal programming methodology has 52 

been applied. Testing the methodology in practice, the case study has been carried out. For the 53 

case study, data were collected from the two container ships operating in Turkish port and an 54 

analysis was carried out to attain the results. Optimization during the manoeuvre time was 55 

pursued, from which point and with what force tug support was provided during the 56 

manoeuvring of a ship (Lu et al. 2019).  57 



Within the scope of the study, the components of ship hydrodynamics and environmental 58 

dynamics are scrutinized by referring to mathematical models. Particularly the effectiveness of 59 

manoeuvring decisions when employing a tugboat are measured by calculating the total 60 

manoeuvring time periods of the ship, as well as taking safety procedures into account. 61 

Additionally, by applying the system, time optimization is supposed to be achieved by ship port 62 

docking manoeuvres and safety risks arising from ships are minimized. The remaining part of 63 

the paper consists of literature review, hydrodynamic forces through ship manoeuvring, 64 

proposed methodology, case study, results and discussion, and conclusion.  65 

2. Literature Review 66 

Ship manoeuvring topic draw attention in the literature contemporary due to its significance 67 

for shipping company economics. Broadly, ship manoeuvring decisions are complex decision-68 

making concepts which include many internal and external variables (Xue et al. 2019). The 69 

dimensions of the ship, engine types, type of propellers can be given as examples of internal 70 

variables. Besides, wind and tidal effects, weather conditions, depth of water are basic examples 71 

of external variables which play an important role in ship manoeuvring. Manoeuvring and 72 

berthing operations have many decision criteria in terms of available port superstructure and 73 

infrastructure, and also have many controllable and uncontrollable variables in the decision-74 

making process (Nakamura, 2017). Therefore, to concentrate on controllable variables is more 75 

suitable to generate minimum port operation time for ship manoeuvring decision-making. 76 

One of the main reasons to focus to the shipping industry is cost efficiency and operational 77 

productivity (Moon and Woo 2014). The main aim of focusing on efficiency is minimisation of 78 

the total time spent for port operations, including manoeuvring and berthing. Several studies 79 

stressed it by manoeuvring time and some parameters such as wind-wave-current conditions 80 

(Bai et al. 2018) and hull features (Wang et al. 2017). Although in terms of economic efficiency, 81 

even a little time reduction is very important for shipowners, cargo owners and port/terminal 82 

operators. Therefore, an improvement in the manoeuvring period will mean that a significant 83 

amount of money can be saved not only for ship owners and cargo owners but also for port or 84 

terminal operators (Shahpanah et al. 2014). 85 

The optimization of ship manoeuvring to avoid ship accidents and the effect of human 86 

factor on these accidents are one of the main trends in the literature. For instance, Zhang et al. 87 

(2017) developed a simulation model to improve manoeuvring safety by dividing ship motion 88 

into two parts including low frequency manoeuvring part and high frequency seakeeping part. 89 

In another study, in order to improve manoeuvring safety, Yasukawa and Yoshimura (2015) 90 



proposed a manoeuvring modelling group standard method consisting of four aspects namely 91 

the manoeuvring simulation model, the procedure of the required captive model tests, the 92 

analysis method, and the prediction method. Ship manoeuvring safety in shallow and confined 93 

water was also scrutinized by Vantorre et al. (2017) and Xu et al.(2017). Similarly, Budak and 94 

Beji (2020) also studied narrow waterways ship manoeuvring in the Bosporus Strait by using a 95 

numerical simulation which compared the human involvement and automation in ship 96 

manoeuvring process.  Furthermore, a systematic literature review has been conducted to reveal 97 

relationship decisions support and ship accident by considering several categories such as 98 

collision avoidance, ship manoeuvring, weather conditions etc. (Gil et al. 2020). According to 99 

these categories, the authors reported the role and aim of decision support system as 100 

“calculating and proposing an evasive manoeuvre, automatic or supported execution of vessel 101 

manoeuvres, improvement of ship motions in various operational conditions, improvement and 102 

optimization of voyage parameters caused by hydrometeorological conditions, estimation of the 103 

impact of wind or waves on ship hull”. 104 

In related study, Bai et al. (2018) conducted series of trials in ship manoeuvring system by 105 

applying multi-innovation gradient iterative algorithm. In another study, Seo and Kim (2011) 106 

applied numerical methods to analyse ship manoeuvring time for defining two problems, space-107 

fixed and ship-fixed coordinate systems. Computational fluid dynamic calculations are also 108 

used to predict ship manoeuvring time by Liu et al. (2018). This methodology is also applied to 109 

scrutinize hydrodynamic effects and analyze responses (Du et al. 2021). One of the most 110 

popular machine learning methodologies, support vector machine is used to diagnose 111 

parameters in ship manoeuvring by Wang et al. (2021).  Time domain software, like ELIGMOS, 112 

is applied to manoeuvring of ship modelling in regular waves (Pollalis et al. 2021). Neri (2018) 113 

and Alexandersson et al. (2022) conducted a research regarding ship motion simulation and 114 

provided a ship manoeuvring prediction by applying a time-domain algorithm. Another study 115 

about manoeuvring in regular waves was modelled for container ships by Rameesha and 116 

