
 

 
  

 

 

School of Electrical Engineering 

Master's Programme in Control, Robotics and Autonomous systems 

 

 

 

 

Person overboard rescue maneuver 

 

Atro Karvinen 

 
 

 

 

 

 

 

 

 

 

 

Thesis submitted in partial fulfillment of the requirements for the 

degree of Master of Electrical Engineering. 

 

Espoo 8.10.2017 

 

Supervisor: Arto Visala, Professor 

 

Thesis advisor: Timo Kostiainen, D.Sc. (Tech.)



2 

AALTO UNIVERSITY                                                                                             ABSTRACT OF THE 
School of Electrical Engineering                                                                                MASTER´S THESIS 

Author: Atro Karvinen 
                                                                                                 

Title: Person overboard rescue maneuver 
 

Number of pages: 70 + 7 
 

Date: 8.10.2017 
 

Major: Control, Robotics and Autonomous Systems 

Professorship: Automation technology, AS-84 

Supervisor: Arto Visala 
 

Thesis advisor: Timo Kostiainen 
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In this emergency, a person has fallen overboard from a vessel and must be recovered 

by performing a rescue turn maneuver to navigate the vessel back to the victim and to 

rescue them from the water. The goal in this thesis is to design a programme that assists 

the crew in the person overboard emergency by calculating the rescue turn maneuver. 

The operator will be provided with user-assisting information such as the control input 

to execute the rescue turn to aid in completing the rescue mission. Furthermore, the 

programme gives the trajectory of the simulated maneuver which can be shown on the 

vessel’s chart display device. In literature, there are doctrines for executing the rescue 

turn, however, as they are only generalizations, these procedures are not guaranteed to 

be successful for every vessel type. In this work, the rescue maneuver is described as 

a nonlinear optimization problem, in which the vessel's specific dynamics are taken 

into account. The problem is approached by simulating the vessel’s response to a given 

control input with respect to the vessel’s specific dynamics and solving the resulting 

nonlinear programming problem. This gives base to an optimal control problem in 

which the goal is to design such a control that the vessel is brought in minimal time to 

a target location with respect to the vessel dynamics and constraints. The work is aimed 

to be general in the sense that it is applicable to most large ships and to test the 

calculations, simulations are conducted on three different vessels that are each from 

common categories of large vessels: cruise ship, container ship and tanker. In this 

thesis, the work is still a prototype of the person overboard programme and the results 

will be tested solely by simulations. Testing the programme's performance in practice 

is part of the future work of the project and beyond the scope of this thesis. 
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Symbols 

 

State variables 

 

u   Surge [m / s] 

v   Sway [m / s] 

r   Rate of yaw turn [rad / s] 

E  X-coordinate [m] 

N  Y-coordinate [m] 

h  Heading 

R  Rudder actual value 

T  Thrust actual value 

 

Vessel parameters 

 

τu  Time constant, surge 

τv  Time constant, sway 

τr  Time constant, yaw 

Kr  Yaw coefficient 

𝛾  Stability coefficient 

L  Length 

umax Maximum speed 

Td  Rudder ramp-up time 

Tp  Thrust ramp-up time 

 

 

Optimization 

 

f()  Dynamics function 

g()  Equality constraints function 

h()  Inequality constraints function 

u  Control input 

x  State 
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Abbreviations 

 

CLIA Cruise Lines International Association 

DOF Degrees of Freedom 

ECDIS Electronic Chart Display and Information System 

GA   Genetic Algorithm 

GPS  Global Positioning System 

IEC  International Electrotechnical Commission 

IMO  International Maritime Organization 

MSC Maritime Safety Committee 

NLP  Nonlinear Programming 

OCP  Optimal Control Problem 

POB  Person Overboard 

SAR  Search and Rescue 

SOLAS Safety of Life at Sea 

SQP  Sequential Quadratic Programming 
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1. Introduction 
 

In a person overboard (POB) emergency, a passenger or a crew member on the ship has 

fallen to the water. The situation is especially dangerous in cold waters since hypothermia 

can lead to unconsciousness and death within few minutes [1]. In consequence, if a POB 

emergency occurs, accurate and reliable maneuver instructions should be provided. 

Nowadays, vessels are increasingly equipped with integrated navigation systems [2], 

which can be used to provide quick decision making in such situations and assist the crew 

in the rescue procedure. 

In terms of risk to human life, POB emergencies are quite severe because it is estimated 

that only in around 25% cases the victim survives from the incident [3]. There are 

numerous issues that make the rescue operation difficult. First, the location of the victim 

is constantly moving due to waves, current and wind, which makes locating the person 

challenging. Moreover, the person overboard accidents tend to occur during nights [3], 

while the visibility is poor, which further contributes to the challenge of detecting the 

victim. Furthermore, the accidents are often discovered with a delay, thus adding 

uncertainty to the person's location [3]. Lastly, even the fall from the ship by itself is 

dangerous and people have experienced serious injuries or been knocked unconscious 

from colliding into the surface [4][5]. Fortunately, however, POB accidents are relatively 

rare maritime emergencies compared to, for example, groundings and collisions [6]. 

The procedure of recovering the person back onboard is not straightforward, due to the 

fact that rescue boats cannot be launched safely while the vessel is travelling at high speed 

[7], which means the vessel will have to decelerate significantly. On the other hand, the 

deceleration distance of a large vessel is extremely long so once the velocity would be 

appropriate to launch a rescue boat, the distance to the victim will be huge and locating 

the with the rescue boat person would be a challenging task. In consequence, the most 

common response to a POB emergency is to perform such a rescue maneuver that the 

whole vessel returns to the person. 

In International Maritime Organization’s manual [8], there are general instructions for the 

execution of three different rescue turns, namely Anderson turn, Williamson turn and 

Scharnow turn. These maneuvers have different advantages and disadvantages based on 

the prevailing circumstances. However, none of them considers the vessel’s specific 

dynamics nor the current state of the vessel e.g. initial velocity. The performance of these 

maneuvers has been tested by simulations with varying vessel types and the results 

indicate that the general maneuvers can lead the vessel several hundred meters away from 

the victim’s location [9] [3]. 

In order to assist the crew in this emergency, nowadays there exists a great deal of devices 

that provide assistance in a POB emergency by locating the person or sounding the alarm 

automatically. These applications, however, do not address issue of returning the vessel 

to the victim. This means that the control problem to execute the time-optimal rescue 

maneuver remains open. Furthermore, not all crew members are carrying such devices, 

which is especially the case for cruise ship passengers. 

In this work the calculation of the rescue maneuver is based on integrated sensor 

measurements to determine the vessel’s current state, coupled with the situation-

dependent user-input such as the location and time of the accident. The received 

information gives basis to an optimization problem, which the algorithm solves to 

determine the control to complete the rescue turn maneuver. 
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2. Background 
 

The purpose of this section is to provide a brief introduction to the person overboard 

situation and how the recovery process is executed. The review begins with the standard 

procedures given in manuals of maritime organizations, which describe the actions that 

should be taken once a POB emergency occurs. Although the actual execution has to be 

situation-dependent, a general idea of the recovery process is given. Furthermore, few of 

the most common rescue turns, their advantages and disadvantages, are introduced. The 

introduction continues by investigating the statistics and risks involved in POB accidents. 

The main idea is to describe the environment in which the POB accidents occur e.g. 

visibility and what is necessary to succeed in the rescue mission. Lastly, few of the 

modern safety solutions for person overboard emergencies are introduced. 

 

2.1  Rescue procedure 

 

The rescue procedure can be divided into three primary tasks. First of all, the POB 

situation must be noticed and announced. Second, the crew must determine the position 

of the person and a rescue maneuver to navigate to the person. Rescuing the person from 

the water is the last and most crucial step. Each of these subtasks in the rescue procedure 

has its own instructions and safety equipment to assist in the process.  [10] 

 

Detection of the accident 

 

Quick observation and response to the accident is a crucial part of successfully completed 

person overboard rescue mission. The person's location is otherwise difficult to define 

and due to the effects of current and wind, the location may have a large deviation from 

the vessel's original course. To detect the person overboard accident, officer on the watch 

is constantly monitoring the deck to notice any accidents and often has surveillance 

cameras providing assistance [3]. If a POB accident is witnessed, the bridge has to be 

informed to initiate the rescue operation. Lifebuoy is released immediately to help the 

victim float and save stamina in the ocean. [8] 

 

Locating and navigating to POB 

 

Detecting an immersed person in the whole possible search area is challenging task, since 

POB emergencies tend to occur at nights [3] when visibility is low and moreover, the sea 

is rarely calm so the waves obscure the vision to the person. In order to help locating the 

person in water, the area of the fall will be marked e.g. by using flares, lights or dyes. 

Furthermore, the GPS coordinates of the location the accident occurred can be marked in 

electronic charts [3]. However, these actions may only be performed after immediately 

noticing the emergency which contributes to the difficulty of locating the victim if the 

incident is discovered with a delay. [8] 

 

Recovery of the victim 

 

Rescue boats are the primary recovery methods as the person is likely to be exhausted or 

may have hypothermia, which means the person is unable to board the ship themselves 
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e.g. by ropes or ladders [1]. During the rescue turn, the rescue boats are prepared so that 

they are ready to be launched the moment the main vessel is close to the person. [8] 

 

 

 

 

Figure 1. Flow chart of the rescue procedure used in a POB emergency. [3] 
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2.2 General rescue turns 

 

Three different rescue turn maneuvers in a POB scenario are introduced by the 

International Aeronautical and Maritime Search and Rescue (IAMSAR) in their manual 

[8]. The rescue turns are Single-turn (Anderson turn), Williamson turn and Scharnow 

turn. According to the manual, the different turn types are preferred in certain 

circumstances, the main factor being the time that has elapsed since the beginning of the 

emergency. Thus, the POB emergencies are divided into three different categories based 

on the delay of observing the accident; person missing, delayed or immediate action. 

 

 

Immediate action is the case when the accident is instantly detected by the bridge and 

rescue procedure is started immediately. The last known position of the POB is well 

defined so the maneuver should focus on reaching the position as fast as possible. 

Delayed action means that there is a short interval between beginning of the accident and 

initiation of the rescue procedure. This could for example be due to the fact that 

information came from an eyewitness rather than the bridge itself and in consequence, it 

takes time to inform the bridge. In this case, the victim's location is unknown, however, a 

decent estimate of the location exists from the vessel's position history. The suggested 

maneuver in such case returns the ship to her reciprocal course. The result is that the 

vessel arrives to the route prior to the emergency, which is the area the POB is most likely 

located. 

Person missing actions are cases where a passenger is noticed to be missing on the ship 

after a significant time has passed since the incident. If, for example, the incident was 

discovered several hours later, the vessel might have traveled few hundreds of kilometers 

away from the POB. In this case it's often infeasible to perform any rescue maneuver but 

instead a search and rescue (SAR) mission to find the POB is initiated. 

In the person missing action a possible search area for the POB is narrowed down based 

on the vessel's path. The search area is systematically surveyed in particular search 

patterns by an SAR team, which may include several rescue boats and even helicopters. 

However, the effect of currents, waves and wind displaces the person from the vessel's 

original track and the possible search area expands over time, making the rescue mission 

more difficult as time goes on. 

 

 

The rescue turns are suggested to be used as a response to immediate or delayed action 

cases since the person missing situation involves SAR and special search patterns. For 

the immediate action, two most common POB maneuvers are Anderson and Williamson 

turn, whereas in the delayed rescue procedure, the Scharnow turn is recommended. The 

execution and advantages of these three maneuvers are briefly described below. 
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Single-turn (Anderson turn) 

Anderson turn is the fastest rescue turn 

maneuver and it is an excellent response 

to immediate POB emergency. The 

ship's rudder is first pulled hard over the 

side the person has fallen and once the 

course has deviated 250 degrees from 

the original, the rudder is put amidships. 

The ship will be slowed down during 

the turn so that a rescue boat can be 

launched when the ship is close to the 

POB. 

The main advantages of single-turn 

maneuver are that the vessel quickly 

returns to the victim and the turn is 

relatively simple and easy to execute.  

At the end of the single-turn maneuver, 

though, the ship is approaching her reciprocal course almost perpendicularly. This 

means that the location of the POB should be well known because otherwise only a 

small portion of the reciprocal course will be crossed and therefore the probability of 

detecting the person is quite low. 

Williamson turn 

Williamson turn aims to turn the 

vessel to her reciprocal course from 

where the POB location is approached 

directly. The turn is executed by 

turning the rudder hard over and once 

the vessel has deviated 60 degrees 

from original course, the rudder will 

be switched hard over to the other 

side. When the course is 20 degrees 

from the original course, the rudder 

will be put back to neutral position. 

The advantages and disadvantages of 

this turn are quite the opposite from 

that of the Anderson’s turn. The 

execution time will be longer than in 

the case of single-turn and it’s more 

difficult to perform. On the other hand, 

if there's uncertainty of the victim’s 

location, Williamson turn is superior 

since it returns to the reciprocal course 

where the POB will most likely be. 

