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Abstract 

Nowadays Search and Rescue (SAR) operations still face three main problems: the management and 

coordination between the decision team and the rescue team, the prediction of the location of the drifting 

object taking into account all uncertainties that influence its trajectory, and the choice of the better search 

pattern to execute the search operation. This dissertation addresses the second and third problem, 

which corresponds to the planning phase of the SAR operation.  

A SAR decision support system (DSS) for SAR operations planning is developed. The objective is to 

provide information to support the decisions on where to allocate the search effort and on the search 

pattern to use, in order to achieve a successful operation in the most efficient way. The search planning 

tool incorporates a drift model with uncertainty propagation to define the probability density map of the 

object location based on the initial position and the effect of winds and currents on its trajectory. This 

allows to define probabilistically the search area where the target should be found based on all 

information collected at the time of the distress occurrence. Then, the search planning tool simulates 

different search strategies in other to assess their efficiency measured in terms of probability and time 

to find the missing object. 

The tool uses the Monte Carlo Simulation method to produce probability density maps of the location of 

the drifting object and to assess the efficiency of the search strategy based on operational parameters  

of the search and rescue units and on the search pattern adopted to cover the searching area. 

Four different occurrences in Portuguese waters are study and compared in terms of efficiency of the 

SAR operations to demonstrate the applicability of the developed search planning tool. 

 

Keywords: Search and Rescue Operations; Decision Support Tool; Leeway; Monte Carlo Simulation; 

Trajectory Prediction of Drifting Objects; Search Theory 
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Resumo  

Atualmente, as operações de Busca e Salvamento ainda enfrentam três problemas: a gestão e 

coordenação entre a equipa de decisão e a equipa de resgate, a previsão da localização do objeto 

flutuante, e a escolha do melhor padrão de procura a adotar nas operações de busca. Esta dissertação 

foca-se, principalmente no segundo e terceiro problema, que correspondem à fase de planeamento da 

operação.  

Para auxiliar o planeamento de operações de Busca e Salvamento, é desenvolvida uma ferramenta de 

suporte à decisão com o objetivo de fornecer informação de suporte à decisão sobre o local para 

destaque dos meios de salvamento ou o melhor padrão de procura a aplicar, de modo a executar a 

operação da maneira mais eficiente. A ferramenta de planeamento incorpora um modelo de deriva com 

propagação de incertezas para definir mapas de densidade de probabilidade da localização do objeto 

flutuante com base na sua posição inicial e no efeito provocado na sua trajetória pelos ventos e 

correntes. Esses mapas obtidos permitem definir uma área de busca onde o objeto poderá ser 

encontrado com base nas informações reunidas sobre a ocorrência do incidente. Por último, a 

ferramenta simula diferentes estratégias de busca com vista a avaliar o seu desempenho em termos 

de probabilidade e tempo de deteção do objeto. 

Esta ferramenta recorre ao método de Simulação de Monte Carlo para produzir os mapas de densidade 

de probabilidade da localização do objeto flutuante e para avaliar a eficiência de estratégias de busca 

com base nos parâmetros operacionais das unidades de busca e salvamento e do padrão de busca 

escolhido para examinar a área de busca. 

Quatro ocorrências em águas Portuguesas diferentes são simuladas, analisadas e comparadas com o 

objetivo de avaliar a eficiências das operações de Busca e Salvamento e demonstrar a aplicação da 

ferramenta no planeamento das mesmas.  

 

Palavras Chave: Operações de Busca e Salvamento; Ferramenta de Suporte à Decisão; Dinâmica de 

Deriva; Simulação de Monte Carlo; Previsão da Trajetória de Objetos à Deriva; Teoria da Procura 
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1. Introduction 

 

1.1. Motivation 

Since ancient times, Portugal had always a strong connection to the sea through maritime trades and 

fishing industry, which helped its economic development. Everything begun when Infante D. Henrique, 

also known as Prince Henry the Navigator, started the Portuguese maritime expansion. During the 

period known as Age of Discovery, the Portuguese navigators explored the seas and discovered the 

existence of other continents inhabit by different people with different cultures and different knowledge, 

and rapidly established maritime trade routes, thus contributing for the development of the country. 

Nowadays, the seas are still connected to the development of the economy of the country via fishing 

and import and export of products.             

