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ABSTRACT

Navigational safety necessitates careful route monitoring, which includes staying on the planned course. For a ship 
to achieve effective route monitoring while changing course, a wheel over point (WOP) must be precisely calculated 
and marked on a charted course. The reason is to warn the watchkeeping officer that the ship must make a course 
alteration to prevent overshooting the intended route. One of the techniques for appraising the WOP is the advance 
transfer technique (ATT). During a practical review by means of an electronic and paper chart work exercise of the 
ATT, this study discovered two research gaps related to the technique. Following that, this study created an improved 
advance transfer mathematical model (ATMM) by restructuring the use of the ship’s turning circle to overcome the 
limitations discovered. To validate the improvement of the ATMM over the ATT, data were collected by evaluating 
both methods using a ship simulator and performing a manoeuvring analysis. The data, specifically the reduction in 
the cross-track distance (XTD), was validated in three verification stages: compliance with XTL, percentage change, 
and Mann‒Whitney U test using IBM SPSS. In comparison to the ATT, the ATMM produces better results in terms 
of the course-keeping capability and it can be implemented as an algorithm in an integrated bridge navigation system 
for autonomous ship navigation safety.
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BACKGROUND OF STUDY

The primary function of commercial shipping is to 
transport freight to its destination safely. According to ICS 
(2018), the shipping industry facilitates 90% of global trade, 
which consists of liquid, bulk, and gas cargoes. The overall 
volume of the annual global maritime exchange had surpassed 
14 trillion US dollars as of 2019. However, shipping is one of 
the world’s most dangerous professions due to its nature of 
transportation. 

Fig. 1 outlines the context of this topic’s selection. Seafaring 
is a high-risk career due to the unpredictability of the work 

on board the ship, which can result in injuries, sickness, or 
even fatalities [1]. As a result, any operation on board the ship 
necessitates careful preparation, planning, execution, and 
monitoring to ensure shipboard safety [2]. Shipboard safety is 
described as the approach of performing operations on board 
a ship in a secure manner that involves the cargo’s safety, the 
safe operation of its machinery, the safety of navigation, and 
the safety of the ship’s crew. 

One of the essential operations on board a merchant vessel 
is to navigate the ship safely. To ensure navigation safety is 
heightened, the officer in charge of the navigational watch 
must be skilled in maintaining safe navigation, besides 
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knowing how to respond to shipboard emergency and distress 
signals, as part of the required competency [3]. Aside from 
that, the officer must communicate effectively, navigate the 
ship and, most notably, carry out a voyage plan [3]. 

The phrase „passage planning” or „voyage planning” refers 
to the process of creating a detailed plan of a ship’s journey 
[4]. According to IMO resolutions A.893 (21), there are four 
phases of the passage plan. In the appraisal stage information 
is collected, which includes the weather, communication with 
the authorities, charts and publications, and many other types 
of information that can be used to ensure the safety of the 
ship during the voyage from the departure port to the arrival 
port. With all the collected information, the navigational 
officer will begin charting the course line and preparing the 
ECDIS passage. The passage plan will then be carried out 
and tracked according to the approved plan. Monitoring 
a passage entails keeping an eye on the weather forecast, 
taking appropriate precautions to prevent a collision, and 
ensuring the ship stays on track [4].

The charted course line has been calculated to be the safest 
route. Consequently, remaining on the charted course, also 
known as track-keeping, is crucial in navigation. However, 

depending on the circumstances and conditions, it might 
be necessary to deviate from the intended route [5]. Any 
effort to deviate from the route would be deemed risky at 
first. If necessary, an extra assessment of the current path 
must be done to carry out the course deviation. Optimum 
track-keeping can be accomplished using autopilot or manual 
steering [6]. Nonetheless, both approaches necessitate careful 
observation of the cross-track distance (XTD) expansion. 

The perpendicular distance between the vessel and the 
expected track is defined as the XTD [7]. The watchkeeping 
officer will change the ship’s heading if needed to ensure 
that the ship’s direction matches the charted course. This 
intervention will keep the ship on course and prevent the XTD 
from developing. However, sometimes, due to a late course 
change, the ship will overshoot from the track, resulting in 
a cross-track distance, as seen in Fig. 2 [8], [9]. As a result, 
a wheel over point (WOP) must be measured precisely in 
advance and labelled on the charted course to denote the point 
of change [4]. A lack of knowledge of how to calculate the 
WOP will result in route overshooting and possibly a severe 
accident. 

Fig. 1. Research background K-Chart
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Fig. 2. Development of XTD due to overshooting the planned course

LI TERATURE REVIEW

WHEEL OVER POINT

A Reminder to the Navigation Offi  cer
Th e WOP refers to the point on the plotted course that 

serves as a reminder to the navigation offi  cer to commence 
the course alteration so that the ship does not deviate from 
the intended course [10]. Th e WOP may help to reduce 
fuel usage by optimising the vessel’s voyage by keeping 
an optimal path [11]–[13]. Most signifi cantly, it makes 
a substantial contribution to the ship’s navigational safety 
[9]. Inadequate understanding of the ship’s turning capability 
and manoeuvrability may result in a major catastrophe [14]. 
Previous studies by the Transport Accident Investigation 
Commission (TAIC), the Marine Accident Investigation 
Branch (MAIB), and the  Australian Transport Safety 
Bureau indicated that failing to establish the WOP resulted 
in navigation accidents [14]–[16]. 