Moreover, during the time the vessel is 

returning to its original position and 

traveling on the straight line, the time 

can be used to observe the POB and 
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adjust the course whereas in Anderson this would be difficult because the reciprocal 

course is approached indirectly. 

 

Scharnow turn 

The two previous maneuvers excel when 

performed as immediate actions, whereas 

Scharnow turn is advantageous when used 

as a delayed response. In fact, Scharnow 

turn cannot be performed as an immediate 

action since after the maneuver the vessel 

will be few ship's lengths behind the 

original position [11]. 

The turn is executed similarly to 

Williamson turn but now the goal is to 

arrive on the reciprocal course behind the 

vessel. The underlying idea is the same as 

in Williamson turn; return quickly to 

reciprocal course and attempt to detect the 

POB from there. 

 

 

 

Figure 2. Comparison of the three most common rescue turn maneuvers. [8] 
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A study in [9] has compared the performance of Anderson and Williamson turn. The 

rescue turn maneuvers were taken from the previously mentioned guidelines given by 

IAMSAR. The test was conducted in a simulator, similar to a real bridge of a vessel, 

which in this simulation was a 215-meter long bulk carrier. 

A rescue turn was considered complete, if the velocity of the vessel was less than 2 knots. 

At this point a rescue boat would be deployed and the remaining distance to POB would 

be crossed by the boat. Thus, the total time used for the rescue mission is the sum of time 

until the launch of rescue boat and the time for the boat to reach POB. Figure 3 illustrates 

the final positions of rescue turns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The final positions of the Anderson and Williamson turns described by 

green and blue dots, respectively. [9] 

 

The deviation from the desired POB location is quite large and at the end of the rescue 

maneuver, the distance to POB on average was 590 meters for Williamson and 290 meters 

for Anderson turn but in few cases the distance was even over a kilometer. Average times 

to complete the maneuvers were 16 and 11 minutes for Williamson and Anderson turns, 

respectively. The results of this paper suggest that completing a successful POB rescue 

maneuver is a challenging task and requires a great amount of experience with the 

particular ship. 

The rescue turn maneuvers described above are, however, generalizations and they do not 

take into account the dynamics of a specific vessel nor the environment. If the same turn 

proposed in the manual is executed by different vessels the results may vary greatly. This 

issue is demonstrated in figure 4, where vessels of four different types performed the 

Scharnow turn with exactly same instructions [13]. 
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Figure 4. As illustrated in this image, a rescue turn with the same control 

commands has varying results on different ship types. [13] 

In this simulation, the final heading is opposite to the start heading in all cases but none 

of them exactly arrives on the reciprocal course, which is represented by the Y-axis. In 

this simulation, the largest deviation is several hundreds of meters away from the desired 

path. Consequently, in the MERSAR paper [11], the crew is advised to perform POB 

emergency drills to practice the execution of rescue turn for the specific ship as the 

standard rescue turns are not guaranteed to bring the vessel to original location [11]. 

On the other hand, a modern approach would be to provide computer-based assistance to 

the navigator in POB emergency situation. As the figure 4 has demonstrated, there's a 

need for ship specific optimization in the suggested general rescue turns.  In study [13], 

the Scharnow turn above is optimized by using an algorithm to alter the rudder angles so 

that the deviation from reciprocal is minimized and final heading is close to 180 degrees. 

Nevertheless, the general rescue maneuver given in MERSAR's guide provides a decent 

initial guess to their optimization algorithm. 

Situation-dependent information necessary to compute an optimal rescue maneuver is 

nowadays measured by sensors and it is integrated into the bridge systems [2]. However, 

generating a rescue turn maneuver based on simulations introduces a new issue, that is 

how to create an accurate model and parameters that describe the vessel. For a particular 

vessel, all parameters needed in simulation models are seldom measured and moreover, 

they are subject to changes in cargo, for example. The issue of approximating vessel 

specific parameters is discussed in later sections of this thesis. 
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2.3  Recovery 

 

Recovering the person from the water is the last and most crucial part of the rescue 

mission. The person in the water is often exhausted, may suffer from hypothermia and 

might even be unconscious and thus is incapable of returning onboard without assistance 

[1]. According to IMO regulations, large vessels are required to have at least one rescue 

boat [14] and in the case of such vessels, the retrieval is executed by lowering rescue 

boats that recover the POB and returns them to the main vessel (see figure 5) [15]. 

Figure 5. An example of the system used to lower the rescue boat on a vessel. [14] 

 

One of the limiting factors in POB rescue maneuver is, though, the velocity at which the 

vessel's rescue boats are safe to be launched. According to regulations from SOLAS to 

life-saving appliances [7], rescue boats should be capable of being launched in velocity 

lower than 5 knots in calm waters. In a real scenario, however, the safe launching velocity 

is situation-dependent as it is subject to the environment and rescue boat characteristics, 

for example. 

Furthermore, in a time-optimal rescue turn the terminal velocity of the vessel would be 

equal to the maximum rescue boat launching velocity. Thus, compared to a full stop 

approach when close to the POB position, the time-optimal rescue turn may save valuable 

minutes in case of large craft. Especially in the cold waters this could mean the survival 

of the immersed person. 

The survival time of the victim depends heavily on the water temperature. If the accident 

happens in cold waters, the person overboard has only few minutes before becoming 
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unconscious (see table 1). Once initiated, the time of the rescue turn maneuver for large 

vessels may take as long as half an hour to complete, which shows how critical it is to 

react instantly and perform the maneuver as fast as possible. [4] 

The table 1 depicts different water temperatures and the corresponding expected survival 

time. The exact time of survival varies based on human body’s insulation value, which 

varies based on body size, age and clothing, for example. Personal life jackets and 

lifebuoys further increase the survival time as the immersed person can avoid swimming, 

which conserves stamina and reduces heat transferred from the body [4]. 

 

Table 1. Expected survival times of adults in different water temperatures. [4] 
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2.4  POB statistics 

 

In paper [3] the average number of casualties due to POB accidents is presented to be 

around 1000 in a year. Worldwide, Marine Accident Investigation Branch (MAIB) 

estimates that in approximately 75% of the POB emergencies the victim had died or was 

never found. POB accidents, however, are quite rare compared to the more common 

maritime accidents such as groundings, collisions and fires. This fact is illustrated by table 

2, which shows the accidents of the British merchant vessels that MAIB has collected 

over several years. 

Table 2. Maritime accident data collected by MAIB about accidents on British 

merchant vessels. [6] 

 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Overall 

Capsize 0 2 1 0 2 0 0 0 0 0 5 

Cargo handling failure 3 1 2 2 1 4 3 2 1 1 20 

Collision 12 16 37 25 14 21 24 28 20 22 219 

Contact 38 29 34 20 29 27 31 38 24 27 297 

Escape of harmful substance 0 4 2 1 2 1 0 0 1 0 11 

Fire/explosion 21 22 19 6 8 8 3 6 13 14 120 

Flooding/foundering 3 3 6 4 2 4 4 3 3 1 33 

Grounding 13 15 27 21 11 26 19 24 18 18 192 

Heavy weather 3 4 1 5 4 4 5 3 3 3 35 

Machinery/equipment Fail-
ure 41 42 51 31 36 23 24 25 21 38 332 

Person overboard 9 5 13 12 7 11 10 7 10 7 91 

Other 3 1 4 3 0 2 5 5 1 2 26 

Total 146 144 197 130 116 131 128 141 115 133 1381 

 

Nevertheless, the danger of human life in POB emergencies is high, which makes them a 

significant threat in navigation. Especially for crew members that constantly work on the 

deck, the danger an overboard accident is an imminent threat. In fact, commercial fishing 

is the one of the most dangerous occupations [16] in terms of fatality rate per worker and 

POB accidents are reported to be the second largest cause of fatalities for fishermen in 

the USA [17]. 

Fortunately for passengers, according to Cruise Lines International Association (CLIA), 

the event of falling overboard on cruise ships is extremely rare, and the yearly average 

number of POB accidents is approximately 20 [18]. Compared to the total amount of 

cruise ship passengers, 24.7 millions in 2016 [19], the odds of a passenger falling 

overboard are almost one in a million. 

In paper [3] 144 POB accidents over several years on cruise ships were investigated, 

collected from different maritime safety organizations such as MAIB or Transportation 

Safety Board of Canada. A total number of 149 persons fell overboard in these cases, of 

which only 31 were successfully rescued. In 81 cases it was reported that the rescuers 

were able to define a specific time or at least a time range in which the emergency had 

happened. The time could be estimated for example by investigating the recorded video 
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camera data. In consequence, in almost half of the cases the emergency was not detected 

immediately or it wasn't recognized at all. 

Table 3 illustrates the distribution of the beginning times of POB emergencies from the 

survey. It is observed that the emergencies are much more frequent during night-time than 

during day, and moreover, it appears that midnight is the most probable time for the 

incident. This means that it's highly likely that the POB emergencies occur in very poor 

visibility because of the darkness during night. 

 

Table 3. Distribution of the time POB incidents have occurred on cruise liners.  [3] 
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2.5 Detecting the person 

 

The observability of the POB depends on numerous variables: luminosity of the target, 

brightness, colour, weather and the observer's perception. In the darkness the detection is 

nearly impossible without any source of light, although a bright light in complete darkness 

can be easier to detect than a floating person in normal daylight [20]. In consequence, 

spotlights, flares or personal POB lights are utilized to assist in detecting the person in 

the water. Furthermore, according to SOLAS, lifebuoys are recommended to have self-

activating lights or smokes to more easily spot the person in the water. [21] 

US coast guard conducted a field test [20] to compare different POB lights and their 

effective range when detected by a human eye. The results were that all of the lights were 

visible at a distance of 1.2 kilometers and the brightest lights over 6 kilometers away from 

the target. On average these lights were reported to be noticeable from a 3 kilometers 

distance. [20] 

However, a human eye cannot focus on searching for long periods of time and it begins 

to tire, which has led to development of modern applications that provide assistance in 

this issue. Nowadays, technology such as thermal cameras or machine vision are utilized 

in the detection process. In the study [22] three different detection systems were tested; 

visual light and infra-red sensors and radar. 

The light sensor proved to have great detection ability in clear weather but was 

significantly affected by reduced visibility such as fog. The detection distance of light 

sensor was measured as high as 500 meters under good weather conditions. Infrared, on 

the other hand, was less affected by the prevailing visibility and had excellent detection 

capability, especially when close to the target. The difficulty was that the temperature 

difference between detectable object and sea had to be noticeable to succeed in the 

detection. Lastly, the radar appeared to be quite ineffective in observing smaller objects 

such as a person in the water but superior to the other two in detecting large objects such 

as life rafts for SAR purposes. Of these, the group concluded that infra-red would be the 

best solution to detect small target such as a POB and it also works well at nights and in 

low vision. However, the researchers propose that the fusion of sensors that are effective 

in current circumstances yields the best results.  [22] 

Another issue that makes detection difficult for both human observers and the sensor 

applications are the waves, which obscure the vision to the target [22]. According to 

World Meteorological Organization (WMO) the waves in even the calm sea states are 

considered to be “slight” in the range 0,5 – 1,25 meters and “moderate” 1,25 – 2,5 meters, 

thus easily breaking the line of sight to a floating person that is visible only around 0,2 

meters above the surface. [23] 

 

2.6  POB safety appliances 

 

Detection of the POB emergency strongly depends on crew members or passengers 

observing the accident and as mentioned earlier, swift reaction to the emergency will play 

a significant role in successfully completing the rescue mission. Consequently, a myriad 

of POB safety appliances has been designed to detect the emergency as fast as possible 

and to assist the crew in the recovery process. 
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Few of the possible solutions to increase safety in a POB emergency are introduced below. 

For the crew members, wearable safety appliances are a common solution and they 

generally aim to locate the person and sound the alarm. Passengers on a cruise ship, on 

the other hand, rarely possess such equipment and therefore cruisers utilize camera 

surveillance to observe any overboard falls [3]. The most intelligent solutions, though, 

have automated the whole rescue process; the accident is acknowledged automatically 

and the victim is retrieved by an unmanned rescue boat [24]. 

 

2.6.1   Wearable safety equipment 

 

The crew in merchant vessels is increasingly equipped with intelligent location devices 

that constantly transmit the wearer's position [3]. For example, Personal Locator Beacons 

(PLB) are installed in life jackets and they transmit the GPS location of the person, which 

will greatly assist in locating the person in an emergency. Moreover, the current PLB 

appliances are required to be AIS-based. The advantage AIS signal has, compared to GPS, 

is that the signal will be sent to other nearby ships, as opposed to signaling only the vessel 

from which the person fell overboard. [25] 

Another approach to improve the safety is to increase the survivability of an immersed 

person and thus provide the rescuers additional time to locate the victim. For example, 

the crew's work clothes may be modified to provide improved heat insulation or 

buoyancy. However, the main downside of the safety-improving work clothes is that the 

mariners have experienced that they are too uncomfortable and warm to work in. In 

consequence, the mariners often continue to wear normal working clothes, despite the 

risk of an accident. [26] 

More advanced devices are integrated to the vessel's system and are able to sound the 

alarm automatically. An example of such safety system design is introduced in [10]. The 

system utilizes wireless sensor network (WSN) connected to personal location devices to 

collect information of a crew member's location as depicted in figure 6. Furthermore, the 

personal devices have sensors to measure temperature, humidity and acceleration and 

based on these values the system is capable of detecting a POB emergency immediately. 
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Figure 6. An overview of the WSN system providing assistance in a POB 

emergency.[10] 

Once noticed, the system sounds an alarm and begins to transmit the location of the person 

to assist in the recovery procedure. In the scenario in figure above, the POB safety system 

has been further integrated into the vessel's spotlights and it's able to rotate the lights to 

the direction of the POB. 