Although Portugal is a relatively small country, it has a vast maritime territory (Ministério da Defesa 

Nacional 2014) where many vessels circulate every day due to its geographic location, Portugal serves 

as a unique link between the European continent and the American and African continents. Also, 

Portugal is internationally known for its good weather, especially in summer, with a vast shoreline which 

is worth exploring, therefore during this season, it is possible to spot leisure crafts along its coast. Since 

Portugal has a large amount of maritime traffic, see Figure 1-1, maritime accidents are likely to happen 

due to the weather conditions (Vettor and Guedes Soares 2017).   

The history from past accidents, not only maritime accidents but also aviation accidents when the 

airplane crashes into the sea, such as the AF447 (Stone et al. 2014), the MH370 (Ashton et al. 2015), 

or the Sewol-Ho (Kwon 2016) events, shows that maritime Search and Rescue (SAR) systems still 

needs improvements. Low efficiency in SAR operations, slow response and insufficient SAR resources 

are some of the problems that SAR systems still face, which can cause heavy casualties (Otote et al. 

2019). Although Portugal never faced a disaster of that size, Portugal should not undervalue establishing 

Figure 1-1: Maritime traffic data from 2017, taken from Marine Traffic: Global Ship Tracking 

Intelligence (2020) 
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an efficient SAR system, since there are casualties resulting from maritime accidents. For these reasons 

Portugal needs a good SAR system capable of responding to any incident that occurs inside its maritime 

domain. In Table 1-1 and Table 1-2 are listed the number of accidents and rescue operations occurred 

in the past 5 years, respectively. 

Table 1-1: Maritime accidents reported from 2015 to 2019, adapted from Gabinete do Secretário-

Geral do Sistema de Segurança Interna (2016, 2017, 2018, 2019, 2020)  

Maritime Accidents 
Year 

2015 

Year 

2016 

Year 

2017 

Year 

2018 

Year 

2019 

Accidents involving leisure crafts 50 85 40 67 86 

Accidents involving fishing vessels 42 39 33 39 29 

Accidents involving sports vessels -  - 4 4 0 

Accidents involving trade vessels - 2 5 3 6 

Accidents involving auxiliary vessels - 7 2 9 8 

Total number of accidents involving vessels 96 110 84 122 129 

Number of deaths 15 5 2 4 1 

Number of injured 30 18 14 18 7 

 

Table 1-2: SAR operations reported from 2015 to 2019, adapted from Gabinete do Secretário-Geral 

do Sistema de Segurança Interna (2016, 2017, 2018, 2019, 2020) 

SAR Operations Year 2015 Year 2016 Year 2017 Year 2018 Year 2019 

Exits for rescue actions 333 346 539 294 448 

Lives saved 27 55 26 75 41 

Provision of assistance to people 292 435 284 396 433 

Assistance to saved vessels 57 99 98 99 109 

Assistance to others 4 11 10 9 11 

Medical evacuations 13 6 131 202 161 
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1.2. Scope and objective 

Concerning SAR operations there are three main problems that need special attention. The first problem 

is the management and coordination between the decision team and the rescue team. The decision 

team is in charge to gather as much intel as possible regarding the accident such as location, survivors 

and the weather condition at the time of the accident, evaluate them, plan the better approach for the 

execution of the SAR operation and relay the decisions made to the rescue team. On the other hand, 

since the prediction of the trajectory of a drifting object is based on uncertainties, the rescue team, who 

is on site, needs to report back to the decision team their findings so that they can adjust the initial plan. 

Since both teams must be in constant communication, they need to be in sync for a successful operation. 

The second problem is regarding the supposed location of the drifting object. Since its estimation is 

affected by uncertainties, the actual location is obtained by developing reliable probability density maps 

of the object location based on the initial information of the conditions of the accident that ca be updated 

during the SAR operation. The third and last problem concerns the better search pattern, which will be 

executed over the search area by the rescue team during the search of the missing object.   

The objectives of this dissertation are focused mainly on understanding the second and third problems 

described above. A SAR decision support system (DSS) for SAR operations planning is developed. The 

objective is to provide information to support the decisions on where to allocate the search effort and on 

the search pattern to use. Since timeliness is critical in an emergency operation, different SAR operation 

scenarios along the Portuguese continental coast will be formulated and simulated. For this purpose a 

simple drift model is implemented to provide the probability map of the location of the missing object 

and a simulation framework is proposed to assess the efficiency of the SAR operation in terms of 

probability of success and time to find the missing object for each case. The simulations will differ from 

each other regarding the characteristics of the search pattern and the specifics of the SAR unit.     