A Point for Monitoring Pilot Behaviour
Apart from that, the WOP can be utilised to monitor the 

pilot’s judgement. For decades, there have been numerous 
accidents involving pilotage [17]; for example, vessels have run 
aground due to the pilot sleeping [18], making a late course 
correction [19], making a judgement error [20], making an 
insuffi  cient course correction [21], making an insuffi  cient 
turn [22], repeatedly overshooting a planned track [23], and 
lacking knowledge with regard to natural eff ects [24]. Between 

2004 and 2013, in Korea, 47 maritime mishaps occurred 
during pilotage [25].

Th e instances highlighted were of accidents that occurred 
as a result of human error. Human error is notoriously diffi  cult 
to anticipate [26]; nevertheless, with the WOP highlighted 
on the chart, it can be utilised to track the occurrence of 
human error, specifi cally during turning. In this instance, the 
pilot’s behaviour may be anticipated by observing his actions 
throughout a turn. If the pilot modifi es the course before the 
WOP, the master will have confi dence in the pilot’s judgement. 
On the other hand, if the pilot carries out the course alteration 
aft er the WOP, the master or navigation offi  cer may interfere 
and overrule the pilot’s authority [27]. However, if the WOP 
is not properly established, monitoring becomes problematic, 
since the master will have no way of knowing whether or 
not the pilot has made a judgement mistake [28], [29]. As 
a result, it is critical to establish an exact location for the WOP 
[4], [30]. Even those who are highly skilled and competent 
may lack situational awareness, have inaccurate judgement, 
or be unfamiliar with novel circumstances. Additionally, 
individuals may be overburdened with many duties or issues 
during a crisis which goes beyond their ability to cope with 
novel circumstances. As a result, the navigation offi  cer and 
the ship’s master must create a procedure for verifying the 
pilot’s judgement [31].

ROUTE MONITORING BY ECDIS

The Electronic Chart Display Information System 
(ECDIS) and the Electronic Navigation Chart (ENC), which 
are connected to the Integrated Bridge Navigation System 
(IBNS) through an improved interface, have helped navigation 
offi  cers considerably in route monitoring [32]data reliability, 
alarm management and ship’s safety parameter settings. For 
the optimum situational awareness, navigators must always 
recognize the level of display for objects presented when using 
ECDIS. Th e values for the safety depth and safety contour 
must be understood and entered to achieve a sensible and 
considered meaning and alarm settings. Th e navigators must 
remember that the display of underwater obstructions or 
isolated danger symbols can change according to the settings 
of this safety contour which also marks the division between 
navigable (safe. However, not all vessels are presently equipped 
with ECDIS or ENC, since the technology is only required 
for passenger ships above 500 gt and cargo ships over 3000 gt 
in accordance with SOLAS regulations V/19 [33], [34]. As 
a result, the remaining sailors continue to manoeuvre using 
their repertoire of conventional navigation abilities [35]. Th is 
statement is strengthened by the study conducted by Wu et al. 
such as Radar/ARPA, Automatic Identifi cation System 
(AIS[36]such as Radar/ARPA, Automatic Identifi cation 
System (AIS, where it was found that fourteen out of sixteen 
sailors preferred to use traditional navigation methods in 
addition to technology while maintaining a safe watch, 
highlighting the need for preserving traditional navigation 
abilities.
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CONSTANT RADIUS TURN

The constant radius turn (CRT) technique calculates the 
rate of turn (ROT) required for a fixed radius turn [9], [11], 
[37], [38]. The technique requires a rate of turn indicator 
(ROTI), which is a navigation instrument used to indicate 
the ship’s turning rate in degrees per minute and designed to 
observe the turning rate [38]. The ROT, given in degrees per 
minute, must be agreed upon collectively by the bridge team 
in advance during the ‘appraisal’ stage in order to plan the 
WOP in accordance with the navigator’s suitability and the 
master’s orders [10]. Additionally, this method is dependent 
on the helmsman’s skills to control the rudder angle in such 
a way that the ROT remains constant and does not vary much 
throughout the turning time. The formula to calculate the 
WOP using the CRT is as follows [39]:

57.3  

60  
 1 (i)

where the ROT is the value agreed by the bridge team, V is 
the speed of the vessel at the time of execution in knots, θ is 
the turning angle to be executed in degrees (°), and F is the 
ship’s length in nautical miles.

CONSTANT RATE OF TURN

The constant rate of turn (CROT) is another technique 
used to calculate the WOP according to the ship’s speed and 
the agreed rate of turn (ROT). This approach also necessitates 
the use of a rate of turn indicator (ROTI) to keep track of the 
turning rate [38]. This technique also requires the helmsman’s 
experience in controlling the rudder. The formula for the 
CROT is given as follows:

 .  . 0.5

60  
(ii)

where the ROT is the value agreed upon by the bridge team. 
V is the speed of the vessel at the time of execution in knots. 
θ is the turning angle to be executed in degrees (°) and F is 
the ship’s length in nautical miles. The distance of the WOP 
measured from the WPT, which is obtained through the 
calculation, needs to be marked on the charted course.

ADVANCE TRANSFER TECHNIQUE (ATT)

The manoeuvring characteristic of a vessel is subject 
to the rudder angle ordered for a particular manoeuvre 
[40]. A constant turning circle can be achieved by fixing 
the ship’s rudder at a certain angle [41]. On the day the 
ship is launched, a sea trial manoeuvre will be carried out, 
which provides the specific manoeuvring characteristic 
for that ship. Manoeuvring details are recorded, including 
a turning circle for every particular rudder angle [42]. 
This method of fixing the rudder at a hard over rudder 
angle during turning is also known as the advance transfer 
technique (ATT) [10].