Krishnankutty (2018). They concluded that even in designing of ships wave characteristics 117 

should be taken into account. It is obvious that there are many different methodologies 118 

attempting to model and predict ship manoeuvring and there are different aims by applying 119 

these methods. However, none of these studies encompasses a goal programming methodology 120 

in order to develop a decision support system to enhance manoeuvring time in port.  121 

The ship manoeuvring decision support system based on goal programming maybe not 122 

only provide time efficiency but also may prevent collision risks in ports. There are many 123 

collision risks such as ship berthing crashes in a pier (Hsu 2015, Kuzu et al. 2019). These kinds 124 



of collisions not only have economic consequences but also negative social and environmental 125 

impacts (Luo et al. 2017). It is clear that even though the absence of support decision systems 126 

is not the primary contributing factor for accidents, the system has a crucial role to prevent 127 

collisions in manoeuvring. Based on the ship manoeuvring technical background, the 128 

methodology of this study presents a practical framework of goal programming integrated ship 129 

manoeuvring during port approach which contributes to time, cost and environmental efficiency 130 

as well as safety of manoeuvring operations. The methodology is also applied on a case study 131 

to obtain numerical results from the actual practice as summarised in Fig. 1.  132 

Step 1: Analyse ship maneuvering 

technical background

Step 2: Set goal programming 

integrated ship maneuvering model

Apply to empirical formula for ship hydrodynamics

Apply to empirical formula for ship inertia

Create empirical formula for tugboat operations

Step 3: Apply to case studies

Select test bed and test ships

Collect onboard and sensor data sets

Test the developed model onboard the ships 

Validate the model based on real cases results
 133 

Figure 1. Workflow of the research. 134 

3. Proposed Methodology 135 

3.1. Goal Programming  136 

Linear programming models have been used in the past to investigate a wide-range of 137 

issues in various sectors. They are the traditional ways of analysing different quantitative 138 

parameters. However, there are certain problems with the use of linear programming in real 139 

industry practice. One of these is that there is a single objective in this kind of model San 140 

Cristóbal (2012b) and it is possible to be faced with an unmitigated hard row to hoe in the case 141 

of having more than one objective. In 1957, Charnes and Cooper (1957) formulated a goal 142 

programming (GP) theory which is a special form of linear programming (Leung and Ng 2007), 143 

and a new and convenient synthetic procedure to assess more than one objective (Aouni and 144 

Kettani 2001) draw our attention to distinctive extensions of GP and also found that weighted 145 

GP is one of the most popular ways among these extensions. 146 

According to Romero (2004), a key component of GP is the achievement function that 147 

speaks to a numerical expression of the undesirable deviation factors from a reference point of 148 

the sequence of events. In the weighted GP (WGP), the achievement function encompasses all 149 

unwanted deviation variables (udv) and each deviation variables are weighted expediently on 150 



their importance level. The WGP has been formulized by Ignizio (1976) and Romero (2004) as 151 

below: 152 

1
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where the goals and constraints are 154 

( ) , 1,..., , , 0, 0i i i if x n p t i q x F n p+ − =    
 155 

it  is target level for the ith goal,  156 

,i in p are negative and positive deviations from target value of ith goal,  157 

x is vector of decision variables,  158 

F is attainable set of constraints,  159 

/i i iw k =  where in  is udv. If there is no udv, it equals to 0. 160 

/i i iw k = where ip  is udv. If there is no udv, it equals to 0.  161 

iw and ik  are illustrative weights of importance level.  162 

3.2. Goal Programming Integrated Ship Manoeuvring Model  163 

The propelling and total resistance forces (see Appendix II) can play an important role in 164 

addressing the issue of ship manoeuvring. The propelling force depends on ship service speed, 165 

and service speed is controlled by ship telegraph commands. Since a ship engaged voyage in a 166 

straight line, it might be said that the service speed, which is changeable with different telegraph 167 

commands such as full ahead (FAh), half ahead (HAh), slow ahead (SAh), dead slow ahead 168 

(DSAh), stop engine (SE), dead slow astern (DSa), slow astern (Sa), half astern (Ha) and full 169 

astern (Fa), express a driving force for the ship in consideration of current, wave and wind 170 

forces in the marine environment. Throughout the port approach, a ship follows a specific route 171 

which includes route legs from the pilot embarkation point to berth at which the course is 172 

changed to ensure safe navigation. The each of route legs is displayed as a straight line which 173 

defines the shortest route between two consecutive waypoints to enable safety navigation by 174 

considering safety distance, turn-radius constraints and safety depth-contour in the presence of 175 

movable or stationary obstacles (Ari et al. 2013). The ships change their course frequently 176 

between two route legs and in such a case, helm order or rudder angle causes vectorial 177 

components of speed that could be measured with sinθ for x axis and cosθ for y axis where θ 178 

means an angle between x axis and new ship course after rudder command where reference 179 

system for x and y is earth bound. 180 



The helm orders and telegraph commands lead to produce a force with the contribution of 181 

resistance forces in reverse direction. This force refers to a net manoeuvring force, which 182 

indicates final movement tendency under different environmental parameters and ship inertia. 183 