 

1.3. Document structure 

The thesis document is organized in six main chapters. Chapter 1 comprises a brief background for the 

theme of this thesis, and its scope and objective. Chapter 2 describes both the international and national 

legislation on maritime SAR operation. In this chapter, the Portuguese SAR structure, its areas of 

operations and its facilities and resources are presented. Chapter 3 presents the basis of the formulation 

for predicting the trajectory of a drifting object at sea, based on previous studies, and the mechanisms 

behind to assess the efficiency of a search operation, as well as the several existing search patterns. 

Chapter 4 presents the implementation of the SAR tool developed to study the efficiency of maritime 

search operations, which includes a trajectory prediction model and a search simulation model. This 

SAR tool is used to run four predefined scenarios that are described in this chapter as well. Chapter 5 

presents the results obtained after testing for two different search patterns, as well as the results 

obtained from an elasticity analysis that provide, information on the important parameters of the model. 

Finally, Chapter 6 is the final chapter of this thesis which comprises the conclusions and discussion of 

the presented work, and suggestions for future possible developments related to this theme. 
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2. The Portuguese maritime SAR system 

Throughout the History there always have been maritime accidents where lives were lost. In the 

beginning maritime safety was not a matter of concern as it is nowadays. At that time, the safeguard of 

the human life at sea was ensured mainly by the solidarity of other seamen that were nearby. But then, 

in 1912 a ship named Titanic collided with an iceberg and sank in the middle of the Atlantic Ocean, 

resulting in thousands of lost lives. It was only then, that the international community started to be 

concerned about maritime safety, reflected in the development of the 1914 International Convention for 

the Safety of Life at Sea (SOLAS) regulations (DGRM 2020). 

But in Portugal, the concept of maritime safety started much earlier. It was in the sequence of a violent 

storm which hit the Portuguese shore in February of 1892 and took the lives of numerous fishermen 

who were at sea at the time. Following this tragedy, Your Majesty the Queen D. Amélia founded, in April 

of the same year, the Real Instituto de Socorros Náufragos, nowadays called Instituto de Socorros 

Náufragos (ISN) (AMN 2020c). This institution is a national organization that is responsible for maritime 

rescue near the coast and assistance to bathers (AMN 2020d). 

 

2.1. International Convention on Maritime Search and Rescue 

It was only after the Titanic incident, in 1912, that the international community begun to be concerned 

about the safety of the people who are at sea (IMO 2020). So, to honor the tradition between all seamen 

and the international agreements made later, such as the 1974 SOLAS regulations, it was required that 

every ship, when aware of an occurrence of an accident, must provide assistance to the vessel in 

distress whenever they can safely do so. Years later, in 1979, it was created the International Convention 

on Maritime Search and Rescue (ICMSR) with the objective to develop an international SAR system, so 

that, when an accident occurs at sea, there was always someone responsible to provide assistance, 

regardless its location.  

The ICMSR was focused on assigning great importance in the assistance of the people in distress at 

sea and establishing proper and effective means for the surveillance of the coastline and for search and 

rescue purposes.  As a result the oceans and seas were divided into 13 search and rescue areas, which 

were then subdivided into several regions named as Search and Rescue Regions (SRR), where each 

SRR is associated to a State and have its own SAR system, responsible to assist anyone in distress 

within the respective SRR without regarding their nationality or circumstance. Each SAR system must 

be capable to oversee any distress communications, coordinate the SAR operations and provide 

assistance to anyone in trouble at sea. Each SRR has a Rescue Coordination Center (RCC) and can 

have a Rescue Subcenter (RSC), and they serve as a command center for the whole SAR operation.   

Since sometimes it is required a cooperation between neighboring States to perform a SAR operation, 

their respective SAR systems must be in aligned with each other and therefore, every SAR system 

around the world are established based on the International Aeronautical and Maritime Search and 
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Rescue (IAMSAR) manual, which is a review of the ICMSR published by the International Maritime 

Organization (IMO) alongside with the International Civil Aviation Organization (ICAO).The IAMSAR 

manual is divided into three volumes, where each volume can be used independently. The first volume 

discusses the global concept of the SAR system, the second volume serves to assist the people who 

plan and coordinate the SAR operations, and the third and last volume is expected to be carried aboard 

the aircraft or vessel to help with the performance of the Search and Rescue Unit (SRU) during the SAR 

operation.   