ATT first advantage – Can be calculated during planning 
stages

The CRT and CROT incorporate the vessel’s speed (V) and 
rate of turn (ROT) into their respective formulae as seen in 
equations (i) and (ii) [39]. The ATT, on the other hand, enables 
the calculation of the WOP without needing to take the ship’s 
speed and ROT into account, as shown later in equation (2), 
since the turning circle’s characteristic is unaffected by the 
vessel’s speed [40]. 

In open sea navigation, a ship’s speed may be assumed to be 
constant and predictable in relation to its prior voyage service 
speed. Thus, the CRT and CROT methods are applicable in 
such a situation. 

In comparison, the ship’s speed is often changed in inland 
water based on traffic congestion, visibility, water depth, 
manoeuvrability, navigation hazards [5], and as per the 
pilot’s advice [43]. As mentioned earlier, the ROT must be 
established prior to voyage planning to calculate the WOP 
using the CRT and CROT. However, without knowing the 
ROT that is going to be used by the pilot, it is impossible 
to carry out the calculation. As a result, the CRT and 
CROT are difficult to calculate during the planning stage 
in a voyage plan for navigation in inland water and pilotage. 
Consequently, the ATT is preferred during the planning 
stages, while the CRT and CROT can be utilised later once 
the speed and ROT are known during the monitoring stages 
during pilotage.

ATT second advantage – Maximum rudder angle
Another advantage of the ATT is that the WOP value 

obtained is calculated based on the maximum rudder angle, 
which implies that the WOP produced will be the final point 
to take action, whereas the CRT and CROT can be calculated 
based on any rate of turn depending on the navigator’s 
suitability. If the WOP is calculated based on a small ROT 
such as 10°/min, it will result in a larger WOP value compared 
to 20°/min. Therefore, the ATT is suitable to use as the final 
point to monitor the pilot’s decision. 
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APPLICATION OF ADVANCE TRANSFER TECHNIQUE 
(ATT)

Fig. 3. Typical manoeuvring characteristic of a ship [42]

Th e ATT requires two items of information to be extracted 
from the manoeuvring characteristic, as shown in Fig. 3, 
namely the 1) advance and 2) transfer distance, hence its 
name. Th e advance and transfer distances are measured by 
referring to the positioning of the ship’s centre of gravity (CG) 
and are measured from the moment the vessel initiates the 
turn by hard over the rudder until the ship’s course changes 
by 90° from the initial heading, where the distance of advance 
is on the X0 axis, and the distance of transfer is on the Y0 axis 
as shown in Fig. 3 [44]. Th e advance and transfer distances 
are usually expressed in nautical miles (nm). Th e technique 
is further explained as follows.

Fig. 4. Marking WOP [10]

With reference to Fig. 3 and 4, the terms used for explaining 
the formula are as follows:
dadv  = Advance distance taken from manoeuvring 

characteristic
dtrs = Transfer distance taken from manoeuvring 

characteristic
dCG–WPT  = Distance from ship’s centre of gravity to waypoint 

(WPT)
Based on the understanding of the technical concept shown 

in Fig. 4, the formula to calculate the WOP can be constructed. 
Th e angle of course alteration will be represented as θ. Th e 
WOP, as defi ned by Anwar (2015), is the distance from the 
ship’s centre of gravity (CG) to the WPT; thus, it will be named 
dCG–WPT. To obtain dCG–WPT, the advance distance, dadv, needs 
to be subtracted with da, therefore:

  (1)

da can be obtained by utilising the tangent rule as follows:

 

Hence, the formula of the advance transfer technique [10] 
is obtained as below:

  
 

(2)

THE PROBLEM STATEMENT

With the understanding of the ATT, a practical chartwork 
review on the technique was carried out in this research. 
However, referring to the formula given in (2), two main 
issues were found while carrying out the chartwork session, 
which are as follows.

Th e fi rst observation – Negative value for alteration less 
than 20°

When the formula was used to identify the WOP for 
a vessel with an advance distance of 0.362 nm and a transfer 
distance of 0.169 nm, the following results were obtained:
Tab. 1.WOP distance from WPT

Situation Change of course dadv dtrs dCG–WPT

1 20 0.362 0.169 -0.100

2 50 0.362 0.169 0.221

A negative value of the WOP in situation 1 in Table 1 
implies that the ship has to make the course alteration at 
0.100 nm aft er the WPT, which means that the ship has 
overshot the planned track. Th erefore, if this formula were 
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to be used in an automated manoeuvring system algorithm, 
the calculated WOP would force the ship to overshoot the 
planned track.

Second observation – Th e fi nal heading of the ship does 
not match the charted course

Th e technique’s operating concept can be seen in Fig. 5. 
It can be seen that the ship’s fi nal course is 090°T, which is 
diff erent from the desired route of 045°T. Th e formula will 
be more useful if the ship’s fi nal heading matches the desired 
charted direction, thus avoiding the second overshoot.

Fig. 5. Advance transfer technique principle 

RESEARCH AIM

Hence, based on the observations and review, the following 
situations were identifi ed;
1. Th e ATT is not suitable for a course alteration of less than 

20° as it will result in a negative value. A ship will start to 
make a course alteration aft er the WPT. 