 

2.6.2 Automatic supervision 

 

Modern vessels have an increasing amount of surveillance cameras installed and in 

consequence, the constant observation of the cameras is becoming a challenging task to 

do manually. Due to the advances in image processing technology, solutions to 

automatically detect a POB emergency have been developed [3]. Furthermore, SOLAS 

has started to pressure cruisers to improve the safety in POB emergencies by integrating 

technology to capture images and detect falls overboard [27]. Automatic supervision is 

able to determine the time and place of the incident, which provides great assistance to 

the rescue mission. However, compared to the locator devices, the automated surveillance 

cameras are less effective in keeping track of the person during the rescue procedure [22]. 

Nevertheless, automatic surveillance systems are still not widely used in POB detection, 

though tests have been conducted on cruise liners. According to CLIA, they are not yet 

reliable enough to be a consistent detection method and any false alarms raised are quite 

inconvenient. On the other hand, the manufacturers argue that detection rates of a 

automatic systems are very accurate and are able to match human perception. They 

suggest that the underlying reason that automatic surveillance hasn't become a common 

safety solution is that the systems are relatively expensive compared to the fact that POB 

events are extremely rare (around 20 incidents worldwide per year). [28][29] 
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2.6.3  Unmanned automated rescue vehicle 

 

The standard rescue procedure of returning the whole vessel to the POB may not be quick 

enough because the person begins to suffer from hypothermia after few minutes. An 

innovative solution to address this issue is discussed in [24]. The paper describes the 

development of an unmanned robotic rescue boat that would be launched once a POB 

emergency is detected. 

In this solution the crew members are equipped with AIS transmitters similar to the 

locator devices mentioned above. If a person comes into contact with sea water, the 

sensors detect the emergency and the rescue procedure is initiated, which automatically 

launches the automated rescue vehicle. The robot boat will then automatically navigate 

to the victim using the transmitted AIS signal from POB location. 

However, once close to the POB, the robot begins to transmit video data and the retrieval 

of the POB is remotely operated by a crew member. Automating the retrieval process 

without compromising the safety of the victim has proved to be a challenging task. Due 

to standard AIS technology using DGPS or GPS data as position data, the location 

information is inaccurate and not updated frequently enough to make complete 

automation possible. Nonetheless, the designers suggest that specialized image 

processing methods are a possibility for the automatic retrieval. 

The primary benefit in the automated rescue boat is that it can be immediately launched 

whereas embarking and launching a regular rescue boat may take several minutes. 

Furthermore, the parent vessel may have to significantly decrease its speed in order to 

reach the safe launching velocity for a rescue boat and in consequence, the distance to 

POB location has substantially increased during the deceleration. 

 

 

 

 

The use of the modern safety appliances provides great assistance in a POB emergency. 

Excluding the automated rescue boat solution, the safety applications, however, do not 

address the rescue maneuver issue so the question of how to return to the POB remains 

open. Furthermore, not all passengers are carrying such devices, especially which is the 

case for cruise ship passengers. 
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3.  Simulation models 
 

This section discusses the mathematical models describing the dynamics of the vessel by 

introducing the vessel model and drift model. These models are essential for simulating 

the vessel's response to a control input, which is the basis for solving the correct control 

values for completing the rescue maneuver. Additionally, the simplifications and 

assumptions made in the state equations are explained. Lastly, approaches to determine 

the drift and its effects to the system are discussed. 

 

3.1 Vessel Model 

3.1.1 Degrees of freedom 

 

The dynamics of a ship are represented by 6 degrees of freedom (DOF) dynamics model, 

which includes both the transition and rotation in three-dimensions. The vessel's 

velocities in three-dimensional space (x,y,z), are called surge, sway and heave, 

respectively. The vessel's orientation is described by rotation around the coordinate axis 

and they are called roll, pitch and yaw (see figure 7). [30] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Illustration of the 6 DOF of a vessel. [31] 

 

 

The 6 DOF model of a vessel is considered complete by describing the dynamics for each 

DOF of a vessel. However, the model is quite complex and simulations based on it are 

computationally expensive. Additionally, the model requires large amounts of ship 

specific parameters which are difficult to define for every vessel and this degrades the 

model's capability for generalization [32]. The 6 DOF model is often used in simulations 

where the model is required to be as accurate and realistic as possible, while 

computational cost is not a primary concern. [33] 

With certain assumptions, the amount of relevant degrees of freedom may be reduced to 
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provide a simpler model while maintaining a reasonable accuracy in the simulation [33]. 

In literature, other ship models include: 

 

1 DOF model 

These models are used to control a single variable of the vessel, generally surge (speed 

controller), yaw (autopilot) or roll (damping system). The main assumption is that the 

vessel is otherwise in a steady state such as autopiloting the heading of a vessel moving 

forward with a constant speed. 

 

3 DOF model 

The horizontal plane models that include surge, sway and yaw are the most typical 3 DOF 

models. They are used generally in dynamic positioning systems, trajectory or path design 

systems. 

 

4 DOF model 

The dynamics of roll angle are added to the 3 DOF model. The model is used when the 

changes in roll angle are significant, for example if the vessel is maneuvered in strong 

waves or if stabilizing the vessel is of concern e.g. in case of a liquid tanker. 

 

 

Of these models the 3 DOF is often used in simulations for path planning in navigation 

[33] and thus it's the most suitable for the purposes of this work. Three degrees of freedom 

are a sufficient representation of the vessel's state when roll, heave and pitch can be 

assumed small, which is the case for most conventional vessels [33]. Furthermore, in a 

general case, roll, heave and pitch are assumed to oscillate symmetrically around their 

axis [31]. On the other hand, the 1 DOF would be insufficient to model the behaviour of 

the vessel in case of a rescue maneuver where both location and yaw orientation 

information are necessary. 

 

3.1.2  Control system 

 

Numerous motion control systems for ships exist that address varying navigation 

purposes and vessel types. Common to all vessels is that they require a propulsion unit to 

move forward and the ability to rotate the vessel i.e. produce yaw momentum. The general 

solution is that the vessel is equipped with a turning rudder and thrusters at the stern of 

the ship, and they control the vessel's yaw and surge motion, respectively. Moreover, 

thrusters are often capable of rotating backwards in order to move the vessel astern. [32] 

Having only two actuators for a three DOF system means that the vessel is 31 since the 

sway motion is lacking a direct controller. Nonetheless, solutions exist to control the sway 

velocity, for example the vessel's navigation can be adjusted by side fins or side thrusters 

to produce force in sway direction. [32] [31]. 

Vessel's thrusters are often fixed propellers, however, there are thruster types that are 

capable of rotating and are commonly referred to as azimuthing propulsion units. In such 

case a vessel may not have a rudder at all but instead the yaw moment would be produced 

by adjusting the angle of thrusters. [34] 

Due to the differences in these solutions the system dynamics would be fundamentally 

different for each control system. In this thesis, the vessel's are assumed to be controlled 

with a rudder and fixed thrusters capable of rotating backwards as this work is aimed to 

be applicable to most large vessels. [2] 
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3.1.3 Dynamics equations 

 

The dynamics model in literature are derived from Newton's equations of motion and the 

exact derivation can be found in [33]. One commonly used 3 DOF ship model [35, 32, 

31] is based on [36] and it's described as 

�̇� =
𝑚22

𝑚11
𝑣𝑟–

𝑑11

𝑚11
𝑢 +

1

𝑚11
𝑢1 (1) 

�̇� = −
𝑚11

𝑚22
𝑢𝑟–

𝑑22

𝑚22
𝑣 (2) 

�̇� =
𝑚11 − 𝑚22

𝑚33
𝑢𝑣–

𝑑33

𝑚33
𝑟 +

1

𝑚33
𝑢2 (3) 

 

, where u, v and r are the state variables surge, sway and rate of yaw, mii represents the 

inertia and added mass of the vessel, dii are hydrodynamic damping parameters and u1,

u2 are the thrust and rudder forces, respectively. 

The model used in this thesis is based on IEC 62065:2014 [2] which specifies methods 

for testing and the performance standards for track control systems according to IMO 

recommendations from resolution MSC.74(69). The IEC dynamics model is quite similar 

to (1-3), although in IEC model it is assumed that m11 = m22 = m33, which simplifies 

the equations and reduces the number of parameters. The surge and sway are modeled 

exactly the same, however the yaw differential equation is different. The alternative yaw 

equation represented in the IEC paper takes into account turning stability of the ship, also 

referred to as sideslip motion, which is exhibited by small and fast vessels such as cruisers. 

The [2] mathematical model represents the necessary vessel dynamics in 3 DOF space 

for this work. According to paper, the differential equations are aimed to have minimal 

computational effort, while still having the accuracy required by IMO standards. The 

model is capable of demonstrating the essential ship dynamics such as response to thrust 

and rudder control, effects of hydrodynamic resistance of the water and the sideslip 

motion during a turn. Below is a high-level flow chart of the system: 

 

 

 



27 

Figure 8. Flow chart of the 3 DOF IEC dynamics model. Inputs to the system are the 

thrust and rudder controls, the outputs are location and orientation of vessel and 

the subsequent state, and disturbances are environmental effects from current and 

waves. [2] 

 

Next, a brief description of each of the dynamic equations is given. 

 

Velocity model 

 

�̇� = 𝑣𝑟 −
𝑢

𝜏𝑢
+ 𝐾𝑢𝑇 (4) 

 

The surge model calculates the acceleration caused by the propulsion force from the 

thrusters. Moreover, the sideways motion sway is coupled with yaw rotation and is added 

to surge motion. Lastly, a linear damping term of the speed represents the effects of 

hydrodynamic resistance. 

 

�̇� = −𝑢𝑟 −
𝑣

𝜏𝑣
 (5) 

 

The sway model is similar to surge model, except for the propulsion force, as sway isn't 

directly controlled by neither thrusters nor rudder. Once a turn is initiated the rotating 

rudder causes a lateral force on the sway direction, however this force is quite small and 

in order to simplify the equation it has been ignored. 
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Yaw model 

  

�̇� = 𝐾′𝑟(
𝐾𝑢𝑇𝜏𝑢

𝐿
𝑅 + 𝑊′) +

12𝛾(𝑣 − 𝛾𝐿𝑟)

𝐿𝜏𝑣
−

𝑟

𝜏𝑟
 (6) 

 

Yaw model is based on the momentum equilibrium of the sideways forces acting on the 

ship's hull. The controlled turning moment is produced by water flowing over the rudder 

and applying a force to the rudder surface. The achieved momentum is proportional to 

the product of both control parameters, the rudder angle and thrust force. In consequence, 

the maneuverability of the vessel depends on the thrust as it dominates the water flow 

over the rudder. Waves colliding against the vessel's side are added to the control force as 

a disturbance term. The momentum is reduced by a term proportional to the rate of yaw 

turning. 

Lastly, the second term in the equation describes the lateral pressure caused by the 

sideways motion of the vessel. Depending on the term (𝑣 − 𝛾𝐿𝑟), the effects of this 

momentum are different. On one hand, the moment attempts to straighten the vessel. On 

the other hand, the moment may represent the case when the turning of vessel has become 

unstable and the effect is increasing the rate of turning. 

 

 

Control model 

 

The rudder and thrust in large vessels are quite enormous actuators to operate and shifting 

the control values from peak to peak has delay or otherwise the control could damage the 

mechanisms. Consequently, the rudder and thrust response have dynamic models to 

describe the change from current value to the reference value. 

In this model, the control values are scaled to be in the range [-1 to 1] i.e. -100% to 100% 

of the maximum. The control is linearly changed to the reference control value and this 

is effectively described by a ramp up time which denotes the time to change the value 

from one maximum to the other maximum. The actual control values are updated towards 

the reference values according to the inequalities below 

 

 

𝑃�̇� =

+2 𝑇𝑑⁄ , 𝑃𝑎 < 𝑃𝑟𝑒𝑓

0, 𝑃𝑎 = 𝑃𝑟𝑒𝑓

−2 𝑇𝑑⁄ , 𝑃𝑎 > 𝑃𝑟𝑒𝑓

 (7) 

 

Where Pa is the actual control value, Pref the reference and Td is the 

time it takes to drive the control from peak to peak. Alternatively, this may be written as 

 

𝑃�̇� = 𝑠𝑖𝑔𝑛(𝑃𝑟𝑒𝑓 − 𝑃𝑎)
2

𝑇𝑑
 (8) 
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Position and heading model 

 

Lastly, the difference in vessel's location and orientation variables is obtained by applying 

a rotation matrix to the state variables: 

 

[
�̇�
�̇�
ℎ̇

] = [
cos(ℎ) − sin(ℎ) 0
sin(ℎ) cos(ℎ) 0

0 0 1

] [
𝑢
𝑣
𝑟
] (9) 

, where h is the vessel's heading and (N, E) denotes the coordinates of the vessel's location. 