 

2.2. National maritime SAR system 

As mention before, each State has its own SAR system, which is related to its geographic location, the 

size of its SRR, the type of vessels that usually cross its waters, the type of activities associated with 

the sea that are carried out by the State and it is even related to how the different authorities that govern 

it are structured.    

Relatively to Portugal, the national maritime SAR system, known by Sistema Nacional de Busca e 

Salvamento Marítimo (SNBSM), was created on January 22, 1994, by the Law-Decree nº 15/94 

(Governo de Portugal 1994) in which is described the structure of the system, the chain of command, 

the responsibilities of every party involved in the SNBSM, the locations of the Maritime Rescue 

Coordination Center (MRCC) and the Maritime Rescue Subcenter (MRSC), and the limits of the 

Portuguese SRR. Every operation carried by the SNBSM follows the directives of the ICMSR, 

established by the Law-Decree nº 32/85 (Governo de Portugal 1985), issued on August 16, 1985. 

 

2.2.1. The SNBSM structure 

The SNBSM comprises the set of services and institutions responsible to guarantee the safety of 

everyone at sea and it is managed by the Minister of Defense (MDN), which represents the national 

SAR authority, and is supported by an advisory committee. According to the Law-Decree nº 15/94, the 

national maritime SAR system can be divided into two structures, a main structure and an auxiliar 

structure.  

The main structure, is where the SNBSM is integrated, is the responsibility of the Portuguese Navy 

(MP), thus is managed by the Chief of Staff of the Navy (CEMA), which represents the Maritime National 

Authority (AMN), and it comprises the MRCC Lisbon and the MRCC Delgada, and the MRSC Funchal. 

Also associated to the AMN, but more specifically to the Directorate-General of Maritime Authority 

(DGAM), are the ISN and the captaincies of the ports, which are also responsible to assist and rescue 

distress people at sea but they operate outside of the Navy. In addition, the Portuguese Air Force (FAP) 

can carry out SAR operations as well, due to the Portuguese vast maritime territory, aircrafts are faster 

than vessels in cases when the accident occurs far from the shoreline, on the limits of the SRR for 

example, complementing in this way the SAR services offer by the Navy. The auxiliar structure is formed 



7 
 

by other institutions and organization that provide support services to the SNBSM. As part of this 

structure are the National Firemen Service, the Directorate-General of Health (DGS), the Portuguese 

Red Cross, among others represented in the diagram from Figure 2-1. 

 

2.2.2. SAR resources and facilities  
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 MDN 

MRCC 
Lisbon 

CEMA / AMN 

Advisory 
Committee 

MRSC 
Funchal 

MRCC 
Delgada 

   

DGAM 

Air Force 

Maritime and Port 
Administrations 

National Firemen 
Service 

 

Portuguese Red 
Cross 

 

Medical Emergency 
National Institute 

(INEM)  

 

Public Security Police 
(PSP)  

 

Health General 
Direction (DGS)  

Civil Protection 
National Authority 

(ANPC)  

 

National Authority of 
Communications 

(ANACOM)  

 

Coastal 
Communications 

Station 

 
ANA airports of 

Portugal 

 
Nacional Republican 

Guard (GNR)  

 

Other entities 
collaborating with the 

SNBSM  

Azores Maritime 
Command Zone 

Captaincies 

Figure 2-1: SNBSM structure, adapted from Dionísio (2018) and Governo de Portugal (1994) 

Figure 2-2: Portuguese SRR corresponding to the FIR of Lisbon together with the FIR of Santa 

Maria, taken from FAP (2020) 
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Portugal is responsible for a SRR considered the largest in Europe and it is coincident with the Flight 

Information Region (FIR) of Lisbon and the FIR of Santa Maria, represented in Figure 2-2. Due to its 

geographic location, the State deals every day with a significant amount of maritime traffic crossing its 

waters, as well as air traffic (FAP 2020). Therefore, the SAR facilities and their resources are all 

distributed along the Portuguese coast. 