2. Th e ship’s fi nal heading and the charted course are 
contrary.
Since an Electronic Chart Display and Information System 

(ECDIS) is currently preferred in maritime navigation, 
mathematical modelling will be a more appropriate approach 
in determining the WOP. However, the formula provided by 
Anwar (2015) in the advance and transfer technique cannot 
be applied in the electronic chart due to the negative value 
produced for alteration less than 20°. Th erefore, this research 
intends to restructure and develop an advance transfer 
mathematical model (ATMM) that may solve the problems.

METHODOLOGY

Th e research methodology’s workfl ow is illustrated in 
Fig. 6. 

Fig. 6. Research methodology fl ow

Th e research started with a practical review carried out 
by the authors. Th e practical exercise of the advance transfer 
technique (ATT) using a ship simulator was aimed to further 
understand the research gaps, using electronic and paper 
charts. Once the research gaps were identifi ed, then the 
research improvised the concept of determining the WOP 
by restructuring the turning circle application. From there, 
a new advance transfer mathematical model (ATMM) was 
established. According to Voit [45], a newly developed system 
needs to be tested against observations from the physical 
system which it represents. In this case, both the ATT and 
ATMM were tested using a ship simulator. Th is process is 
usually called validation [45]. 

During the full-scale simulation, data collection was 
carried out using the Wartsila ship simulator.

In this study, a very large crude carrier (VLCC) with 
a displacement of 63430 tons during the ballast condition 
and 159584 tons displacement during the laden condition will 
be used in the simulator analysis to verify the eff ectiveness 
of the developed mathematical model.

Fig. 7. VLCC general information on ballast condition taken from Wartsila 
simulator
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Fig. 8. VLCC general information on loaded condition taken from Wartsila 
simulator

Ballast condition deep-water Laden condition shallow water

Fig. 9. The ship’s deep and shallow water turning circle during ballast 
and loaded conditions

The data regarding the chosen ship shown in Fig. 7, 8 and 9 
were obtained from the ship simulator. 

Initially, a series of courses were constructed in an ECDIS 
simulator for a manoeuvring analysis. Both the ATT and 
ATMM were tested during the manoeuvring analysis. The 
data, mainly the XTD that was produced, were collected and 
documented in a table. The data on the XTD was collected 
because when two models of the same system are available, 
the researcher may want to compare them to choose one for 
future use, as in this case with the ATT and ATMM [45]. 
Therefore, the collected XTD data were compared to validate 
the improvement of the ATMM over the ATT.

In measuring the efficiency of the ATMM over the ATT, 
this study has considered and chosen the validation analysis 
which can comply with the requirements set by IMO [46]. 
According to IMO, whenever a new safety system is to be 
developed, the following requirements shall be taken into 
account [46]:
i. The system shall comply with the mandatory rules and 

regulations.
ii. The system can provide continuous improvement to safety 

management.
Accordingly, to fulfil the above requirements, the 

manoeuvring simulation data was analysed in three stages. 
During the first stage of analysis, to ensure that the developed 
ATMM complied with the mandatory rules and regulations, 

the data was analysed by comparing the XTD results from 
the ATT and ATMM with the requirements of the XTL as 
specified by the International Maritime Organisation [47] 
and following the guidance given by Kristić et al. (2020) 
[48]. This stage’s purpose was to determine which method 
produced better compliance with the international or national 
regulations, which was defined by the XTL. The XTL is the 
limit whereby a ship can safely deviate from track. Even 
though the compliance with the XTL is expressed in general 
by IMO [7], the value of the XTL is not explored in detail. For 
this reason, this study used the guideline provided by Kristić 
et al. (2020) to determine the XTL.  

During the second stage, to ensure that the system can 
provide continuous improvement, this study had chosen the 

percentage change validation. To prove that the ATMM is 
an improved version of the ATT, the developed ATMM must 
reduce the XTD. The reduction of the XTD can be justified 
by adapting the method of identifying the percentage change 
as practised by Bansilal (2017)but not much is known about 
the ways in which students engage with contextual settings 
such as inflation. This qualitative study was conducted with 
in-service Mathematical Literacy teachers in South Africa 
with the purpose of exploring the extent to which the teachers 
recognised the contextual constraints involved in applying 
the percentage change calculation to the inflation context. 
The written responses of the 406 Mathematical Literacy 
teachers were scrutinised to identify their interpretations 
of the contextual constraints involved in applying the 
percentage change procedure to the context of inflation. The 
item required the application of two successive percentage 
change operations (corresponding to the inflation rates 
for the 2 years. The percentage change is a primary term 
that indicates the magnitude of the change over time. It is 
used for many financial purposes, primarily to reflect the 
shift in prices [49], [50]but not much is known about the 
ways in which students engage with contextual settings 
such as inflation. This qualitative study was conducted with 
in-service Mathematical Literacy teachers in South Africa 
with the purpose of exploring the extent to which the teachers 
recognised the contextual constraints involved in applying 
the percentage change calculation to the inflation context. 
The written responses of the 406 Mathematical Literacy 
teachers were scrutinised to identify their interpretations 
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of the contextual constraints involved in applying the 
percentage change procedure to the context of infl ation. Th e 
item required the application of two successive percentage 
change operations (corresponding to the infl ation rates for 
the 2 years. Similarly, for this study, the percentage change 
was used to show the tendency of the ATMM in reducing the 
XTD compared to the ATT. 