 

 

 

The differential equations of the vessel's variables can be now summarized to describe 

the dynamics of the vessel as 

 

�̇� = 𝐾′𝑟 (
𝐾𝑢𝑇𝜏𝑢

𝐿
𝑅 + 𝑊′) +

12𝛾(𝑣 − 𝛾𝐿𝑟)

𝐿𝜏𝑣
−

𝑟

𝜏𝑟
 (10) 

�̇� = 𝐾𝑢𝑇 + 𝑣𝑟 −
𝑢

𝜏𝑢
 (11) 

�̇� = −𝑢𝑟 −
𝑣

𝜏𝑣
 (12) 

�̇� = cos(ℎ)𝑢 − sin(ℎ)𝑣 (13) 

�̇� = −sin(ℎ)𝑢 + cos(ℎ)𝑣 (14) 

ℎ̇ = 𝑟 (15) 

�̇� = 𝑠𝑖𝑔𝑛(𝑢1 − 𝑅) 2 𝑇𝑑⁄  (16) 

�̇� = 𝑠𝑖𝑔𝑛(𝑢2 − 𝑇) 2 𝑇𝑝⁄  (17) 

 

 

, where 𝑢1 and 𝑢2 are control value references for rudder (R) and thrust (T), respectively. 

The inputs and outputs of this model are such that they should be included in the standard 

equipment of maritime vessels e.g. measurements of angular velocity or drift should be 

obtainable [2]. In this form the dynamics are represented by a group of ordinary 

differential equations (ODE) that can be numerically integrated to solve and simulate the 

response to a control input. 
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3.2 Drift model 

 

Leeway drift is defined as the motion induced by the current and wind affecting the 

surface of a floating object. The components of leeway drift include leeway speed and 

angle which represent the velocity and direction of the movement. In the case of POB 

rescue maneuver, the effects of drift may distort the position of the POB significantly, 

especially if there was delay in starting the operation [37]. 

The drift calculation can be divided into two different cases: weak wind condition and 

strong wind condition [38]. In the former, the wind force on the floating object is 

significantly weaker compared to the force caused by the current and thus the wind may 

be neglected in drift estimation. In consequence, the object's drift trajectory is obtained 

by integrating the velocity of the current. The inertia of the body for small masses, such 

as the person in the water, is often ignored since the steady state velocity is reached 

quickly [38]. 

There are various methods to determine the current velocity. Firstly, vessels are 

increasingly equipped with sensors that can directly measure the current [2]. Secondly, 

local observations of the current could be used if the distance between the person and the 

vessel is long in which case the vessel's measurement of current may not be accurate. 

Lastly, tidal atlases can provide information of the drift vector field [38] 

Alternatively, a strong wind causes a significant force on the object's surface and this has 

to be taken into account in the drift formulation. In strong wind case the drift is composed 

of both the ocean current and relative velocity of the object compared to ambient water. 

[39] 

𝑉𝑑𝑟𝑖𝑓𝑡 = 𝑉𝑐𝑢𝑟𝑟 + 𝑉𝑟𝑒𝑙 (18) 

 

Vcurr  describes the current velocity relative to the earth and it's assumed to affect all 

floating objects similarly. Vrel is primarily defined by the wind and wave forces affecting 

the object and strongly depends on the type of object. According to the paper, wave forces 

can be neglected for small objects (length < 10m) whereas in case of larger objects, such 

as ships, the effect of waves should be addressed. This assumption derives from a 

hydrodynamics fact that when length of the wave is large compared to size of the floating 

object, the wave effects are small. [39] 

Determining the effects induced by wind on an object empirically is a difficult task. 

Instead, field experiments measuring the drift of varying objects are preferred and have 

been studied excessively [39]. From the data analysis, it is found that the relationship of 

wind speed and drift is almost linear, thus allowing to approximate the effects of wind by 

linear regression. So, in this approach the wind-induced drift is calculated as 

𝐿 = 𝑎𝑊10 + 𝑏 (19) 

 

where a and b are constants and W10 is the measured wind speed at ten meters off the 

surface [40]. An extensive list of tables of the parameters “a” and “b” for varying objects 

are found in [41]. The parameters are primarily obtained by fitting a line to the measured 
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field experiments data. The parameters for different categories of person in the water 

(PIW) drift are 

 

Table 4. The list of coefficients “a” and “b” in the equation (19). 

Vertical PIW 0.5 % W10 + 3.8 cm / s 

Sitting PIW 1.17 % W10 + 0.2 cm / s 

PIW Survival Suit 1.44 % W10 + 5.25 cm / s 

PIW Scuba Suit 0.7 % W10 + 4.3 cm / s 

PIW deceased 1.5 % W10 + 4.0 cm / s 
 

 

 

The vertical PIW, for example, in a case of W10= 10 m / s, would drift 105 meters in 20 

minutes due to the effects of wind. In a general person overboard emergency, the victim 

will most likely fall into the category of “vertical PIW” or “sitting PIW”. An immersed 

person is advised to take the sitting position in order to conserve heat [4], however this 

naturally cannot be achieved without the assistance of buoyant equipment such as a life 

ring. 

 

 

 

 

 

 

 

 

 

 

Figure 9. The “sitting PIW” position. [4] 

 

Another approach to model the drift trajectory is to utilize stochastic tools as the 

behaviour of the object is often challenging to predict accurately. Furthermore, unknown 

parameters such as the characteristics of the object or variance in the current and wind 

speed contribute to the uncertainty in drift estimation. Stochastic models attempt to solve 
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an area where the object is most likely going to be by using the information of last known 

position of the object. The model is especially useful if a prediction of a long time interval 

is necessary, for example in case of a SAR rescue mission where the most probable search 

area should be determined. If, however, the drift time of the object is short, the formerly 

mentioned methods for drift estimation can be expected to be more effective. [39] 
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4. Optimization 
This section discusses about the optimization tools and methods related to this thesis. In 

section 1, guideline maneuvers to execute the person overboard rescue turn were 

introduced, however, these proved to be imprecise in a general case. Thus, an 

optimization of the rescue maneuver is necessary. The problem can be described as an 

optimal control problem (OCP) to solve an optimal control sequence for the rescue 

maneuver. 

In an optimal control problem an input to a dynamical system is determined so that it 

optimizes a given performance function while also satisfying the constraints of motion 

i.e. system dynamics. The POB maneuver is expressed as an OCP, where the ship controls 

are the optimization variables and the minimization objective is the rescue time. The 

constraints would be the system dynamics and terminal constraints e.g. the final location 

has to be close to the victim's location. 

The general form of an optimal control problem is to minimize the cost functional 

 

𝐽 = ϕ[𝑥(𝑡0), 𝑡0, 𝑥(𝑡𝑓), 𝑡𝑓] + ∫ 𝐿[𝑥(𝑡), 𝑢(𝑡), 𝑡]𝑑𝑡

𝑡𝑓

𝑡0

 (20) 

 

 

where 𝑡0 and 𝑡𝑓 describe the initial and final time, ϕ denotes the terminal state and L the 

Lagrangian [42]. The minimization of cost is subject to dynamic constraints, path 

constraints and boundary constraints: 

 

 

�̇� = 𝑓[𝑥(𝑡), 𝑢(𝑡), 𝑡]  (21) 

𝐶𝑚𝑖𝑛 ≤ 𝐶[𝑥(𝑡), 𝑢(𝑡), 𝑡] ≤ 𝐶𝑚𝑎𝑥 (22) 

ϕ𝑚𝑖𝑛 ≤ ϕ[𝑥(𝑡0), 𝑡0, 𝑥(𝑡𝑓), 𝑡𝑓] ≤ ϕ𝑚𝑎𝑥 (23) 

 

 

Due to the complexity of the system, the OCP has to be solved numerically. Numerical 

methods used in solving optimal control problems may be divided into two major 

categories: indirect and direct methods. The indirect methods use calculus of variations 

to determine the first-order optimality conditions of the OCP and the result is based on 

solving a system of nonlinear algebraic equations. In the direct methods, on the other 

hand, the OCP is formulated as a nonlinear optimization problem which is then solved by 

utilizing optimization techniques. [42] 
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4.1 Indirect Methods 

 

In indirection methods, the calculus of variations approach revolves around finding 

extrema of a functional, which is also called optimizing “function of function”. The 

augmented Hamiltonian of the original OCP (20-23) is utilized to determine the first-

order optimality conditions. 

 

 

𝐻(𝑥, λ, μ, 𝑢, 𝑡) = 𝐿 + λ𝑇𝑓 − μ𝑇𝐶 (24) 

 

 

 

Where lambda is called costate or adjoint and mu holds the Lagrange coefficients of the 

constraints. Thus, the first-order optimality conditions are 

 

 

�̇� =
𝑑𝐻

𝑑λ
             λ̇ =

𝑑𝐻

𝑑𝑥
 (25-26) 

𝑢 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑢

(𝐻) (27) 

ϕ(𝑥(𝑡0), 𝑡0,𝑥(𝑡𝑓), 𝑡𝑓) = 0 (28) 

λ(𝑡0) = −
𝑑Φ

𝑑𝑥(𝑡0)
– 𝑣𝑇 𝑑ϕ

𝑑𝑥(𝑡0)
          λ(𝑡𝑓) =

𝑑Φ

𝑑𝑥(𝑡𝑓)
– 𝑣𝑇 𝑑ϕ

𝑑𝑥(𝑡𝑓)
 (29-30) 

𝐻(𝑡0) =
𝑑Φ

𝑑𝑡0
– 𝑣𝑇 𝑑ϕ

𝑑𝑡0
          𝐻(𝑡𝑓) = −

𝑑Φ

𝑑𝑡𝑓
+ 𝑣𝑇 𝑑ϕ

𝑑𝑡𝑓
 (31-32) 

μ𝑗 = 0,𝑤ℎ𝑒𝑛  𝐶𝑗(𝑥, 𝑢, 𝑡) < 0           μ𝑗 ≤ 0, 𝑤ℎ𝑒𝑛  𝐶𝑗(𝑥, 𝑢, 𝑡) = 0 (33-34) 

 

v represents Lagrange multiplier of boundary condition ϕ. Condition (28) represents the 

terminal constraints on the state. Conditions (29-30) set requirements for the initial and 

terminal costate and Hamiltonian. Lastly, conditions (33-34) are called complementary 

slackness conditions. The conditions together form a so called Hamiltonian boundary-

value problem. The solution to this boundary-value problem is the extremal and it consists 

of the state, costate and Lagrange multipliers that fulfill the above boundary conditions 

and constraints. Each of the extrema is investigated to resolve whether it's a minimum, 

maximum or a saddle point. Consequently, the extremal having the smallest cost will be 

the solution for the original OCP [42]. 

The main advantages of the indirect methods are that they have great accuracy and the 

solution is guaranteed to satisfy the first-order optimality conditions. The disadvantages, 

on the other hand, are quite numerous: the boundary value problem has to be determined 

analytically, area of convergence is small and finding a proper initial guess for the costate 

is difficult. Due to these drawbacks, the direct methods for solving OCP are often 

preferred [43]. 
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4.2 Direct Methods 

 

The solution to optimal control problems in the direct methods is to transform the original 

problem to a nonlinear programming problem (NLP) and directly solving the NLP. The 

underlying philosophy in direct methods is “discretize, then optimize” as the direct 

methods discretize the state and/or control of the continuous OCP and then transcribe it 

to a nonlinear optimization problem. In consequence, solving the optimal control problem 

directly consists of two major subtasks: solving the differential equations of system 

dynamics, and solving the resulting NLP. Direct methods have recently been extensively 

researched and they can avoid the main drawbacks of indirect methods, however their 

disadvantage is that they produce approximate solutions [44]. Furthermore, direct 

methods can solve problems that have inequality constraints more easily than indirect 

methods.  [45] 

The approach to solve the two main steps can be done either sequentially or 

simultaneously. The single shooting method, for example, is a sequential method in which 

the dynamics are first integrated and then the resulting trajectory is evaluated to optimize 

the parameters. In simultaneous methods both the simulation and optimization task are 

solved simultaneously e.g. in collocation method the trajectory points themselves are 

optimization variables and upon convergence the points become continuous and satisfy 

the dynamics constraints. In simultaneous methods, the number of variables and 

constraints is large, however, this so-called infeasible path approach can use prior 

knowledge of the trajectory and handles unstable systems more effectively than single 

shooting [45]. [42] 

To clarify the structure of a direct method algorithm, a pseudo-code example of the single 

shooting approach is given below: 

 

Input: Initial guess 

Output: Optimal control sequence 

 

while Cost is not at minimum AND constraints not satisfied do 

 Integrate trajectory from t0  to  tf 
 Calculate error in terminal constraints 

 Update control so that the cost is reduced 

end 

 

 

4.2.1 Solving the differential equations 

 

One primary subtask in direct methods is to solve the differential equations describing the 

system's dynamics, which will determine the system's response to input control. In a 

sequential approach, the ordinary differential equations (ODE) are solved by numerical 

integration which is called forward simulation or time-marching [46]. The system 

dynamics of form 

 

�̇� = 𝑓(𝑥) (35) 
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are discretized: 

 

𝑥(𝑘 + 1) = 𝑓(𝑥(𝑘)) (36) 

 

And by recursively calculating from the initial state, the current state can be obtained. 