The MRCCs and MRSC do not possess any rescue means, instead they use the ones owned by the 

MP and the FAP, usually assisted with resources from the SNBSM auxiliar structure when needed. The 

SNBSM is constituted by four types of means (Afonso 2007): 

• Search and rescue units, which comprise the vessels and the aircrafts equipped with proper 

gear to execute the rescue mission and trained personal, made available by the Navy and the 

Airforce respectively; 

• Rescue units, which is constituted by the life-saving stations (ESV) from the Maritime Authority 

System (SAM), including as well towing vessels, motorboats, or other type of vessels that the 

incident may require; 

• Assistance means, which is formed by the resources from the SNBSM auxiliar structure; 

• Coastal surveillance units, which comprise the navigational control centres affiliated to the 

respective MRCC and are responsible for the coastal surveillance.  

Figure 2-3: Map of the location of the life-saving stations along the Portuguese coast, taken from 

AMN, AMN (2020a) 



9 
 

The ISN is the entity responsible to manage and organize the location of the ESV, represented in Figure 

2-3, in order to cover all the Portuguese coastline according to the available means that each ESV 

possesses. They are classified into three types, according to the amount of traffic passing by: 

• Type A, are the ESV located in areas with a large amount of maritime traffic mainly composed 

by trade vessels, fishing vessels and leisure crafts, and can operate in Traffic Separation 

Scheme (TSS). Each of them possesses one rescue vessel of large capacity (GCAP), one 

rescue vessel of medium capacity (MCAP), one rescue vessel of small capacity (PCAP), and 

one vessel for sheltered areas (ZA), plus personnel. 

• Type B, are the ESV located in areas with a some maritime traffic and cannot operate in TSS. 

They possess one MCAP rescue vessel and one vessel for ZA, plus personnel. 

• Type C, are the ESV located in areas where the local maritime traffic composed by small fishing 

vessels and small leisure crafts. They possess one MCAP rescue vessel or one PCAP rescue 

vessel and one vessel for ZA, plus personnel. 

In  Annex A is presented a table where is listed the vessels, together with their specifications, possessed 

by the ISN , taken from (AMN 2020a). 

 

2.3. SAR operations  

In a SAR mission, its success always depends on the speed with which the operations are planned and 

carried out. After a coast radio station (CRS) receives information related to a ship or an aircraft in 

distress, it immediately notifies the RCC and sends all the information collected related to the distress 

event. Then it is the responsibility of the RCC to evaluate the situation, decide the best course of action 

and finally activate the SAR facilities.  

The assessment of the incident is based on the level of concern for the safety of persons or craft which 

may be in danger. Each incident is classified, and can be reclassified later according with the 

development of the situation, into one of the following three emergency phases:  

• Uncertainty phase, which is declared when there is knowledge of a situation that may need to 

be monitored, or need to have more information, but does not require to dispatch resources. 

• Alert phase, which is declared when there is a high level of certainty that a ship or an aircraft 

may need assistance, but the situation is not threatening enough to require immediate action, 

or when there is a continued lack of information concerning its progress or its position, in which 

SRUs are dispatched to investigate it whereabouts.  

• Distress phase, which is declared when there is reasonable certainty that a vessel or an aircraft 

is in danger and requires immediate assistance, or when the investigation had no success to 

pinpoint its location, or when there is sufficient concern for the safety of the persons on board 

that justify search operations. 



10 
 

To help the organization of the response actions, each SAR incident passes through various stages 

which can overlap if the situation requires and be performed simultaneously, and in some cases may 

not require performing some of the stages. The stages of action are: 

1) Awareness, when someone in the SAR system has knowledge that an emergency situation 

exists or may exist. 

2) Initial action, includes alerting the SAR facilities, investigate for more information related to the 

distress situation and assess those information collected. 

3) Planning, where the operation plans, such as search plan, rescue plan and plans to deliver the 

survivors to medical facilities, are made. 

4) Operations, which includes dispatching SRUs to the scene, conducting searches, rescuing 

survivors, and delivering the injured to medical facilities.   

5) Conclusion, which comprises the returning of the SRUs to their respective SAR facility, and the 

completion off all the required documentation related to the to the incident.   

To help the coordination within the SAR system there are three levels of coordination:  

• SAR coordinator (SC), which is the responsibility of the MDN and his advisory committee, is 

responsible to manage an efficient SAR system by stablishing orientation guidelines, outlining 

it resources and personnel, and guarantee their training.  