Th en, in the fi nal validation stage, the Mann‒Whitney U 
test was used to determine the eff ectiveness of the ATMM. 
Th is is a test to check whether one of the two random variables 
is stochastically larger than the other and it compares two 
independent groups that do not require large, normally 
distributed samples [51]particularly when conducting 
research in psychology, to have access to large normally 
distributed samples. Fortunately, there are statistical tests 
to compare two independent groups that do not require large 
normally distributed samples. Th e Mann‐Whitney U is one 
of these tests. In the following work, a summary of this test 
is presented. Th e explanation of the logic underlying this test 
and its application are presented. Moreover, the forces and 
weaknesses of the Mann‐Whitney U are mentioned. One 
major limit of the Mann‐Whitney U is that the type I error 
or alpha (α. Th e Mann‒Whitney or Wilcoxon‒Mann‒Whitney 
test is sometimes used for comparing the effi  cacy of two 
treatments in clinical trials [52]wilt, stalk and tuber rots 
diseases lead to considerable decline in Jerusalem artichoke 
(JA. All three tests demonstrated that the ATMM developed 
is better than the ATT in determining the WOP. 

RESTRUCTURE THE APPLICATION 
OF MANOEUVRING CHARACTERISTIC

To improve the use of the advance and transfer distances 
in determining the WOP, this study intends to improvise 
the ATT technique so that the ship’s fi nal course matches 
the charted course in the passage plan. 

Fig. 10. Th is study’s concept (ship’s heading and course are the same at the end 
of course alteration)

To match the fi nal course with the ship’s heading, this 
research intends to redesign the technique as shown in 
Fig. 10 because the advance and transfer distances increase 
accordingly as the heading angle increases. As seen in Fig. 10, 
dadv and dtrs for 45° are required for the calculation. However, 
most ships are only provided with dadv and dtrs for 90° [42]. 
Th erefore, in this research, the positioning of the WOP was 
moved over to WOP’. For this reason, the following symbol 
is considered:

DEVELOPMENT OF RESEARCH MATHEMATICAL 
MODEL (ATMM)

Th e mathematical model can be constructed from the 
existing equation that was published in the related study [45]. 
Th erefore, the ATT formula by Anwar (2015) can be used 
as the groundwork of the new mathematical model. Fig. 11 
is structured according to the generic diagram of a ship’s 
turning circle. It will be used to assist in the explanation of 
the development of the ATMM.

Fig. 11. Distribution details

Because the positioning of the WOP was moved over to 
WOP’, dc was included to represent the distance from the 
ship’s GNSS antenna to its centre of gravity (CG) as shown in 
Fig. 11. Th e explanation regarding dc will be further elaborated 
in a later section. Following this, in addition to the formula 
in (1), the distance of WOP’ from the WPT, also known as 
dWOP, will consist of 1) dCG–WPT and 2) dc, hence:
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With reference to the existing ATT formula in (1),  
dCG–WPT = dadv – da, the equation can be re-written as:

(3)  

The next step is to find the value of da and dc.

Finding da
To find da, the following trigonometry function can be 

used:

  

 

(4)

To get QR, subtract RS from QS. QS is equal to dtrs. For 
now, RS will be represented as db as shown in Fig. 11. Thus, 
QR = dtrs – db. Consequently, (4) can be written as follows:

  (5)

Finding db
ΔROS is a right-angled triangle; therefore, the value of 

db can be obtained by utilising the trigonometry tangent 
function:

(6)
 

   

To determine ROS, first, it needs to be noted that TU is 
a tangent line to OP, TU  OP, which makes UPO equal to 90°, 

UPO = 90°. According to the triangle rules, a triangle’s total 
inner angle must be equal to 180°, ΔPUO = 180°. The total 
inner angle of the triangle PUO is the sum value of UOP, 

UPO, and PUO. Therefore, it can also be written as:

90 180°

180 90

 90   

According to the tangent rule to a circle, RP is equal to RS, 
| RP | = | RS |, since both distances are tangent to the circle. 
Thus, the angles of POR and ROS are also the same, POR 
= ROS. Subsequently, ROS is half of the value of POS. 
For this reason, ROS can be expressed as:

 
2

 
90°

2

(7)

With reference to (6) and the input from (7), the following 
is obtained:

   

    
90°

2

(8)

Inserting (8) into (5), da can be obtained as:

 

  
90°

2
(9)

Locating the longitudinal centre of gravity LCG and defining dc
The centre of gravity or CG is a point where the whole 

ship’s weight is assumed to be concentrated [53]. While 
navigating, the ship’s position will be monitored using the 
global navigation satellite system (GNSS), located in its 
wheelhouse. The turning circle is constructed with reference 
to the ship’s CG. The actual course alteration shall be carried 
out by monitoring the GNSS position by considering when the 
CG will be at the WOP position. Therefore, the actual WOP’ 
marked on the chart shall include the distance between the 
bridge, hence dCG = dc, and this is applied as follows.