Thus, the forward simulation maps the initial state to the final state. In Euler's method, 

for example, the system is updated directly based on the dynamic equations: 

 

𝑥(𝑘 + 1) = 𝑥(𝑘) + ℎ𝑓(𝑥(𝑘), 𝑢(𝑘)) (37) 

 

Another time-marching approach is the Runge-Kutta method which is a higher order 

method and often the fourth order version is used, also known as the classical Runge-

Kutta method [42]. The algorithm estimates the differential step by calculating derivatives 

in multiple points of the step interval and taking a weighted average of these derivatives. 

At each step, more function evaluations are required compared Euler's method, however, 

as a higher order method the accuracy of Runge-Kutta method is higher than that of 

Euler's method. 

The classical Runge-Kutta method: 

 

 

𝑘1 = ℎ𝑓(𝑥𝑘, 𝑢𝑘) (38) 

𝑘2 = ℎ𝑓(𝑥𝑘 +
ℎ

2
𝑘1,𝑢(𝑡𝑘 +

ℎ

2
)) (39) 

𝑘3 = ℎ𝑓(𝑥𝑘 +
ℎ

2
𝑘2,𝑢(𝑡𝑘 +

ℎ

2
)) (40) 

𝑘4 = ℎ𝑓(𝑥𝑘 + ℎ𝑘3,𝑢(𝑡𝑘 + ℎ)) (41) 

𝑥𝑘 + 1 = 𝑥𝑘 +
1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) (42) 

 

Lastly, a different approach is the collocation method used in simultaneous solving of the 

ODE. In the collocation the system is discretized using polynomial approximations [42]. 

First, the time horizon [𝑡0, 𝑡𝑓] is divided into N intervals: [𝑡𝑖 , 𝑡𝑖+1], 𝑖 = 0,1, …𝑁 − 1 

Next, the state over interval [𝑡𝑖, 𝑡𝑖+1] is approximated by a 

polynomial of order K: 

 

𝑋(𝑡) ≈ ∑ 𝑎𝑖

𝐾

𝑘=0

(𝑡 − 𝑡𝑖)
𝑘 , 𝑡 ∈ [𝑡𝑖, 𝑡𝑖+1] (43) 

 

The coefficients 𝑎0, … 𝑎𝐾 of the piecewise polynomial are determined by matching 

function value at beginning of the interval 

 

X(ti) = x(ti) (44) 

 

and by matching the derivative polynomial to the function derivative value at the K 
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subinterval points 

 

Ẋ(τj) = f(x(τj), τj) (45) 

 

These points are called the collocation points and the resulting equations are known as 

collocation conditions or defects. This technique introduces a vast amount of variables 

and constraints and in consequence, the NLP solver has to take advantage of the sparsity 

of the problem in order to be efficient. 

4.2.2 Nonlinear programming 

 

The second subtask to be solved in direct methods is to solve a nonlinear programming 

problem. The OCP can be expressed in the form of a general NLP after the system 

dynamics have been integrated. The general form of an NLP is described as 

𝑚𝑖𝑛𝑓(𝑧) (46) 

 

subject to: 

𝑔(𝑧) = 0 (47) 

ℎ(𝑧) ≤ 0 (48) 

 

The most common algorithms used in solving the nonlinear optimization problem are 

interior-point method and sequential quadratic programming (SQP). [42] 

 

Interior-point method 

In interior-point method, the original NLP (46-48) is described with a barrier function, 

which is a sum of the objective function and penalty values of violated constraints [47]. 

The barrier function leads to a different optimization problem of the form 

 

𝑚𝑖𝑛Φ(𝑧) = 𝑓(𝑥) − μ∑ln(𝑠𝑖)

𝑚

𝑖=1

 (49) 

subject to 

𝑔(𝑥) = 0 (50) 

ℎ(𝑥) + 𝑠 = 0 (51) 

 

where z = (x, μ)  and   μ > 0  is the barrier parameter. The inequality constraints are 

transformed into equality constraints with the introduction of slack variables which are 

required to be positive. The Lagrangian of barrier function problem (49-51) is 

 

𝐿(𝑧, λ, μ) = Φ(𝑧) + λ𝑔𝑔(𝑥) + λℎ(ℎ(𝑥) + 𝑠) (52) 

 

Now, the necessary first-order optimality conditions are 
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[
𝛻𝑓(𝑥) + 𝐴𝑔(𝑥)𝑇λ𝑔 + 𝐴ℎ(𝑥)𝑇λℎ

𝑆Λℎ𝑒 − 𝜇𝑒
] = [

0
0
] (53) 

 

where Ah and Ag  are Jacobians of h(x) and g(x) with respect to x. Matrices S and λg 

are diagonal matrices, with the diagonal elements being from vectors s and λh. The vector 

e is a vector of ones with the size equal to vector g. [47] 

Furthermore, if the first-order optimality equations (53) are solved with Newton's method, 

this leads to the so-called primal-dual system 

 

[
 
 
 
𝐻 0 𝐽𝑔

𝑇 𝐽𝑔
𝑇

0 𝑆Λℎ 0 −𝑆
𝐽𝑔 0 𝐼 0

𝐽ℎ −𝑆 0 𝐼 ]
 
 
 

[

𝑥
𝑠
λ𝑔

λℎ

] = [

𝛻𝑓 − 𝐽𝑔
𝑇λ𝑔 − 𝐽ℎ

𝑇λℎ

𝑆λℎ − 𝜇𝑒
𝑔

ℎ + 𝑠

] (54) 

 

Solving the Newton step is known as taking a direct step, whereas if a direct step cannot 

be taken, the solution can resort to a conjugate gradient step instead [48]. 

Once the steepest descent direction is found, the algorithm has to define a step length for 

advancing in the given direction. However, measuring progress in constrained 

optimization is more complicated than in the unconstrained optimization. In constrained 

optimization the objective function by itself is not a sufficient measurement of progress, 

which leads to the introduction of a merit function [42] of the form 

 

Φ(𝑥) = 𝑓(𝑥) + 𝐶1∑|𝑔(𝑥)| + 𝐶2∑|ℎ(𝑥) + 𝑠| (55) 

 

, where 𝐶1 and 𝐶2 are the penalty parameters that increase cost proportionally to violation 

of the constraints. With the use of merit function, the progress in optimization can be 

calculated with respect to both the objective and constraints functions. Lastly, line search 

is used to advance in search direction so that a sufficient decrease in the merit function is 

accomplished. The solution of interior-point method should converge to a local minimum 

after a sequence of direct and conjugate gradient steps has been taken. [42] [49] 

The advantages of interior point algorithms are that they work well despite the size of the 

problem, even for large and sparse problems. According to [50], the interior-point 

algorithms have great worst-case solution times and they are almost immune to the effects 

of increasing problem size. Thus, the interior-point methods are very lucrative for large 

scale optimization problems. [50] [51] 

 

 

Sequential Quadratic Programming 

 

SQP is a gradient-based method in which the optimal solution is approached iteratively 

by calculating the search direction and step length in each iteration. The current solution 

estimate is then updated so that it provides a decrease in the merit function. One of the 

advantages of SQP compared to interior-point method is that SQP shows quadratic 

convergence if the initial guess is “sufficiently” close to the optimal solution [44]. 

Similarly to the interior-point method, the general NLP problem (46-48) can be 

transformed into an unconstrained optimization problem by instead minimizing the 

Lagrangian. In each iteration of the SQP method, a quadratic programming (QP) 
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subproblem is solved [49]. The QP subproblem is based on the KKT conditions of the 

original problem and is described as 

 

𝑚𝑖𝑛
𝑑

𝛻𝑓(𝑥)𝑇𝑑 +
1

2
𝑑𝑇𝛻𝑥

2𝐿(𝑥, λ)𝑑 (56) 

subject to 

𝑔(𝑥) + 𝛻𝑔(𝑥)𝑇𝑑 = 0 (57) 

  

where d is the descent direction for the original NLP. 

The inequality constraints are handled by active set method, in which the inequality 

constraints are divided into active and inactive sets, which are updated each iteration. The 

inactive set of inequalities is ignored in the corresponding iteration whereas the active 

inequalities are required to equal their respective boundary value i.e. they are considered 

as additional equality constraints. [44] 

The equality constrained QP has a relatively straightforward solution: 

[
𝛻𝑥

2𝐿 𝛻𝑔𝑇

𝛻𝑔 0
] [

𝑑
𝜆
] = [

𝛻𝑓
𝑔

] (58) 

 

The solution of QP is used as the search direction to approach the optimal solution and 

the search is done similarly to interior-point method i.e. utilizing line search with a merit 

function. The Hessian of the Lagrangian is generally approximated by a quasi-Newton 

approximation such as BFGS-method: 

Wk+1 = Wk +
vkv

k
T

v
k

Tsk

−
Wksks

k
TWk

s
k

TWksk

 (59) 

where 

vk = 𝛻f(zk+1) − 𝛻f(zk) (60) 

sk = zk+1 − zk (61) 

 

 

Compared to interior-point method, the SQP method is inferior when it comes to large-

scale problems. Large-scale QP is difficult to solve and at each iteration multiple 

decisions of activating/deactivating constraints have to be made for the active set method. 

In the interior-point methods the slack variables are used instead and a large linear 

equation (54) is solved in each iteration. On the other hand, using SQP is advantageous 

in case of a “warm start” i.e. when the initial guess is close to the optimal solution. [50] 
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4.2.3 Discretization methods 

 

In optimal control the continuous dynamics system will be transferred to a discrete-time 

problem by dividing the simulation into intervals. This section introduces methods to 

discretize the problem and to solve the control values during the intervals. 

 

 

Single-shooting 

 

In single-shooting method, the system is simulated from the initial state to the terminal 

state, thus the method only has a single simulation interval. For example, forward 

simulation such as Euler's method may be used to integrate the differential equations to 

the terminal state. 

After determining the final state, the control input is updated to provide decrease in cost 

function. As the name suggests, the method is quite similar to shooting a goal target: after 

the trajectory of the shot object is observed, the shooting strategy is adjusted so that the 

next shot would be closer to bullseye. [42] 

 

Multiple-shooting 

 

The difference between multiple- and single-shooting is that in multiple-shooting, the 

simulation interval is divided into multiple subintervals as opposed to single interval for 

the whole time horizon. Initial states for each of the subintervals are new optimization 

variables. The procedure of single shooting is essentially repeated for each subinterval; 

the subinterval has an initial state and a respective control input that are simulated to 

determine a subtrajectory. 

Due to the division into subintervals, the state over the time horizon becomes 

discontinuous (see figure 10) and thus the method requires additional constraints that 

demand continuity of the states. Consequently, the difference between the final state and 

the subsequent initial state of subintervals are known as defects. To ensure continuity, 

these defects are forced to zero by adding corresponding equality constraints to the 

original NLP. Compared to single-shooting, this method increases the amount of variables 

and constraints. [42] [49] 
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Figure 10. Example of the multiple-shooting discretization method. The 

subintervals are discontinuous and new constraints should be added to achieve 

continuity. [42] 

 

 

 

Collocation 

 

The collocation method follows the same principle as multiple-shooting i.e. the time 

horizon is discretized into N subintervals, which form a similar piecewise-defined 

function as in figure 10. In this case, however, the functions over the subintervals are 

polynomials of order K that approximate the actual state. In addition to the collocation 

defects, the continuity of the state over time horizon is demanded by similar constraints 

as in multiple-shooting. 
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4.2.4 Heuristics 

 

Convergence of the conventional optimization methods, such as SQP, is heavily 

dependent on the initial guess. Furthermore, they are generally gradient-based and in 

consequence, they converge to the local minimum where the initial guess lies. Heuristic 

algorithms such as genetic algorithms (GA), on the other hand, are capable of searching 

optimum in multiple locations simultaneously. Moreover, heuristic methods search the 

solution stochastically and are often less influenced by discontinuity or non-smoothness 

of the function than the traditional algorithms. [52] 

The genetic algorithms are based on a simulation of evolutionary process of a population 

of solutions, where only the solutions that are best according to a fitness function will 

survive. Below is an example of 

the genetic algorithm: 

 

 

 

 

 

 

 

 

 

 

Heuristic methods cannot guarantee that the solution satisfies given constraints or even 

that the solution is a local optimum. Moreover, these methods are primarily designed for 

unconstrained optimization and the addition of constrained may restrict the feasible 

solutions greatly. Instead, the constraints are included in the cost function which is called 

fitness function. Nonetheless, heuristic methods generally excel at finding a decent 

solution quickly but are seldom capable of finding a solution that is close to global 

optimum in a short time. The calculation may take a long time compared to gradient 

methods that start with a proper initial guess. [52] 
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5.  Methods and tools 
 

In this section the details of the project are discussed. The overview of the programme is 

given and available resources are outlined. Furthermore, changes and constrictions made 

to the problem setup are also discussed. 