In this force, vectorial components (e.g., transverse and longitudinal) of distance covered 184 

(mile/knot) will be used to describe this phenomenon respectively, in x (dx) and y axis (dy). 185 
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In here,  188 

c values ( , , , , , , ,FAh HAh SAh DSAh DSa Sa Ha Fac c c c c c c c ) are the speed coefficients for each telegraph 189 

commands, 190 

Curc  is the current speed,  191 

Txc  is the speed coefficient for tugboat operations in x direction,  192 

Tyc  is the speed coefficient for tugboat operations in y direction.  193 

r values ( , , , , , , ,FAh HAh SAh DSAh DSa Sa Ha Far r r r r r r r ) are the resistance force coefficients for each 194 

telegraph commands, 195 

ti is time value where i is passing time in each telegraph command and 196 

( , , , , , , , ) FAh HAh SAh DSAh DSa Sa Ha Fai t t t t t t t t , 197 

Txt  is tugboat (s) operation time in x axis, 198 

Tyt  is tugboat (s) operation time in y axis,  199 

Tt  is total tugboat operation time, 200 

  is an angle between current vector and x axis, and   is an angle that can be calculated with 201 

subtraction target course in each route leg.  202 

Therefore, an achievement function for GPISM model is written as below: 203 
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A primary concern of the achievement function is to save total maneuvering time and 204 

prevent any possible safety risk during ship maneuvering. For this reason, the goal has been set 205 

to the best value which is less than average maneuvering time ( AVGt ) according to previously 206 

recorded maneuvering facts. Total maneuvering time is dependent on two contributing factors 207 

including total travelled distance and ship speed. To reduce total maneuvering time, the basic 208 

rules are to minimize total travelled distance and maximize ship speed throughout the 209 

maneuvering process. To minimize total travelled distance, ship motion in the y-axis ( dy ) has 210 

to be reduced to the minimum value and ship motion in the x-axis ( dx ) has to be increased to 211 

the maximum value. However, travelled distance under the effect of different telegraph 212 

commands cannot be greater than dx due to the ship speed related safety issues such as collision 213 

to berth or other ships. To maximize ship speed, the most appropriate telegraph command, 214 

which leads to higher ship speed, has been applied into the practice. The stopping distance of 215 

the ship under the different telegraph commands has been considered in this process. Similar to 216 

shipping practice, five different scenarios have been defined based on stopping distance for 217 

each telegraph command by considering the produced forces by ship engines including ship 218 

resistance, ship inertia, and the produced force by tugboat to define constraints in the 219 

achievement function. In the first constraint (scenario), the ship engages in voyage with full 220 

speed within a certain time ( ( ).cos ( .cos )].FAh FAh Cur FAhc r c t −  ) and when the ship engines 221 

were stopped and tugboat(s) are used, travelled distance in x-axis due to the ship inertia and 222 

tugboat pulling is computed with the equation 0.cosDSAh Tx TxS c t→  . If the multiplication of 223 

these two equations is greater than the dx value, a lower speed value is used instead of full 224 

speed command in the second scenario due to the safety issues. The same procedure is followed 225 

when computed value was greater than the dx value of total travelled distance within the third, 226 

fourth and finally fifth scenarios.  227 

4. Case Study 228 

Once the modelling of ship manoeuvring environment in port approach through different 229 

ship and environmental parameters was completed, it was necessary to model validation test(s) 230 

to determine the acceptability and usability of the model in the real world. In this paper, the 231 

validation was carried out in two different case studies by conducting a validation process with 232 

real world manoeuvring data sets and experts which include ocean-going master, watch-keeping 233 

officer(s), engineer(s) of a selected ship and master of a tugboat. 234 

 235 

  236 



4.1. Selection of Test Bed and Test Ship(s) 237 

The test bed has been selected for two case studies from Gemport port, Gulf of Gemlik in 238 

Turkey. Gemport is called as an open roadstead and fairly shelter afforded harbour by natural 239 

structure of Gulf of Gemlik with zero tide (URL-1, 2022). Sea state in the region is frequently 240 

calm and severe sea conditions such as very rough, high, very high are not much observed due 241 

to limited fetch area (Altunc et al. 2013). The Gemport port has 13 berths (see Fig. 3) and 6 242 

deep-sea tugs to help manoeuvring within the port region and between the berths (Cetin 2020).  243 