Fig. 12. dCG is the distance between the ship’s bridge (LSB) and the ship’s 
longitudinal centre of gravity (LCG)

To determine the dCG, firstly, the location of the ship’s centre 
of gravity needs to be confirmed. The longitudinal centre of 
gravity (LCG) is equal to the sum of the longitudinal moment 
divided by the ship’s final displacement [53]. Let Xi be the 
longitudinal distance of the cargo spaces and tanks measured 
from amidships. Wi is the amount of weight loaded on each 
cargo space and tank. As a result, ∑i xi wi is the sum of the 
longitudinal moment exerted on the ship. The formula for 
a ship’s LCG is as follows:
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LOA is the overall length of the ship, and LSB is the length 
from the ship’s stern to the bridge [54]. LCG is measured 
from the midship, which is half of LOA. The symbol +LCG 
indicates that the position of LCG is forward of the midship, 
and -LCG indicates that the position of LCG is at the aft of 
midship [55]. Therefore, referring to Fig. 12, the dCG can be 
written as follows:

 
2

 
2

 
 

(10)

LCG can also be obtained directly from the ship’s cargo 
loading computer. Since the difference is very small, LCG 
can also be considered to be equal to the position of the 
longitudinal centre of buoyancy (LCB), which can be acquired 
from the ship’s stability booklet [54]. In certain cases, the dc 
value will be subtracted and represented as - dc if the bridge 
is located forward of midship, such as for a passenger ship.

In summary, relating to the formula in (3), dWOP can be 
assembled using the input from (9) and (10) as follows:

    

    9 10

    

  .
90°  

2

2

 

(11)

The ATMM in (11) was used to find the WOP, which is 
presented in Table 3 and 4.

VALIDATION AND RESULT

The Wartsila Ship Simulator meets the challenges of 
delivering simulation in a modern environment that places 
a greater focus on flexibility and collaborative learning 
methods. It has been recognised as a ship simulator that is able 
to produce simulations which are similar to real navigation 
applications. The simulator incorporates simulation data 
based on real-world navigation scenarios, enabling the user 
to experience a realistic simulation. It complies with the class 
A – Standard for Certification of Maritime Simulator by 
DNV-GL (No. DNVGL-ST-0033 April 2018).

A set of charted courses consisting of nine turning angles 
with a difference of 10° between each angle was prepared in 
the simulator. The ATT and ATMM were used to identify the 
WOP for each course alteration and the results were recorded 
in Tables 3 and 4. The ship will follow the prepared courses 
and turn at the calculated WOP using a maximum rudder 
angle. The cross-track error of the vessel will be monitored 
and recorded. The model’s effectiveness, which can be 

determined by comparing the XTD while using the existing 
model and the proposed mathematical research model, will 
be tested as follows.
i. Loaded and ballast condition
ii. Port and starboard alteration
iii. Change of course for every 10°.

DATA COLLECTION

It is important to emphasise again that the research 
objective is to develop a WOP mathematical model that can 
bring the ship closer to the charted course by reducing the 
XTD. Therefore, the manoeuvring simulations were carried 
out using the ATT and ATMM. The XTD results were 
recorded during the simulation analysis. The XTD for both 
methods were compared to see whether the ATMM succeeded 
in producing a significant improvement or not. The data 
obtained from the manoeuvring simulation was analysed in 
three stages. For the first analysis, the data was analysed by 
comparing the XTD resulting from the ATT and ATMM to 
the requirements of the XTL as specified by the International 
Maritime Organisation [7] with the guidance given by 
Kristić et al. (2020). The XTL was calculated according to 
the vessel specifications [48]. The XTL used for this study 
was established using the following formula:

XTL = dzoc + db + dpos + dna + dso (m) 

where dzoc = zone of confidence accuracy; dbeam = half vessel’s 
beam; dpos = own position accuracy; dna = navigational area 
safety allowance; and dso = (LOA × sin α)/2.

Therefore, the XTL for this particular ship was calculated 
as follows.
Tab. 2. XTL value

Area A1 dzoc dbeam dpos dna dso XTL (m)

Confined Water 6.5 24.15 15 50 44.7 140.4

Throughout the manoeuvring analysis, a total of 72 course 
alterations were conducted. The manoeuvring analysis was 
carried out in Kemaman, Malaysia, involving the VLCC 
tanker. The ship recorded a draught of 9.0 metres in the ballast 
condition and 16.9 metres while in a fully loaded condition. 
In this area, the reported water depth ranged from 23.8 to 
29.3 metres. Therefore, the depth is more than three times 
the ship’s draught while in the ballast condition and is hence 
regarded as deep water. While the ship was in fully loaded 
conditions, the draught-to-depth ratio was less than twice 
the ship’s draught and therefore interpreted as a shallow 
water area.
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RESULT AND DISCUSSION

FIRST VALIDATION ANALYSIS - COMPLIANCE WITH 
XTL

Fig. 13. Compliance with XTL according to simulation

The XTL value used in this research is recommended by 
IMO and calculated according to the formula proposed by 
Kristić et al. (2020). The reason for the validation analysis in 
this stage is to test whether the ATT and ATMM are able to 
comply with the XTL while carrying out course alteration. 

For the first simulation study, while manoeuvring in 
the ballast condition using the ATT, only 55% of the turns 
complied with the XTL. However, when the ship used the 
ATMM, there was 100% compliance with the XTL.

During the second simulation study, the same vessel was 
used, except that the conditions were changed to the fully 
loaded condition; hence, the water depth was changed to 
a shallow water area. Using the ATT, the XTL compliance 
was recorded only at 50%, compared to manoeuvring using 
the ATMM, where the compliance with the XTL improved 
to 100%.