• SAR mission coordinator (SMC), which is nominated by the SAR National Authority, is 

responsible to classify the incident into one of the emergency levels and determining the best 

course of action. 

• On scene coordinator (OSC), is responsible for coordinating the SAR operation on the scene. 

Within all the entities involved, the one with more experience and better communication system, 

who is capable to coordinate all the actions of the intervening parties, is appointed as OSC.      

Since all levels of coordination need to be in sync during a call, mainly the SMC, the OSC and all the 

other entities involved, their capability of communicating with each other, and the compatibility of their 

procedures and equipment are very important during a SAR mission since they affect its success and 

its efficiency. According to the IMSAR manual, the chances for survival of injured persons decreases by 

as much as 80% during the first 24 hours, and that those for uninjured persons diminish rapidly after the 

first three days. For further understanding on how the SAR system is structured and how it works, it is 

advised to consult the IAMSAR Manual Vol.1, IMO and ICAO (2010a), and the IAMSAR Manual Vol.2, 

IMO and ICAO (2010b), respectively 

In Portugal, the SAR operations are the responsibility of the MRCC/MRSC, which can control any MP 

vessel or other maritime mean, as well as any FAP aircraft dispatched for that purpose. The Port Captain 

has responsibilities on the scene and is in charge to coordinate any land means. When the incident 

occurs near the coast, normally the MRCC/MRSC let the Port Captain coordinate the operation since 

he has a better understanding of the area.  
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3. SAR operations planning 

Before any rescue operation, the people in distress must be first found. As mentioned before, the main 

focus of this work is on the operation planning phase. Like in any other operation, the planning stage is 

a crucial phase to guarantee its success, especially in the SAR field where there are lives at steak. 

Planning a SAR operation follows a sequence which consists in six specific steps (Royal New Zealand 

Coastguard 2010): 

1) Identify the search target by having the most precise physical description, such as size, color, 

among other important characteristics, 

2)  Define the datum, which corresponds to the most probable location of the search target, can 

be a single point or a given area, based on the time elapsed since the incident, the 

environmental conditions that may affect its location, and the accuracy and reliability of these 

information,  

3) Define the search area based on the results obtained for the probable locations, 

4) Select the appropriate search pattern 

5) Determine the desired area coverage, since the search area can be extensive and there could 

be limited resources and time available, it is important to reduce the area to look to an area 

where the resources and the time will probably not be wasted in vain, 

6) Developed a practical search plan, which will be a combination of the previous step and the 

conditions on scene. 

But neither the plan nor the search area will necessary stay the same during the SAR operation. The 

plan will always be adapted according to the unroll of the search, depending on new findings and failures 

of the previous plans. 

Nowadays there are devices, such as Emergency Position Indicating Radio Beacon (EPIRB) with a GPS 

incorporated in it, that transmit a distress signal when activated. But sometimes there are cases when 

this device is lost or nor activated due to malfunction during the accident and the people in distress 

become lost in the middle of the vast sea. In these cases, the planning stage consists in establishing a 

search area to start the search, and then decide on the best approach to execute it.  

 

3.1. The search area 

In maritime SAR operations, the key point for a successful operation is establishing a search area where 

the SRU will scan to locate and rescue the lost people in distress. To determine this search area, the 

SMC must estimate the different trajectories which those people may follow while drifting. The motion 

of an unpowered floating object is caused by a combination of sea currents, waves, and wind. The 

motion due to the wind and waves, which is defined as leeway, is a crucial factor when analysing the 

drift of a floating object.  
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Since the oceans are in constant motion, the time factor is what determines the survival of the people 

in distress in every SAR cases, and if they are missing, the time factor becomes even more crucial. 

Hence, to guarantee a successful operation, the SMC must define the smallest search area possible, 

where the object can be found with a reasonable and predictable level of certainty. In order to do that, it 

is required a total understanding of the mechanisms behind the drift phenomenon, and also a precise 

description of the missing object and accurate estimations of its Last Known Position (LKP) and the 

environment conditions at that time (Allen and Plourde 1999). 

 

3.1.1. The evolution of the drift model throughout the years 

The search for a drifting object in the maritime environment always required the determination of a 

search area. According with the United States National SAR Manual, leeway is the “movement of a craft 

through the water caused by the wind acting on the exposed surface of the craft”.  