 244 

Figure 3. General arrangement plan of Gemport (URL-2, 2021). 245 

Due to permission requirements to collect on board data, available and accessible two 246 

ships, which called the Gemport port, have been selected to apply onboard test activities. The 247 

fundamental information about ships is summarised as Appendix III in line with the data 248 

confidentialities of the ship owner companies as well as Appendix IV. 249 

4.2. Data Collection  250 

After the selection of test bed and test ships, particular data collection procedures have 251 

been followed in compliance with the case study requirements. Additionally, the authors 252 

conducted a series of operational observations in the data collection processes including:  253 

i) recording of commands and command times which are given by the master and 254 

pilot onboard of the test ship, 255 

ii) recording the actions and times of the tugboat and ship engines by contribution of 256 

the commands of tugboat master and ship engineer(s),  257 

iii) receiving the ship automatic identification system (AIS) and sensor data to reveal 258 

the speed coefficients as given in Appendix V and VI, which refer to average speed 259 

values, and are calculated by comparing different telegraph commands under the 260 

impact of environmental instruments and ship’s technical capabilities, 261 



iv) meteorological data in the selected area,  262 

v) the selected ship’s technical information.  263 

In this process, the AIS and meteorological data sets have been obtained via ship and 264 

tugboat sensors and ship crews have provided the ship’s technical information.  265 

5. Results and Discussion 266 

The real time ship manoeuvring on-board is a reliable and appropriate method when all 267 

parameters in port approach manoeuvring are considered. For this reason, in this study, two real 268 

time ship manoeuvring were used. The proposed model suggestions have been applied into the 269 

ship manoeuvring operation of two ships in Gemport port approaching. Ultimately, the results 270 

were compared with the previously recorded ship tracking data (see, Fig. 4), followed route for 271 

two cases, which indicate a difference of 4.95% for Ship I and 16% for Ship II. The major 272 

alteration in here is caused by deviated cruising of ships due to the external environmental 273 

conditions. However, those conditions are not considered as threats to the navigational safety. 274 

Within these limitations, the findings of this study validated that the chosen route was 275 

appropriate for the selected case studies. 276 

  

Figure 4. Comparisons of the AIS-data based most popular routes (blue colours) for Ship I 277 

(left) and Ship II (right) with the model results (orange colours). 278 

Several ship accidents have shown that the selection of proper ship speed is crucial for safe 279 

navigation in port approach, and there is a strong relationship between ship speed selection and 280 

remaining distance (Kang et al. 2019). It is interesting to note that in both case studies, it is 281 

almost certain that a ship accident occurs as a result of high speed under full ahead telegraph 282 

command from pilot position to berthing. Another interesting practical inference emerged from 283 

the analysis is that appropriate telegraph command is limited to half ahead which causes 284 



maximum ship speed to avoid risky situations. These are also confirmed with the onboard 285 

manoeuvring trial results which are given in Appendix VII. 286 

Current force-direction and wind force-direction are a common condition which have 287 

considerable impact on ship manoeuvring as well as selection of ship speed (Fan et al. 2020). 288 

Current was observed in the range of 0.68 and 0.77 knots, and north-north east direction for the 289 

test bed in the data collection period. While wind was observed average 8 knots in 201° 290 

directions and sea state was calm for Ship I, they are also 227° directions and calm for Ship II 291 

maneuvering period. The authors paid particular attention to prevailing waveform in selected 292 

day of test-bed is the regular wave suitable for Holtrop-Mennen method. The findings obtained 293 

from the preliminary analysis of ship speed co-efficient for selected ships were presented by 294 

considering ship propeller force and ship interaction, current force-directions and wind force-295 

directions in each telegraph commands in Table 2.  296 

Table 2. Ship speed co-efficient for each telegraph commands.  297 

Variable Ship I Ship II 

DSAh 2.4 2.38 

Sah 3.985 4.96 

Hah 5.84 7.58 

FAh 8.6 12.6 

Based on previous port manoeuvring experiences, the average total passing time from the 298 

pilot embarkation point or anchor position to waiting in position for mooring was found for 299 

Ship I and Ship II respectively, 31.6 and 59 minutes, and average of distance covered was found 300 

for Ship I and Ship II respectively as 1.5494 and 3.321 miles in test bed. 301 

With respect to the numerical analysis of ship acceleration or deceleration, it was found 302 

that there is a long-time (t ) and enough distance (s ) requirement for the transition from one 303 

variable to another which is defined in Table 3. These time requirements describe the 304 

relationship between ship mass, environmental parameters and amount of force to continuously 305 

accelerate or decelerate the ship in case of movement by the ships’ own means. However, it is 306 

possible to reduce the manoeuvring time with the contribution of additional pushing and/or 307 

pulling forces according to Newton’s second law. In the port approaching practice, these forces 308 

are provided by tugs. In previous studies such as Hansen (2020) the authors evaluated tug 309 

requirements as per ship mass and environmental parameters in the manoeuvring area. The 310 

reported tug bollard pull was 411.80 kN for Ship I and 441.30 kN for Ship II, and required tug 311 

number was 1 for Ship I and 2 for Ship II according to these parameters. 312 



Table 3. Numerical analysis of ship acceleration from DSAh to HAh and ship deceleration 313 

from HAh to SE for onboard cases. 314 

 Ship I Ship II 

Variable 
TR

 
Ship Inertia 

TR
 

Ship Inertia 

 (kN) (kN) s * 

(miles) 

t ** 

(min) 

(kN) (kN) s
(miles) 

t  
(min) 