SECOND VALIDATION ANALYSIS - PERCENTAGE CHANGE OF XTD ACCORDING 
TO CHANGE OF COURSE

Tab. 5. Percentage change of XTD according to change of course

Change 
of course Condition Water depth Direction

XTD (m) % Change of XTD

ATT ATMM Individual  turn Average

10°

Ballast Deep
Starboard 106 27 -74.5%

-82.44%
Port 83 14 -83.1%

Fully Loaded Shallow
Starboard 90 12 -86.7%

Port 96 14 -85.4%

20°

Ballast Deep
Starboard 179 9 -95.0%

-88.16%
Port 176 6 -96.6%

Fully Loaded Shallow
Starboard 203 49 -75.9%

Port 203 30 -85.2%

30°

Ballast Deep
Starboard 185 5 -97.3%

-89.34%
Port 204 6 -97.1%

Fully Loaded Shallow
Starboard 222 59 -73.4%

Port 240 25 -89.6%

40

Ballast Deep
Starboard 158 6 -96.2%

-85.27%
Port 171 11 -93.6%

Fully Loaded Shallow
Starboard 141 61 -56.7%

Port 203 11 -94.6%

50°

Ballast Deep
Starboard 151 16 -89.4%

-83.03%
Port 127 11 -91.3%

Fully Loaded Shallow
Starboard 115 54 -53.0%

Port 178 3 -98.3%

60

Ballast Deep
Starboard 138 22 -84.1%

-70.60%
Port 141 34 -75.9%

Fully Loaded Shallow
Starboard 83 45 -45.8%

Port 133 31 -76.7%
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Change 
of course Condition Water depth Direction

XTD (m) % Change of XTD

ATT ATMM Individual  turn Average

70°

Ballast Deep
Starboard 136 44 -67.6%

-63.39%
Port 141 41 -70.9%

Fully Loaded Shallow
Starboard 63 32 -49.2%

Port 152 52 -65.8%

80°

Ballast Deep
Starboard 139 53 -61.9%

-58.04%
Port 145 56 -61.4%

Fully Loaded Shallow
Starboard 60 24 -60.0%

Port 139 71 -48.9%

90°

Ballast Deep
Starboard 131 64 -51.1%

-57.18%
Port 140 65 -53.6%

Fully Loaded Shallow
Starboard 63 16 -74.6%

Port 166 84 -49.4%

the previous course alterations, reductions of 63.39%, 58.04% 
and 57.18% were still recorded.

Now that the study has proved that the ATMM can 
reduce the XTD, it is crucial to assess whether the two 
independent sets of data came from the same distribution. 
To do that, the data were analysed using the Mann‒Whitney 
U test using IBM SPSS. Adapting the same approaches to 
this study, the test was used to compare the ATMM model’s 
efficiency with the ATT model.

THIRD VALIDATION ANALYSIS - MANN‒WHITNEY 
U TEST BY MANOEUVRING AREA

For this study, the null and the two-sided research 
hypotheses for the nonparametric test are stated as follows:
H0: The distribution of the XTD for the two models is equal
H1: The mean XTD ranks of the two models are not equal
If the P-value of the test is less than 0.05, the null hypothesis 
H0 will be rejected.

The percentage change was used to identify the value of 
the reduction of the XTD in terms of percentage when the 
method in this study is changed from the ATT to the ATMM. 
For each course alteration angle, the corresponding XTD 
values are listed in the table. The percentage indicating how 
much the XTD was reduced for individual turns and the 
percentage of average reduction are also listed in the table.

The negative value of the percentage change indicated 
that the XTD was reduced. Hence, a significant reduction 
of the XTD was recorded during the manoeuvring analysis, 
when this study changed from the ATT to the ATMM. The 
series of XTD percentage reductions for every 10° of course 
alteration indicated that the ship was manoeuvring closer 
to the course line. The results showed that while navigating 
in deep water during ballast conditions, the XTD for course 
alterations of 10°, 20° and 30° were reduced by 82.44%, 88.16%, 
and 89.34%, respectively. A similar pattern was observed for 
course alterations of 40°, 50°, and 60°, where reductions of 
85.27%, 83.03% and 70.60% were recorded. Even though the 
XTD improvements for 70°, 80°, and 90° were not as large as 

Tab. 6. Mann‒Whitney U test by manoeuvring area

Test No Manoeuvring 
description Models N Mean rank Sum of rank Mann‒

Whitney U Wilcoxon W Z
Asymp. Sig 
(2-tailed)
P-value

1
Ballast 

condition,
deep water

ATT 18 27.5 495
.000 171 -5.127 .000

ATMM 18 9.5 171

2

Laden 
condition,

shallow 
water

ATT 18 27.06 487
8.000 179 -4.874 .000

ATMM 18 9.94 179
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Test 1. The manoeuvring analysis was carried out using a 
ballast condition bulk carrier in deep water. A Mann‒Whitney 
U test was then carried out to compare the test scores of the 
ATT and the ATMM. The test indicated that the difference 
was statistically significant, where U (N ATT = 18, N ATMM 
= 18) = .00, z = -5.127, and p = 0.000 < 0.05. Therefore, H0 was 
rejected. The Wilcoxon W = 171 indicated that the ATMM 
had produced a lower value of XTD for the ballast condition 
in deep water manoeuvring analysis.

Test 2. The manoeuvring analysis was carried out using a 
ballast condition bulk carrier in shallow water. Then a Mann‒
Whitney U test was run to compare the test scores of the ATT 
and the ATMM. The test indicated that the difference was 
statistically significant, where U (N ATT = 18, N ATMM = 
18) = 8.000, z = -4.874, and p = 0.000 < 0.05. Therefore, H0 was 
rejected. The Wilcoxon W = 179 indicated that the ATMM 
had produced a lower value of XTD for the laden condition 
in shallow water manoeuvring analysis.