 

5.1 Requirements 

 

The task in this project is to design a programme that provides user-assisting information 

for a person overboard emergency. The foundation for this work is based on the 

performance standards for integrated navigation systems (INS) from IMO resolution 

MSC.252(83) [53], which includes regulations for the person overboard mode. The 

standard states that a graphical presentation of the rescue maneuver should be provided 

in the route monitor device to assist the operator in this emergency. 

The user-assisting information will consist of the control sequence to perform the POB 

maneuver and the corresponding simulated trajectory. Furthermore, the control sequence 

should be such that a human operator can execute it. For example, the control values 

shouldn't change rapidly as it would be difficult to execute by the operator. Moreover, the 

response to POB emergency often includes delay, which means that the effects of drift 

moving the person needs to be considered. 

The rescue maneuver is considered successful if executing the controls navigates the 

vessel to given POB location and the terminal velocity is low enough to safely launch a 

rescue boat.  In addition to these constraints, an optimal rescue turn is also time-optimal 

meaning that the rescue mission is completed as fast as possible. 

Calculation of the rescue maneuver should be regularized so that the algorithm finds a 

solution for varying ship types. Moreover, not all parameters required in dynamics model 

are known and hence they must be estimated based on user input and vessel's known 

parameters such as length and maximum velocity. 

Lastly, should the vessel stray away from the simulated trajectory, the operator will have 

the option to recalculate the route during the maneuver to provide new estimation to the 

destination. Recalculation should be in line with the original trajectory and not suddenly 

change the solution drastically, provided that the vessel has followed the given path. 
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5.2 Overview of the programme 

 

 

The programme consists of multiple steps. Firstly, an input is received, which contains 

information of the desired rescue maneuver. Based on the input, an optimization problem 

can be established to determine the control sequence for the turn. 

To set up the optimization problem there are three essential components that have to be 

determined: the initial state of the vessel, the desired terminal state and the vessel's 

dynamics. The initial state describes the current status of the vessel e.g. location and 

velocity, which are obtained from the sensor measurements. The terminal state or “goal” 

is determined from user input and it includes the POB location and final velocity. Lastly, 

the vessel's dynamics represent the vessel specific parameters in the dynamics model (10-

17). Once the initial state, goal and vessel parameters have been determined, the algorithm 

can simulate the behaviour of the vessel to solve a control sequence that drives the vessel 

from initial state to the terminal state. 

Below is a pseudo-code example of the programme to elaborate the flow of the procedure 

 

Pseudo-code of the programme: 

Input: time, position, final_speed, vessel_data 

Output: trajectory, controls 

initial_state = Read_sensor_data() 

goal = determineGoal(time,position,final_speed) 

vessel = generateVesselParameters(vessel_data) 

controls = optimize(goal, initial_state, vessel) 

trajectory = simulate(controls, initial_state, vessel) 

 

The position of the victim in this case refers to the victim's position at moment the 

accident occurred. Combined with the information of drift velocity and elapsed time since 

the beginning of the accident, an estimate of the person’s current location can be 

calculated. The final speed value describes the velocity at which the rescue boats are safe 

to launch. 

Essentially the situation-dependent variables in this case are time and final speed and they 

should be received as input parameters from the user. The time may be used to estimate 

the location where the person fell overboard by searching the location history of the vessel 

for the corresponding time stamp. However, if better information of the location exists, 

for example in the case of the locator device, the position can be specified by the user. 

The final speed normally defaults to 5 knots which is the standard requirement for rescue 

boats [7]. The standard value, although, is based on calm and still water circumstances 

and thus the actual value may be adjusted to be more suitable for the prevailing 

circumstances. 
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The output of the algorithm will yield the control values and corresponding trajectory. 

The control values are described as a list of time-stamped control values coupled with 

latitude and longitude coordinates. The trajectory is informed similarly and the path can 

be drawn on the vessel's chart display device such as ECDIS. Furthermore, the positions 

where control value is altered during the maneuver are emphasized (see figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. The rescue turn maneuver of this vessel has been illustrated on a display 

device. Orange curve represents the simulated trajectory and the circles along the 

path specify points in which vessel's control should be changed. 

 

5.3 Available sensor measurements 

 

The vessel's current state in the dynamics model (10-17) is determined by the 

measurements from vessel's sensors. The required measurements in the state equations 

are: position, heading, velocity of vessel, velocity of drift, rate of yaw turning and actual 

rudder/thrust value. These sensors are available in most SOLAS-approved vessel's, with 

large vessel's being required to have them according to SOLAS regulation [53]. 

The position data of the vessel is obtained from GPS sensor data and it is expressed in 

latitude and longitude coordinates. However, in the calculations for the rescue maneuver, 

instead of operating on a 3D surface and using (lat, lon) coordinates, the rescue maneuver 

can be assumed to take place on a 2D plane. The rescue maneuver happens on a very 

small area of the globe's surface in which case the loss of accuracy in this simplification 

is very small. The projection to the plane transforms (lat, lon) coordinates of the vessel to 

polar coordinates (length, angle). This is achieved by calculating the great circle distance 

and direction between origin and a given point. The great circle distance and direction 

values directly represent the polar coordinates of the given point respect to the origin. The 

location of the POB is set to represent the origin of the system. After the optimization 

task in done, the 2D trajectory is unmapped back to (lat, lon) coordinates. 
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The velocities surge and sway, that are necessary in dynamics model, are not directly 

measured, but instead the vessel's velocity over water or ground is registered. The speed-

through-the-water velocity (STW) represents the sum of surge and sway velocities, and 

thus surge and sway can be extracted from the STW reading by comparing its direction 

with the heading of the vessel (see figure 12). Due to surge being in the direction of 

vessel's bow and sway perpendicular to surge, the surge and sway are the cosine and sine 

components of STW velocity: 

 

α = α𝑆𝑇𝑊 − ℎ (62) 

α = α𝑆𝑇𝑊 − ℎ (63) 

𝑣 = sin(α)𝑣𝑆𝑇𝑊 (64) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. The difference between speed-over-water and heading. 

 

Lastly, the measurements of actual values for rudder and thrust positions (-100% to 100% 

in equations (16-17) are not always present. Nevertheless, the actual control values may 

cause a significant difference in simulations as driving a value from one extreme position 

to the other may take as long as 30 seconds [2]. Based on the state equations (10-11), an 

approximation of these values can be calculated by utilizing derivatives of rotation and 

surge measurements. 

Thrust can be solved from surge model (10): 

 

�̇� = 𝐾𝑢𝑇 + 𝑣𝑟 −
𝑢

τ𝑢
 

 

Now, if the surge acceleration is known the equation can be solved as the other parameters 

are either measured by sensors or known constants. The surge acceleration is   obtained 



47 

by calculating the difference between recently measured surge values. By storing surge 

values coupled with a time stamp of the measurement moment, the acceleration is 

received by calculating finite difference between the values. To improve the accuracy, 

multiple surge values are stored and the acceleration is estimated by calculating the 

average of the differences. However, measurements are discarded if they have been 

registered before a certain time tolerance. If no sensor readings have been received 

recently, this method is inapplicable and the thrust value defaults to zero. 

After the thrust value has been calculated the rudder value will be solved similarly from 

the yaw rotation equation (11) 

 

 

�̇� = 𝐾′𝑟(
𝐾𝑢𝑇𝜏𝑢

𝐿
𝑅 + 𝑊′) +

12𝛾(𝑣 − 𝛾𝐿𝑟)

𝐿𝜏𝑣
−

𝑟

𝜏𝑟
 

 

 

 

 

 

5.4 Drift estimation 

 

The drift calculation is essential to determine the transition from person's last known 

position to the current location of the person. A decent estimate of the person's last known 

position would be the vessel's GPS location at the moment of the accident. To estimate 

transition caused by drift, the time between the beginning of the accident and initiation of 

the rescue mission is multiplied by the drift velocity. This has been illustrated in the figure 

below, where the current velocity is 2 knots and the vessel initiated the rescue procedure 

15 minutes later from the beginning of the accident. During this time the person has 

drifted almost 1000 meters from the last known position. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Estimation of drift before beginning the rescue maneuver. 
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If the drift velocity is assumed to be equivalent around the vessel, the drift affects both 

the vessel and POB in the same manner [40], which means that the relative movement 

between the objects will be the same. In other words, once the relation between current 

vessel and POB locations has been determined the effects of the drift can be discarded 

from the dynamics. 

Wind velocity is not always measured by the vessel's sensors, which makes estimating 

the leeway drift difficult. On the other hand, the vessels are often equipped with sensors 

that can indirectly measure velocity of the current, which is obtained by subtracting 

vessel's velocity over ground from vessel's velocity related to the water [2]. Furthermore, 

in a weak wind condition the current is the prime factor in the drift and in consequence, 

in this thesis the drift velocity will be based on the velocity estimate of the current. 

Nevertheless, adding the wind effects to the model has been described in Section 2, where 

the leeway drift is estimated by linear regression using the coefficients related to person 

in the water given in Table 4. 

 

5.5  Ship parameters 

 

The vessel's parameters refer to the constants in the dynamics equations (10-17) and they 

are significant in determining the behaviour of the system's response to given input. In 

[2], the parameters required in dynamics model are given for three different vessel types, 

nonetheless, these models cannot cover dynamics of all large vessels. Moreover, 

parameters such as the time constants for velocities or the stability parameter that are used 

in this model are quite specific and difficult to measure in practice and thus they are often 

unknown. 

In consequence, it's necessary to approximate the parameters to model the specific 

vessel's characteristics. Parameters that are expected to be known or that are included in 

vessel's data include: ship length, maximum velocity and minimum turning radius. These 

three known variables are then compared to the corresponding values from the existing 

IEC models to determine an estimate of the unknown parameters. 

The approximation is based on a combination of interpolation and solving the variables 

explicitly from the dynamics equations. Recall the differential equations (10-13) that 

include the vessel parameters: 

�̇� = 𝐾′𝑟 (
𝐾𝑢𝑇𝜏𝑢

𝐿
𝑅 + 𝑊′) +

12𝛾(𝑣 − 𝛾𝐿𝑟)

𝐿𝜏𝑣
−

𝑟

𝜏𝑟
 

�̇� = 𝐾𝑢𝑇 + 𝑣𝑟 −
𝑢

τ𝑢
 

�̇� = −ur −
v

τv

 

To estimate the parameters, let's assume the vessel is performing the so-called turning 

circle maneuver (see fig 14) which is used to determine the turning radius of the vessel 

[2]. 
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Figure 14. Turning circle maneuver. The radius of the first circle is called tactical 

radius, whereas the turning radius the test is converging to is called final turning 

radius. 

In this test the vessel is sailing in a circle using full thrust and having rudder hard over to 

one side i.e. R = T = 1. Furthermore, once the circle maneuver is complete, the vessel will 

be in steady state, which means that the state derivatives are zero. With these additions, 

the equations can be written as 

0 =
𝐾𝑟′𝐾𝑢τ𝑢

𝐿
+

12𝛾(𝑣 − 𝛾𝐿𝑟)

𝐿𝜏𝑣
−

𝑟

𝜏𝑟
 (65) 

0 = Ku + vr −
u

τu

 (66) 

0 = −ur −
v

τv

 (67) 

𝐾𝑢 =
𝑢𝑚𝑎𝑥

τ𝑢
 (68) 

𝑅𝑚𝑖𝑛 =
𝑢

𝑟
 (69) 

 

Where the equation (69) represents the final radius of the circle. The values of 

L, 𝑢max and R are known, which leaves nine unknowns to be solved from the equations. 

As the number of unknowns exceeds the amount of equations, there are multiple 

parameter combinations that satisfy the given length, maximum velocity and turning 

radius. To solve the equations, four of the parameters are determined by interpolation 

after which the remaining five variables can be solved explicitly. The interpolation of a 

parameter is done by comparing one of the variables L, umax or R to the corresponding 

value in IEC models and then solving the associated parameter. The interpolation is 

repeated to each of the three known variables and the final result will be the average of 

the individual results. For example, if the variable τu was to be defined by comparing the 

L values, the approximation could appear as 
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Figure 15. An example to clarify the interpolation method where data samples (L = 

100,  𝛕𝐮 = 5) and (L = 250, 𝛕𝐮 = 10) are given and the length of the current vessel is 

200. 

 

 

5.6 Control model changes 

 

The optimization algorithms have great difficulties in converging if the function has 

discontinuity such as the sign operation in control dynamics in this case. Moreover, 

another issue considering the control dynamics is that the control value has difficulties in 

settling to the reference value. This is due to the fact that if a constant step length is always 

taken ±
1

2
𝑇𝑑, the results oscillate around the reference value unless the step leads exactly 

to the desired control value as demonstrated below in figure 16. 
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Figure 16. An example of the oscillation in control. In this example, a container ship 

is ordered to rudder = 0.8, thrust = 10/30 for 50 seconds and then changed to -0.5 

and -0.1, respectively. The difference from 0 to 10/30 is the only one that is a 

multiplicative of 2/Td = 2/30 for containership and in consequence, its value 

converges to reference. 