DSAh HAh→  14.69 16.16 0.40 10.4 21.79 22.88 0.62 19.44 

HAh DSAh→  79.32 87.25 0.27 9.34 79.32 87.25 3.21 36 

DSAh SE→  14.69 16.16 0.89 47.98 14.69 16.16 1.29 50.85 

* s  is the required distance (miles) to shift from one telegraph command to another. 315 

** t  is the required time (minutes) to shift from one telegraph command to another. 316 

On the question of how the tug reduces the required time for manoeuvring during the period 317 

of DSAh command to SE, this study found that it is likely to cut down on passing time to 10.27 318 

minutes for Ship I and 0.13 minutes for Ship II based on recommended model and total force 319 

interaction (see breakdown of hydrodynamic forces for each ship in Appendix VIII). The main 320 

reason of this difference in two different case studies is the more frequent change of course 321 

during port approach. Since change of course for the ship occurred due to ship route necessity 322 

or obstacles in the ship route, the ship speed decreases depending on the angle of rotation for 323 

the new route even if the ship proceed with constant engine power. Therefore, course alteration 324 

in ships have also been considered in the case studies as well as the contribution of tugs, and 325 

all desired events in port approach could be summarized with the contribution of tug pushing 326 

and pulling action and ship manoeuvring facts, as in Table 4. 327 

   Table 4. The breakdown of manoeuvring parameters during the ships’ port approaching.  328 

 Ship I  Ship II 

Leg ID COG 

(°) 

SOG 

(knot) 

x axis 

(m) 

y axis 

(m) 

Leg ID COG 

(°) 

SOG 

(knot) 

x axis 

(m) 

y axis 

(m) 

Leg _1 172 4.075 945.5 311.8 Leg _1 90 2.38 1152 - 

Leg _1 172 5.84 1261 588.36 Leg _1 90 7.58 4155 - 

Leg _2 142 4.87 904 600.65 Leg _1 90 4.97 5935.5 - 

Leg _3 122 2.38 1000 6258 Leg _2 110 4.17 0.189 1.21 

     Leg _3 120 2.03 0.253 0.57 

     Leg _4 150 0.77 1.005 0.32 

     Leg _5 120 0.77 0.109 0.70 

     Leg _6 90 0.77 0.095 0.61 

     Leg _7 80 2.38 0.163 2.99 

     Leg _7 80 4.17 0.101 0.07 

Pushing Time (min.) 10.27 Pushing Time (min.) 9.55 

Pulling Time (min.) 0.82 Pulling Time (min.) 0.13 

 329 

 330 



6. Conclusion 331 

In this study, a model for decision making in port approach and manoeuvring has been 332 

presented. The model integrates goal programming and mathematical models of ship motion 333 

which identifies dynamic and static parameters effecting the total manoeuvring time. The 334 

developed goal programming integrated ship manoeuvring model has been validated in a case 335 

study for two ships. The findings of this analysis were compared with previous experiences and 336 

therefore, two broad themes emerged from the analysis. Firstly, there was a correlation with the 337 

total manoeuvring time and course alteration frequency because the ship speed decreases 338 

rapidly as long as the ship course changes. The minimum number of route legs, which will lead 339 

to safe navigation and the shortest route between the starting point of the intended voyage and 340 

destination, is the first rule of manoeuvring. Secondly, since a ship telegraph was changed from 341 

dead slow ahead to stop engine, a full stop of the ship would have taken a long time by the 342 

effect of ship inertia. However, this time period was reduced from 47.98 minutes to 0.82 343 

minutes for Ship I, from 50.85 minutes to 0.13 minutes for Ship II by the contribution of 344 

effective tugboat pulling operation in reverse direction to ship inertia. Therefore, one could see 345 

that the timely and effective tugboat planning in manoeuvring is the second rule of 346 

manoeuvring. In practice, the use of the two aforementioned rules at the same time, reduced the 347 

total manoeuvring time to 27.36 minutes in Ship I, 48.05 minutes in Ship II. Together these 348 

results provide important insights into port manoeuvring related decision-making processes and 349 

overall, these results indicate that goal programming integrated maneuvering model provides 350 

some support for the conceptual framework of effective ship manoeuvring in port approach 351 

since the results were compared with previous manoeuvring experiences such as average 31.6 352 

minutes for Ship I and 59 minutes for Ship II and with test results respectively 27.36 and 48.05 353 

minutes. The results of this study also have important implications for developing novel risk 354 

assessment and management strategies. In future investigations, it might be possible to use this 355 

model in order to evaluate dynamic risk assessment approaches.  356 
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APPENDIXES 496 

Appendix I. Nomenclature.  497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

ABT 
Transverse area of bulbous bow measured 

at forward perpendicular 
LPP Length between perpendiculars (m) 

B The ship molded beam (m) LR Length of run (m) 

cFAh- rFAh 

 

Ship headway coefficient under total 

resistance force and existing telegraph 

command (full ahead) 

LWL Length in waterline (m) 

CCur 
Current speed co-efficient for ship 

environment 
M Ship displacement (ton)  

CT Tugboat speed co-efficient m1, m3, m4 
Additional coefficients for the wave 

resistance  

CB Block co-efficient RA Model-ship correlation 

CF Model-ship correlation line co-efficient RAA Air resistance (N) 