CONCLUSION

Since route monitoring is one of the important factors 
for navigation safety, this research focuses on improving 
track-keeping while changing the ship’s course. To maintain 
the vessel on its intended route when manoeuvring, the 
WOP must be correctly identified. Route monitoring can be 
monitored through the development of the XTD. Various 
methods can be used to observe the XTD; one of them is 
through the correct applications of the WOP. Therefore, this 
study was intended to review the ATT and identify how to 
improve it. 

Then, a practical review using a paper and electronic 
navigation chart was carried out to understand the ATT. 
During the chart work exercise, two problems were identified. 
The ATT formula is not ideal for ECDIS installation because it 
will have difficulty in calculating the WOP for course changes 
which are less than 20°. Aside from that, the ATT can result 
in a second overshooting on the expected route, because the 
final course of the ship is set on 90°, which contradicts another 
angle of alteration that is less than 90°. Mismatch between 
the charted course and the actual course while manoeuvring 
can result in a second overshoot. Following this, an improved 
mathematical model, namely the ATMM, was developed 
successfully and verified via manoeuvring analysis using the 
Wartsila ship simulator. 

To validate the XTD data acquired from the simulator, the 
data wereanalysed in three stages. The purpose of these stages 
is to satisfy the requirement from the IMO ISM code, which 
states that any newly developed system shall: 1) Comply with 
regulations and 2) Provide continuous improvement to the 
safety management system of the ship. 

Therefore, to ensure that the ATMM complies with 
regulations, the first validation is to ensure that the XTD 
does not exceed the XTL. The result showed that the XTD 
corresponding to the ATMM  complied 100% with the XTL. 

The second requirement is to ensure that continuous 
improvement is provided. The improvement was verified 
through the percentage change of the XTD, where all of the 
analyses had negative values, thus indicating a reduction of 
the XTD. After that, the Mann‒Whitney U test was carried 
out to check whether the data from the ATT and ATMM 
were coming from the same distribution. It can be concluded 
that the ATMM produced in this study can reduce the XTD. 
It is also suitable for use on board cargo ships as one of the 
methods for assessing the WOP, especially during turning 
in a narrow channel or during pilotage. 

CONTRIBUTION OF STUDY

Mathematical model improvement
The world is looking forward to the enhancement of 

navigation safety of autonomous ships [56]. One of the most 
important aspects of the development of an autonomous ship 
is the mathematical model and algorithms [57], [58]the human 
cognitive abilities and the collision avoidance regulations 
(COLREGs. Nowadays, the integrated bridge and navigation 
system (IBNS) can greatly enhance route monitoring. The 
IBNS consists of all available navigation aids, especially the 
ECDIS. In the ECDIS, the ATMM can be used as an algorithm 
input. With the vessel manoeuvring details pre-installed in 
the ECDIS, the ECDIS will automatically produce the WOP 
for any course changes during passage planning, depending 
on the vessel states, such as ballast and loaded condition. Even 
though this research mathematical model contributes to a 
very small part of the manoeuvring system, it is important 
that the existing mathematical model or formula which is 
currently being used should be improved to enhance the 
safety of navigation for autonomous ships. Hence, since the 
developed ATMM is proven to be an improved mathematical 
model that can provide a better course-keeping capability, 
this research suggests that the ATMM will come in handy 
as one of the required algorithms which can be used in an 
autonomous ship’s navigation. 

Framework for manoeuvring analysis
This research also suggests a framework for a manoeuvring 

analysis validation, suggesting that, for any newly developed 
system, 1) The system shall be validated through its ability 
to comply with existing regulation, for example the cross-
track limit (XTL); and 2) The system shall be checked for 
improvement compared to the previous system, for example 
the improvement of the ATMM over the ATT, which can be 
observed through the percentage change and validated via 
the Mann‒Whitney U test.

LIMITATIONS OF THE STUDY

Advance transfer value only for specific conditions
The advance and transfer distances of a ship are only 

provided for ballast and fully loaded draft conditions in 
shallow and deep water. Therefore, if the ship is half or 
partially loaded, to obtain the advance and transfer distances 
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to other drafts, the ship’s master needs to carry out his own 
manoeuvring trial and record the turning circle whenever 
there is an opportunity to do it. This is because different 
drafts at different draft-to-water-depth ratios will affect the 
turning circle of the ship [59].

When the advance and transfer distances are obtained, the 
WOP for that particular condition can be calculated using 
the ATMM developed in this study.

Sea condition
The sea condition used in this study is limited up to 

Beaufort scale 0‒1 only.

SUGGESTION FOR FUTURE RESEARCH

The ATMM has been proven to provide a better course-
keeping capability. For this reason, the reduction of the XTD 
will also reduce the distance covered by the ship. Reduction 
of distance means a reduction of fuel consumption [12], [60]. 
Perhaps this research can be extended to see the impact of 
the course-keeping capability on energy efficiency.

It is important to highlight that this research’s aim was to 
improve the ATT. Therefore, the same methodology can be 
carried out for the CRT and CROT so that all mathematical 
formulas available are checked and improved if needed, 
as a preparation towards autonomous ship operations. In 
addition, while the introduction of the ECDIS has reduced 
seafarers’ dependence on this kind of traditional technique, 
it is essential to note that not all vessels are equipped with 
these technologies; therefore, the approach remains helpful 
for the majority of mariners who sail without them.

The research can also be extended to simulate the difference 
between the ATT and ATMM in a higher Beaufort force scale.
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