 

To address this issue, the control variable R and T dynamics may be expressed using an 

approximation of the sign operation. A function that is quite similar to the sign operation 

is the signum function. 

 

𝑠𝑖𝑔𝑛𝑢𝑚(𝑥) =
1

1 + 𝑒−𝑥
 (70) 

 

To transition the function's output values to interval [-1, 1] and increase the curvature the 

following form is used: 

 

𝑠𝑖𝑔𝑛𝑢𝑚(𝑥) =
2

1 + 𝑒−10𝑥
− 1 (71) 

 

This function can be used instead of the sign function to increase the smoothness of the 

control function and to remove the oscillation phenomenon. The results of this change 

has been illustrated in the figure below. 
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Figure 17. The signum controlled function exhibits more delay than the original 

control, however the function is now smoother and converges to the reference value 

correctly. 

 

 

5.7 Algorithms 

 

5.7.1 Formulation of optimal control problem 

 

Performing the rescue maneuver turn can be expressed as an optimal control problem of 

the form (20-23). However, in this case the problem is to design a time-optimal control, 

and in consequence, the form of objective function is different and the terminal time will 

be free. Essentially the free-time optimization means that the terminal time T is also a 

decision variable [46]. This change is made by augmenting the system with the time 

variable: 

  �̇� = [
𝑥
𝑡
] 

             �̇� = 𝑓(𝑧, 𝑢) = [
𝑓(𝑥, 𝑢, 𝑡)

1
] (72) 

 

This leads to an OCP of the form: 
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min
𝑢

∫1𝑑𝑡

𝑡

0

 (73) 

subject to 

�̇� = 𝑓(𝑧, 𝑢) (74) 

x(0) = x0 (75) 

[𝑁(𝑇), 𝐸(𝑇)] = [𝑁𝑃𝑂𝐵(𝑇), 𝐸𝑃𝑂𝐵(𝑇)] (76) 

√(𝑢(𝑇)2 + 𝑣(𝑇)2) ≤ 𝑣𝑒𝑙𝑚𝑎𝑥 (77) 

−1 ≤ 𝑢𝑖 ≤ 1, 𝑖 = 1,2 (78) 

 

Equation (74) represents the dynamics of the ship i.e. the ship model (10-17). The controls 

are the rudder and thrust input to the vessel. Equations (75-77) are the initial and terminal 

constraints that demand the vessel's position to be equal to the POB location and that the 

vessel's velocity is below the value for a safe rescue boat launch. Equation (78) gives box 

constraints to the controls that have upper and lower boundaries which are set to -1 and 

+1. This is due to the controls being scaled so that the values represent -100% and +100% 

of the maximum control value. 

To simulate the control, the time horizon [0, T] will be discretized to a fixed grid with N 

variables: 

0 = 𝑡0 < 𝑡1 <. . . < 𝑡𝑁 = 𝑇 (79) 

 

The controls are defined piecewise so that each interval has a corresponding control value. 

The control value represents the reference value for the actual thrust and rudder values in 

the corresponding interval. For simplicity, the reference value is maintained the same 

throughout the interval. Furthermore, in this case there are two actuators so the control 

variable will contain reference values for both rudder and thrust control: 

𝑈𝑖 = [
𝑢𝑖1

𝑢𝑖2
] , 𝑡 ∈ [𝑡𝑖 , 𝑡𝑖+1] (80) 

 

 

 

 

5.7.2 Bang-bang control 

 

Instead of optimal control, another simplified approach to solve the rescue maneuver is 

to optimize the guideline rescue procedures so that the constraint conditions (74-78) are 

met. In Anderson turn, for example, the rudder is pulled hard over until the vessel has 

deviated 240 degrees from the original course. Thus, the rudder control is simply either 

+1 or -1 (depending on side of the turn) until the time of deviation, and 0 thereafter. 

Similarly, the thrust can be thought to be +1 while approaching the POB and then changed 

to -1 to decelerate quickly once close to the target. 
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In this method the control values are either extreme values or zero i.e. -1, 0 or +1, which 

is called bang-bang-control. Thus, instead of control values being optimization variables 

as in OCP and having fixed control intervals, the controls are fixed whereas the time 

intervals are the decision variables. The decision variables in the bang-bang-control 

approach are only three time variables: terminal time and two time variables to switch the 

rudder and thrust controls. 

Figure 18. Illustration of the bang-bang solution. 

 

The resulting NLP is essentially the same as (73-78) mentioned above, except the decision 

variables are different and there are no box constraints for the control as they are already 

bounded. A solution to this problem can be obtained by applying the Newton's algorithm 

similarly as in the SQP method. 
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5.8 ECDIS 

 

Electronic Chart Display and Information System (ECDIS) is a navigation system that is 

nowadays used instead of paper charts. Furthermore, it's utilized for displaying various 

navigation information such as AIS and radar data, or a navigation route to the 

destination. In this thesis, the simulated trajectory of the calculated person overboard 

maneuver can be shown on the bridge's display device, such as ECDIS. From the display 

the operator can follow the vessel's progress throughout the rescue procedure. As of 2009, 

IMO has agreed that ECDIS will be mandatory in every large merchant vessel. The 

implementation deadlines have been crossed for majority of vessel types and by the end 

of 2018 ECDIS is required for all IMO-approved vessels. [54] 

 

Figure 19. Illustration of the ECDIS device when utilized for route monitoring. [56] 

 

ECDIS can integrate information from the ship's sensors such as GPS, AIS or radar and 

display them on the monitor. Furthermore, personal locator devices that transmit AIS 

signals could be shown on the ECDIS, which would denote the POB location and 

moreover the coordinates would be transmitted to other nearby vessels as well. ECDIS is 

one possible application for interfacing the POB maneuver feature, and the simulated 

trajectory of the rescue turn could be shown similarly as in figure 11. 
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5.9 Initial guess 

 

Finding a proper initial guess is of paramount importance to the optimization algorithms. 

If, for example, the initial guess is “reasonably” close to the optimal solution for SQP 

method, the algorithm will converge at a quadratic rate [46]. The intuition behind finding 

the initial guess is to define following two parameters: the time when rudder should be 

pulled amidships and the time when the deceleration should begin. In the initial guess, 

the vessel is first turned to either board or starboard until the heading of the vessel points 

towards the POB location (see figure 20). This yields the first one of two parameters, the 

end-turn parameter. 

Figure 20. The turn-end parameter has been defined so that the vessel will be 

heading towards the POB location (0,0). Since the parameter for deceleration is 

undefined at this point, the vessel travel too far away from the target destination. 
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Second, the deceleration parameter is determined by estimating the distance the vessel 

has to travel during the maneuver. Once the turn-end value has been defined the total 

distance crossed during the maneuver can be approximated. This is achieved by summing 

the length of the arc from initial position to the position where rudder was pulled 

amidships, and the remaining Euclidian distance from there to the POB position. 

Figure 21. The blue curve represents the approximated total distance and the red 

curve is represents the part when rudder is neutral. 

 

The deceleration parameter will be the time when the sum of deceleration distance and 

the distance crossed since the beginning of the maneuver equals to the estimated total 

path length. The deceleration distance can be calculated by running a simulation to test 

the distance required to slow current the velocity to the terminal velocity value. In figure 

22 is depicted the result of this example for the initial guess. 
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Figure 22. The initial guess for performing the rescue maneuver turn. The terminal 

distance to origin was 280 meters and speed 1.7 m / s while requested final speed was 

2.5 m / s. 

 

The trajectory does not cross the target location as close as in figure 20 due to the vessel's 

turning dynamics being affected by its velocity and vice versa. In other words, if the 

vessel starts to decelerate before the determined turn-end moment, the turn will be slightly 

incomplete because the loss of velocity was not taken into account in this heuristic for the 

initial guess. 

A special case when the algorithm cannot find a solution is when the POB position lies 

within the turning circle of the vessel (see figure 23). In this case the determination of 

turn-end parameter fails since the heading of the vessel would never be towards the POB 

position. 
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Figure 23. Example of a special case when the initial guess cannot find a solution. 

The vessel attempts to turn so that its heading would point towards POB location 

(0,0), which is never achieved. 

 

To address this issue, the rudder will be initially kept amidships for a moment before 

beginning the turn instead of instantly turning the rudder hard over to one side. 

Consequently, the vessel will advance a short distance until the turn is initiated, and 

finding the end-turn parameter might be possible. The delay in initiating the turn is 

increased until a solution is found. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Demonstration of the special case of initial guess where the turn has 

been delayed. 
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6.  Results 
 

The baseline test run for the algorithms is that a vessel of the type “containership” starts 

at origin (0,0) with surge velocity of 10 m / s. Sway, rate of yaw, heading and control 

values are all zero initially. This simulation represents the ideal case that the POB 

emergency was detected immediately and also that the rescue mission was initiated 

immediately. In all tests, target destination will always be origin. 

 

6.1 Gradient descent 

 

A naïve approach to the optimization is to use gradient descent to optimize the cost 

function. However, gradient descent is primarily an unconstrained optimization method 

which in this case is not very suitable. On the other hand, this issue may be circumvented 

by adding the constraints coupled with a penalty parameter to the cost. Yet, this method 

shows poor convergence and the optimization process is very slow. 

Nonetheless, the gradient descent was quite successfully applied to the simple bang-bang 

control, however accuracy and computation time were not satisfactory. The algorithm 

would converge to local minimum but generally required multiple randomized initial 

guesses to increase certainty of finding a proper solution. Furthermore, defining proper 

penalty parameters for the cost function was a daunting task since if the penalties were 

left too small the algorithm would ignore constraints or vice versa if they were too large. 

All in all, gradient descent was simple to implement, however, the performance was not 

sufficient for this work as demonstrated in the figure below. 

Figure 25. Illustration of the gradient descent applied to Anderson turn. The 

terminal distance is close to target but does still have quite a notable error of 87 

meters. The velocity constraint, on the other hand, is satisfied as the demanded value 

was 2.5 m / s in this case. 
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6.2 Newton's method 

 

Compared to penalty parameters used in gradient descent, a more sophisticated way of 

considering the constraints is to use the Lagrangian function. The Newton's method used 

for the bang-bang solution can take advantage of this. Solving the problem by Newton's 

method has greatly improved convergence and decreased computation time compared to 

the gradient descent solution and the constraints are satisfied with very low error. Below 

is the output of the same example as used in gradient descent: 

 

Figure 26. Solution of the bang-bang method for the rescue maneuver. The distance 

error is only 0.02 meters and the velocity error 6e-7 from the 2.5 m / s value. 

 

The terminal time of the rescue maneuver is 406 seconds in this case, with the turn-end 

parameter of 262 seconds and deceleration parameter of 206 seconds. The constraints for 

distance and velocity are satisfied with reasonable tolerance. Moreover, the box 

constraints for the control are automatically satisfied due to the setup of the bang-bang 

optimization problem. Lastly, the control is extremely simple to execute. While this 

solution so far satisfies most of the primary requirements for the rescue maneuver, the 

following question would be that is this solution sufficient in a general case. 

Due to the assumptions made about the drift, the exact same maneuver is also successful 

in any drift that affects the person and the vessel the same way as shown in the figure 27. 
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Figure 27. The same test scenario with drift of 2 knots in direction of 135 degrees. 

The red line denotes the drift of the person during the rescue maneuver, starting 

from the origin. The terminal velocity has not changed as it is measured related to 

the water. 

 

 

Next, a more general case is tested. This example could simulate a case where the vessel 

reacts to the accident with a few minutes delay (see figure 28). The person's transition 

from the vessel's original track is due to the drift during this time. 

The parameters for this simulation are: 

 

Vessel type = Container 

 

Initial state: 

vessel position = (-114, 685) 

surge = 4.8 m / s 

sway = 0 m / s 

heading = 81 degrees 

rate of yaw = -0.01 rad / s 
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Figure 28. A successfully completed rescue maneuver for the general test run. 

 

 

The constraints are satisfied very precisely in this rescue maneuver. The further effects of 

the drift are not included in the simulation as the only difference would be that the 

trajectory will be distorted in the direction of the drift. 

The following test simulates the required recalculation property of the programme. 

Recalculating the path during the rescue maneuver might be necessary since the 

simulations are not completely equivalent to the real-world dynamics. The recalculation 

process differs from the original optimization problem with the exception of the initial 

state and the POB position has to be updated in case there is drift. After that, the 

optimization problem can be established the same way as previously. One advantage the 

recalculation has, is that the previous solution can be used as an initial guess for the 

subsequent problem. However, if a significant amount of time has elapsed since the 

previous solution, the guess may be improper and a new one has to be generated by the 

method discussed in Section “Initial guess”. 