CM Midship section coefficient RAPP Appendage resistance (N) 

CP Prismatic coefficient RB Bulbous bow resistance (N) 

Cstern A value for aft body shape RF Frictional resistance (N) 

CWP Waterplane area coefficient RT Total resistance (N) 

c1, c2, c5, 

c17 

 

Coefficients for the wave resistance  RTH 
The resistance of bow thruster tunnel 

opening 

c6  Coefficient for transom resistance RTR Transom immersion resistance (N) 

c14 
A constant to evaluate the effect of the aft 

body shape. 
RWa 

The wave resistance for Froude 

numbers Fr < 0.4 

D Exponent of the wave-making resistance  RWb 
The wave resistance for Froude 

numbers Fr > 0.55 

Fr Froude number S Wetted surface (m2) 

Frdesign Design froude number SAPP The wetted surface of appendages (m2) 

Fri Immersion froude number tAVG 
Average maneuvering time from 

starting point to berthing. 

G Gravity (m/s2) T The molded mean draught 

hB Height of center of ABT above basis TF 
The molded draft at forward 

perpendicular 

hF Forward sinkage tT Tugboat operation time 

hW Local wave height   

iE Waterline entrance angle (°)   Kinematic viscosity (m2/s) 

K Hull form factor S  Ship speed (m/s) 

k2 Form factor for appendages 
1S , 2S ,

3S  

Ship speeds in time t1, t2 and k3  

k3 Stopping constant for inertia Ρ Water density (kg/m3) 

kS A standard value for surface roughness ρA Air density (kg/m3) 

L Length (m)   Coefficient for the wave resistance  

LCB Longitudinal center of buoyancy   Displacement Volume (m3) 

COG Course over ground SOG Speed over ground 



 506 

Appendix II. Hydrodynamic Forces Through Ship Manoeuvring. 507 

Total resistance equation (RT) is defined such as Eq. A2.1 (Holtrop 1984): 508 

( )1T F APP W B TR A AAR k R R R R R R R= + + + + + + +    (A2.1)                                                      509 

where, k is a hull form factor which can be predicted by adapting the procedure as shown below 510 

(Birk 2019, Guldhammer and Harvald 1974, Holtrop 1977, Holtrop 1984): 511 
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 518 

In accordance with ITTC – 1957 model ship correlation line co-efficient, the formula of 519 

frictional resistance can be written on the basis of conceptual framework proposed by Holtrop 520 

and Mennen (1982), as shown below: 521 

21

2
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In here, CM is estimated based on formula (A4) (Abel-Günther and Keil 1994) and CWP is a co-526 

efficient that can be calculated by considering the line plan of the ship (Bertram and Wobig 527 

1999, Papanikolaou 2014, Watson 1998): 528 
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Holtrop (1988) and Birk (2019) investigated the differential impacts of ship appendages 531 

(rudders, shaft brackets, skeg, strut bossing, hull bossing, exposed shafts, stabilizer fins, dome, 532 

and bilge keels) on viscous resistance using experimental trials and formalized as Eq. A2.6: 533 

( )2
2 eq

1
1

2
F THAPP S APPR k C S R= + +    (A2.6) 534 

The wave resistance (RW) is defined with a function of Froude number (Fr) that may be 535 

computed with Eq. A7 (Birk 2019, Holtrop 1984) by considering positive impacts of bulbous 536 

bow and transom on the wave resistance (Holtrop 1988). 537 
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 (A2.7) 538 

Surveys such as that conducted by Holtrop (1984) and Holtrop and Mennen (1982) have shown 539 

that the pressure resistance of bulbous bow (RB) could be formulated as below: 540 
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Similar to bulbous bow, a resistance force arises from an immersion transom in ship stern which 547 

is called transom resistance (RTR). RTR is a function of a Froude number (FrT) which is expressed 548 

as below for AT>0 transom area: 549 

( )
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+

=   (A2.9) 550 

According to Birk (2019), the expression ( )T WPA B BC+ which is given in eq. A9, is used to 551 

measure the average draft of transom. If average draft is smaller than speed, the flow at the 552 

transom edge will become distinct and additional transom drag is zeroized. In this circumstance, 553 

RTR could be written as eq. A2.10. 554 

      2
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The correlation allowance coefficient and the additional coefficient are given as below (Holtrop 557 

and Mennen 1982) where c2 is a coefficient which is defined in several studies (Birk 2019, 558 

Holtrop 1984): 559 
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  563 

A ship can experience an additional force stemming from air flow in above the water line which 564 

is computed pertaining to the standard ITTC procedure (see, eq. A2.12). 565 



21

2
VAA S DAR C A=      (A2.12) 566 

where, AV is the area of the longitudinal projection of hull and superstructure above the 567 

waterline, 1.225A =  kg/m3 is the density of air for standard atmospheric pressure and a 568 

temperature of 15 °C, and DAC  = 0.8 is the default air drag coefficient. 569 

Bertram (2012) uses the following equations to refer to ship inertia for a certain time (see, eq. 570 

A2.13) and distance (see, eq. A2.14) difference among two times or distances: 571 
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where, 574 
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for 0 express values at beginning of the manoeuvring. 576 

To be produced force by tugboats depends on tugboat horsepower (Paulauskas et al. 2021) and 577 

displacement amount ( X ) of ships under the impact of tugboat pushing and pulling force 578 

(Ftug), ship inertia (Finertia), total ship resistance force (RT) and ship added mass (m) can be 579 

computed as follows for the tugboat planning process: 580 
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 = +   (A2.15) 581 

where 0V  is initial speed of ship and t is time interval. 582 

Proof of Eq. A2.15: 583 

The Newton’s second law defines the acceleration ( a ) with following formula: 584 

,= netF
a

m
 585 

For the ship motion, ,net inertia tug TF F F R= −  586 

Therefore,
inertia tug Tnet

F F RF
a

m m

−
==  587 

The acceleration of ship could be defined also with kinematic equation where it is 588 
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In frame of Newton’s second law and kinematic equation, acceleration of ship is 590 
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−  −
=  591 

In here, displacement amount of ship could be written such as  592 
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Appendix III. Details of the selected ships.  634 
 Ship I Ship II 

Ship type Container Container 

Gross tonnage (GRT) 17687 t 40108 t 

Deadweight ton (DWT) 22028 t 52806 t 

Length overall (LOA) 184.01 m 257.88 m 

Beam 24.7 m 32.25 m 

Average service speed 12.5 knots 18.7 knots 

Carrying capacity 1604 TEU 3900 TEU 

Required tugboat number 1 2 

Displacement (ton) 36713.33 88010 

Scrubber  Available Available 
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Appendix IV. Ship I, Ship II and Tugboat Particulars. 644 
 Ship I Ship II Tugboat I Tugboat II 

Allocated tugboat Tugboat I Tugboat I & Tugboat II - - 

Steering characteristics     

• Steering device (type/no) Becker’s rudder/1 Semi suspended/1 Azimuth thruster/2 Azimuth thruster/2 

• Maximum angle 35 35 180 180 

• Number of bow thrusters 1 1 - - 

• Bow thrusters power 1100 kW 1600 kW - - 

• Number of stern thrusters 1 - - - 

• Stern thruster power 600 kW - - - 

Stopping     

• FAh to FAs 354.6 s 469.6 s 12.9 s 9.25 s 

• HAh to HAs 429.6 s 478.6 s 16.2 s 10.25 s 

• SAh to SAs 610.6 s 538.6 s 19.2 s 11.25 s 

Main Engine(s)     

• Type of main engine Low speed diesel Low speed diesel High speed diesel High speed diesel 

• Number of main engine 1 1 2 2 

• Maximum power per shaft 1*11655 kW 1*36540 kW 2*1920 kW 2*1566 kW 

• Astern power 60 % ahead 32.84 % ahead 100 % ahead 100 % ahead 

• Number of propellers 1 1 2 2 

• Propeller rotation Right Right Left/Right Outward 

• Min. RPM 18 15 600 7 

• Emergency FAh to FAs 66.4 s 47.2 s 9.8 s 10.05 s 

Engine Power (kW)/RPM per Engine 

Telegraph Order     

• FAh 4784/80 10355/66.5 1599/233.3 1189/246.8 

• HAh 2185/60 5288/51 884/191.5 656/201.8 

• SAh 768/40 3252/41 473/154.9 313/159.7 

• DSAh 159/20 1805/30.5 217/118.4 106/109.8 

• DSAs 193/-20 1652/-30.5 - - 

• SAs 1044/-40 3459/-41 - - 

• HAs 3115/-60 6145/-51 - - 

• FAs 6993/-80 12670/-66.5 - - 

645 



Appendix V. Comparison of model results obtained by case study and measured data from 646 

real ship trial for Ship I. 647 
Measured data Model results 

Time 

(min) 

COG SOG 

(knot) 

Engine 

Order 

Time 

(min) 

COG SOG 

(knot) 

Engine 

Order 

Course-keeping phase 

t* 172° 3.4 DSAh t* 172° 4.1 SAh 

t+3 173° 2.5 SE t+3 172° 4.8 HAh 

t+6 172° 2 SE t+6 172° 5.7 SE 

t+9 172° 1.2 DSAh t+9 172° 2.5 DSAh 

Course-altering phase 

t+12 171° 2.4 SAh t+11 156° 3.9 SAh 

t+15 166° 4.1 DSAh t+13 142° 5.2 HAh 

t+17 163° 3.7 DSAh t+15 122° 4.5 SAh 

t+19 150° 2.5    SE     

t+22 139° 1.5    SE     

Speed-reducing phase 

t+25   139° 1.1  SE t+16 122°     3 DSAh 

    t+16.27 122°   2.8 SE 

    Tugboat in pulling position 

    t+17.09 122° 0.7 SE 

    
End of pulling & start pushing operation by 

tugboat 

Lateral shifting phase with tugboat pushing support 

t+29  092° 0.7   SE t+25 089° 0.5 SE 

t+32 069° 0   SE t+27.36 069° 0 SE 

*t is the starting time of maneuvering 
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Appendix VI. Comparison of model results obtained by case study and measured data from 661 

real ship trial for Ship II. 662 

*t is the starting time of manoeuvring.  663 
 664 
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 675 
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 678 