To simulate an error for this test case, the control values received from the optimization 

are multiplied by a factor 0.7 to drive the vessel out of the simulated trajectory. The error 

will be removed after a while to allow the vessel to be controlled to the correct terminal 

location. In this test, the recalculation will be performed with 100 seconds intervals. The 

outcome of this test is demonstrated in the following in figure 29. The red curve represents 

the rescue maneuver that was initially calculated, but due to the error the vessel strays 

away from this simulated trajectory. Blue, black and teal are recalculations along the 

(thin) blue path, which describes the actual path the vessel is travelling. 
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Figure 29. Demonstration of the recalculation feature with 100 seconds recalculation 

intervals. The error vanishes a few seconds before fourth (teal) recalculation has 

been solved. The thin blue curve represents the actual track and bold curves are the 

simulated trajectories at given points. 

 

 

 

The tests so far have been conducted on the containership type from the IEC models. The 

other two IEC models are “fast ferry” and “tanker”. To test the performance of the 

algorithm for each of the vessel types, the following simulation calculates the rescue 

maneuver for each of these vessel types and compares the trajectories in the figure below 
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Figure 30. The rescue maneuver simulation of the three IEC vessel types. The 

maneuver execution times are 115, 406 and 1160 seconds for the ferry, containership 

and tanker, respectively. 

 

 

The maneuver curves are a slightly different from one another due to the different 

relationships between model parameters. Especially the containership stands out from the 

two others as the turning arc is wider. Nonetheless, the rescue maneuvers are successful 

for each vessel class given in the IEC paper. 

Lastly, in an attempt to visualize the combination of these tests, multiple POB maneuvers 

trajectories will be illustrated in the same figure, starting from a randomized initial state 

and vessel type. 
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Figure 31. Illustration of rescue maneuvers from 20 different initial conditions with 

the goal destination set to origin (0,0). 

 

 

The rescue maneuvers finish in the target destination and the velocity constraint is 

satisfied in all of them. Moreover, the algorithm makes correct decisions for turning the 

vessel to whichever side the route to destination is shorter. 

There are, however, special cases in which the bang-bang solution is unable to find the 

optimal solution due to the restricted control. An example of such case is shown in figure 

32, where the vessel is performing the turning circle test (see figure 14) while 

recalculations for the rescue maneuver are made. The first four calculations (red, blue, 

black, teal) suggest that the optimal path would be to perform a loop before navigating to 

the destination, which is correct in a sense that the vessel cannot decelerate enough in the 

short distance it has to the origin. However, the following three recalculations (green, 

purple and red) contradict the previous solutions by suggesting the course should be 

changed to a different route. Interestingly, the new route suggestions are also correct as 

their terminal time is faster than in the previous maneuvers, however, the reason the 

algorithm could not have suggested these trajectories in the first place is due to the 

simplified control. After the three contradicting maneuvers, the remaining four ones 

(blue, black, teal and green) suggest again the original route, as the vessel has passed the 

area when it was optimal to turn downwards. 
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Figure 32. Demonstration of the weakness when using simplified control. 

 

 

 

Nonetheless, the results of the bang-bang method have been promising so far, however 

there are special cases where the algorithm produces sub-optimal solutions. On the other 

hand, due to the restricted control, there it is still uncertain whether the solution by bang-

bang control is time-optimal. 
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6.3 Optimal control 

 

In optimal control the algorithm is given more flexibility since the control values can be 

adjusted arbitrarily within the range of the control constraints [-1, 1]. On the other hand, 

the discretized control intervals reduce slightly the flexibility since the timing of control 

signals is fixed. Increasing the number of control intervals gives more freedom to the 

control, however it increases the size of the optimization problem. Furthermore, it should 

be kept in mind that the operator cannot follow an arbitrary control sequence. 

In this section, the optimization of the rescue maneuver is approached by solving the 

optimal control problem (73-78). Different algorithms and approaches are tested in this 

section to search for a rescue maneuver that would be more time-optimal than the one 

received with bang-bang control. 

 

Genetic algorithm 

 

 

The first algorithm tested is the genetic algorithm. The GA was extremely slow to 

converge in this problem and the method did not appear as a proper approach for solving 

the OCP. The outcome of GA does not seem to essentially improve from the gradient 

descent since the constraints are rarely satisfied in a reasonable time as depicted in the 

figure 33. 

 

 

 
Figure 33. The outcome of the heuristic GA for the OCP. The constraints are not 

satisfied as the remaining distance to target is 60 meters and terminal velocity is 5.8 

m/s. Also, the terminal time of 407 does not improve from the previous solution. 
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The time horizon was divided into 4 intervals because otherwise the computation time 

would be significantly increased. The solution above was received after 60 seconds of 

calculation. In this genetic algorithm, the population size is 20 individuals. Stochastic 

uniform sampling is utilized as the selection function for the parent selection. Moreover, 

elitism is used, which means that the best individual is always passed to the next 

generation without any changes. The crossover fraction is 0.8 ( 80% ), which describes 

the fraction of population for next generation that is produced by crossover. The mutation 

is performed by method called adaptive feasible mutation which is commonly used when 

constraints are present in the optimization problem. The function randomly creates 

adaptive directions with respect to the last successful or unsuccessful generation. The 

direction and step length are chosen so that the constraints are satisfied i.e. the individual 

lies in the feasible region.  

 

SQP 

Next, the SQP algorithm is utilized as the NLP solver for the optimal control problem. 

The first discretization method used is the single-shooting approach. In this test, the setup 

is the same as for GA, except that the time horizon was separated to 15 intervals which 

results that the duration of a sub-interval is around 28 seconds. 

 

Figure 34. Solution to the OCP when using SQP as the NLP solver.  The constraints 

are satisfied, however, the final time is 413 seconds, which is longer than the 406 

seconds received originally with the bang-bang control. 

 

Quite surprisingly, the optimal control solution for the rescue maneuver did not improve 

the terminal time from the one in bang-bang solution. The terminal time of the completed 

maneuver is in fact longer than in bang-bang control solution, which suggests that the 

bang-bang control could already be the time-optimal solution in this case. The reason the 

optimal control cannot reproduce at least the same terminal time is that the control 
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intervals are divided into fixed time points. In consequence, if the optimal time stamp for 

deceleration or ending the turn does not exist in the boundaries of discretized intervals, 

the same solution cannot be given by optimal control. 

To see if this is the case, the control intervals in the following test are adjusted so that a 

similar solution as in bang-bang control can be generated. The figure below illustrates the 

results of this test: 

 

Figure 35. Time intervals are adjusted so that the same solution as in previous 

section is possible to be generated. The control is very similar to the bang-bang 

solution in previous section and the achieved terminal time is indeed the same 406 

seconds. 

 

Alternatively, the number of the control intervals can be increased to see whether this 

improves the solution. The interior-point method is applied to this task since it should be 

more efficient on large-scale optimization problems. The results of this simulation are 

shown below, when the number of control intervals was increased to N = 100. 
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Figure 36. The simulation of increased control intervals. Nevertheless, the terminal 

time is still only 407 seconds. 

 

The optimal control problem is given full flexibility to adjust the control parameters and 

yet the solution is as fast as in the bang-bang control. Furthermore, in reality, such control 

signal could only be executed by a computer. 

The bang-bang solution does seem to be the optimal solution for this problem. However, 

the change of the initial guess in gradient-based methods can lead to different results. In 

consequence, there may exist a solution that has lower cost because the algorithms were 

unable to converge to this point from the given initial guess. Intuitively, the only possible 

alternative solution would be to begin the deceleration process immediately. The 

reasoning behind this is that the reduced velocity would decrease the length of the turn as 

the vessel's velocity is lower during the turn. 

 

 

 

 

 

 

 

 

 

 

Figure 37. The approach to decelerate immediately. The radius of the turn is now 

around 150 meters shorter and the final time is 409 seconds. 
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The velocity is now lower during the turn, however, the terminal time of 409 seconds is 

still behind the results received earlier. It seems that even though the travelled distance is 

much shorter, the maneuver takes slightly longer to complete due to lower mean velocity. 

 

Multiple-shooting 

 

The interior-point method can be further applied to another discretization method, 

multiple-shooting. The algorithm, however was extremely slow to converge and even 

after minutes of calculation the solution was unable to satisfy the constraints. The time 

horizon in this case was discretized to N = 10 different subintervals. Below is a figure 

that demonstrates the results, and where the solution after few minutes of calculation has 

almost converged since norm of violated constraints was as low as 0.8. 

 

 
 

Figure 38. The solution of multiple-shooting method close to convergence with a 

terminal time of 400 seconds. 

 

However, from the figure it is observed that distance constraint is in fact violated quite 

distinctively even though the algorithm claims that the solution almost satisfies the 

constraints. This is due to the fact that even a small violation in the continuity constraints 

of multiple-shooting could cause great difference between the actual simulation (figure 

38) and the piecewise simulation from the multiple-shooting (figure 39). The algorithm 

is able to “cheat” due to the piecewise defined state, for example, the angular velocity 

could be described at one point as 

 

𝑟𝑜𝑡(𝑡𝑛-) = 0.01 

𝑟𝑜𝑡(𝑡𝑛+) = 0.02 

 

where 𝑡𝑛- represents terminal value of a subinterval and 𝑡𝑛+ represents the initial value of 

the subsequent subinterval. The difference shown is only a small difference in terms of 

constraint violence but this difference leads to a significant change in the ship dynamics. 
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In figure 39 is a demonstration of the piecewise trajectory the multiple-shooting algorithm 

has produced. 

 

 

 
Figure 39. The piecewise trajectory of the vessel. According to this the vessel arrives 

correctly to the target destination, however the due to discontinuity, the same 

trajectory is not achieved in the actual simulation. 

 

 

All in all, the advantages of optimal control compared to the simple bang-bang control 

seem to be quite few as both solutions satisfy the constraints but the cost of the solution 

from OCP only approaches towards the one received with bang-bang control. However, 

there are a few special cases (such as in figure 32) when the optimal control would a better 

solution. Furthermore, the optimal control approach is more flexible in case new 

constraints for the rescue maneuver would be added. An example of such situation would 

be if the possible obstacles were considered, which would introduce path constraints to 

the optimization problem. From the tested NLP solver algorithms, the interior-point 

method performed very well in this OCP and even more so if the size of the optimization 

problem was increased. 
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7.  Conclusion 
 

A solution to optimize the person overboard rescue turn has been presented in this thesis. 

In the literature study, the procedure for the rescue maneuver was introduced. However, 

the existing guideline maneuvers had been proved to be ineffective in a general case. 

Next, the models used in simulation for vessel dynamics had been discussed and the 3 

DOF vessel model was decided to be sufficient for this work. Furthermore, the available 

optimization methods for solving the optimization task were introduced and the most 

suitable methods for this specific problem were selected. Lastly, the requirements of this 

project were reflected on the test results from the simulated rescue maneuvers. 

The objective in this thesis was to implement an algorithm to plan a rescue turn maneuver 

so that it yields an optimal response, with regard to the particular state and characteristics 

of the vessel. The programme will provide user-assisting information regarding the rescue 

turn maneuver in POB emergency by calculating the optimal control sequence and the 

corresponding trajectory. In this work, the results were only tested on computer 

simulations as the project is a prototype of this user-assisting POB feature. 

The simulated maneuvers satisfy the given optimization constraints and the requirements 

for this project. The effects of drift were taken into account to the extent it was possible 

with the given sensors. Moreover, the recalculation property has been implemented and 

according to the tests, the recalculated solutions are successful and in line with the 

previous solution. 

The generalization requirement for the maneuver calculation is achieved on the given test 

set of three different vessel types. Furthermore, the rescue maneuver presented in this 

thesis takes into consideration the vessel specific dynamics parameters, which are 

approximated by the information of vessel's length, maximum velocity and minimum turn 

radius. Naturally, this approximation results in an error between the model and the actual 

vessel dynamics. This issue, however, has been addressed by the recalculation feature of 

the maneuver. 

According to simulations, the bang-bang control approach was quite effective and the 

solution received from the optimal control was unable to improve the performance in 

most cases. Furthermore, the control sequence in the bang-bang control is simple and can 

easily be executed by a human operator. However, the issue of flexibility is a disadvantage 

in the bang-bang control and thus there are cases where the optimal control can yield a 

superior solution. 

The future work of this project will be to test the programme in real test scenarios to see 

whether the algorithm performs well in an actual situation. There are multiple possible 

improvements to the rescue maneuver as the emergency situation is very situation-

dependent. With integration of additional data to the system, improvements could be 

made to the drift estimation model, consideration of obstacles in path planning or taking 

advantage of a locator device that emits an emergency signal. 

The optimization of the rescue maneuver certainly assists in successfully completing the 

rescue mission. However, the primary concern in POB emergencies is generally the issue 

of locating the person and this problem is not quite solved by a time-optimal simulation 

of the rescue maneuver. For example, in a case that there is a locator device available, the 

rescue mission is trivialized and the time-optimal maneuver would only be beneficial in 
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the special case that the survival of the victim hinges on executing a quick and precise 

rescue maneuver. Modern safety technology is becoming increasingly available and 

reliable and applications such as infra-red cameras and personal locators are a great asset 

for detecting the person. Nonetheless, these applications have not yet achieved wide use 

in the merchant vessels, and in consequence the contributions of this thesis are valid. 
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