 679 

Measured data Model results 

Time 

(min) 

COG SOG Engine 

Order 

Time 

(min) 

COG SOG Engine 

Order 

Course-keeping phase 

t* 089° 2.4 DSAh t* 089° 2.4 DSAh 

t+7 089° 3.6 Sah t+2 090° 3.1 SAh 

t+11 090° 5.7 Hah t+5 090° 4.6 HAh 

t+13 089° 6.8 Hah t+23.5 090° 7.6 HAh 

t+17 089° 7.5 Hah t+26 090° 5 SAh 

t+19 089° 7.7 Hah     

t+22 090° 7.8 Hah     

t+24 090° 7.8 Hah     

t+27 090° 7.8 Sah     

t+29 089° 5.9 Sah     

t+32 089° 4.6 Hah     

Course-altering phase 

t+35 112° 5.1 Hah t+30 110° 4.2 DSAh 

t+37 122° 5.9 Hah t+32 120° 2 DSAh 

t+39 146° 5.9 Sah t+34 150° 0.8 SE 

t+42 150° 4.5 DSAh Tugboat in pushing position 

    t+35.5 120° 0.8 SE 

    t+37.6 090° 0.8 DSAh 

    t+38.63 080° 2.4 HAh 

    End of pushing operation 

Speed-reducing phase 

t+44 150° 3.7 DSAh t+41 080° 4.2 DSAh 

t+47 150° 2.1 SE t+43 080° 2.2 SE 

t+51 150° 0.8 SE Tugboat in pulling position 

    t+43.13 079° 0.4 SE 

    End of pulling & start of pushing operation 

Lateral shifting phase with tugboat pushing support 

t+54 110° 0.5 SE t+46 062° 0.3 SE 

t+57 076° 0.3 SE t+48.05 044° 0 SE 

t+61 044° 0 SE     



Appendix VII. Onboard Manoeuvring Trial Results for Determining Speed Reduction in 680 

Straight Line for Different Telegraph Command. 681 
 Ship I Ship II 

FAh to Hah 46 s 58 s 

HAh to Sah 69 s 78 s 

SAh to DSAh 139 s 216 s 

DSAh to SE 774 s 940 s 
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Appendix VIII. Calculated resistance forces for Ship I and Ship II. 725 
 SOG 

(kn) 

Reynolds 

Number 
Fr 

         

Ship I 

4.08 3.1342E+08 0.050 36771.747 46.202 248.700331 0.000 1.2651E-03 1.1419E+03 4113.92591 0 4.2322E+04 

5.84 4.4884E+08 0.072 70266.069 94.752 475.234277 1.29E+00 3.4760E-03 1.8134E+03 8436.99356 0 81087.76751 

4.87 3.7429E+08 0.060 46184.047 65.890 312.359042 3.17E-02 2.0586E-03 1.4633E+03 5867.05211 0 53892.72932 

2.38 1.8292E+08 0.029 10872.682 15.737 73.5357935 7.13E-12 2.5460E-04 4.7352E+02 1401.25101 0 12836.72871 

Ship II 

2.38 255787606.1 0.0247979 23554.73664 15.7368806 84.7102249 2.715E-14 2.6177E-04 456.0593943 1835.13694 0 25946.38034 

7.58 814651283.1 0.0789782 238925.6356 159.625822 859.251565 21.106122 2.6177E-04 4626.002928 18614.5685 0 263206.1909 

4.97 534144706.8 0.0517839 102715.7677 68.6242344 369.398135 0.00378 2.6177E-04 1988.750352 8002.53055 0 113145.075 

4.17 448165679.5 0.0434484 72309.68151 48.3099786 260.048307 3.54E-05 2.6177E-04 1400.037286 5633.60863 0 79651.68602 

2.03 218171781.6 0.0211512 17136.27467 11.4487168 61.6274214 7.832E-18 2.6177E-04 331.7871545 1335.078 0 18876.21622 

0.77 82754813.72 0.0080229 2465.504441 1.64719944 8.86672769 8.531E-55 2.6177E-04 47.73632069 192.086133 0 2715.841083 

0.77 82754813.72 0.0080229 2465.504441 1.64719944 8.86672769 8.531E-55 2.6177E-04 47.73632069 192.086133 0 2715.841083 

0.77 82754813.72 0.0080229 2465.504441 1.64719944 8.86672769 8.531E-55 2.6177E-04 47.73632069 192.086133 0 2715.841083 

2.38 255787606.1 0.0247979 23554.73664 15.7368806 84.7102249 2.715E-14 2.6177E-04 456.0593943 1835.13694 0 25946.38034 

4.17 448165679.5 0.0434484 72309.68151 48.3099786 260.048307 3.54E-05 2.6177E-04 1400.037286 5633.60863 0 79651.68602 
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