Throughout the years, from the early stages of the study of leeway until nowadays, the model to estimate 

the drift of an object kept evolving. Two methods of measuring leeway have been developed: the indirect 

method and the direct method.  

The first method consists in subtracting the sea current vector from the total displacement vector of the 

drifting object to estimate the leeway vector, and the second method involves using devices installed on 

the drifting object, such as current meters, wind meters and GPSs, to keep track of its position and the 

weather conditions over time. In the end, each method revealed to have its strengths and weaknesses. 

The indirect method showed reasonable results but revealed to have too much noise, especially when 

obtaining information related to the leeway direction. On the other hand, the direct method provided 

more satisfactory and accurate results by reducing many errors associated with the indirect method, but 

the addition of more weight related to the measuring devices altered the constitution of the floating 

object, leading to measurements errors (Allen and Plourde 1999).   

The study of leeway begun during the World War II when Pingree (1944) used the indirect method to 

study the drift of life rafts. After the first experiment sixteen more studies using the same method were 

conducted. Suzuki and Sato (1977) conducted the first experiment using the direct method by fixing a 

bamboo pole to the side of a ship with a string, and six more experiments followed. A breakthrough was 

made when combined the direct model with Fitzgerald et al. (1993) definition of leeway. According to 

them, leeway is the motion of a floating object relatively to the surface currents measured between 0.3 

meter and 1.0 meter of depth and caused by waves and winds adjusted to a 10 meters height reference, 

which can be decomposed into downwind and crosswind leeway components. Also, with the evolution 

of the technology, the measuring instruments improved leading to more accurate results in the following 

experiments. For furthermore details it is advised to see Allen and Plourde (1999) and Breivik et al. 

(2013). 

In 1974, the first Bayesian SAR planning system was implemented by the United States Coast Guard 

(USCG), the Computer Assisted Search Planning (CASP) (Breivik et al. 2013). This system uses Monte 
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Carlo Simulation (MCS) methods to produce probability distributions of the location of the drifting object 

as a function of time, taking into account the uncertainty of its initial position and moving the trajectory 

particles in accordance with a primitive model.  But because the uncertainties in the drift properties of 

the SAR objects were too high, the prediction of the search area was difficult. A major development in 

this subject area started in 2007 when the USCG launched the Search and Rescue Optimal Planning 

System (SAROPS), which is currently used and it will be mention in more detail in Chapter 4.  

The trajectory prediction models reveal to be quite useful, not only for SAR operations, but also for the 

military force, the law enforcement, and the marine environmental protection. This kind of models assist 

on tracking down surface drift objects such as drug cargo packages, drug vessels or immigration 

vessels, icebergs, boating wreckages, or surface slick (Allen and Plourde 1999). In case of surface slick, 

in particular of oil spills, the trajectory prediction models are not the same as for the other drifting objects 

due to the substance properties, which can change when it is spilled into the ocean (Hackett, Breivik, 

and Wettre 2006; Sebastião and Guedes Soares 2006). Coincidentally, all of those cases have one 

common characteristic, they all share a potential for a negative impact on human lives, sealife and 

marine environment. Therefore, the use of trajectory prediction models provides the prediction of their 

drift and fate in order to mitigate those impacts (Hackett et al. 2006). 

 

3.1.2. Basic concept behind a drift model 

The term leeway can be simply defined as the drift of a floating object through the water surface due to 

the wind effect alone. In vector terms, leeway results of a combination of a downwind and a crosswind 

leeway components.   

The empirical studies showed that the floating object usually follows the downwind direction but there is 

often a significant component designated as crosswind component of leeway which is perpendicular to 

the downwind component and makes the object to drift away from that direction. This drifting 

phenomenon is referred as divergence and is dependent on both the characteristics and environment 

of the object (Allen 2005).   

Following the study developed by Allen and Plourde (1999), the leeway motion is characterized by the 

leeway angle, 𝐿𝛼  , the leeway speed, |𝑳| , the downwind and crosswind components of leeway, the 

leeway rate and the relative wind direction (𝑅𝑊𝐷). The leeway angle is the angle at which the floating 

object deviates from the downwind direction and it can be a positive value, meaning that it deviates to 

the right side of downwind, or it can be a negative value, meaning that it deviates to the opposite side 

like as shown in Figure 3-1. The leeway speed is the magnitude of the leeway velocity and is always 

positive. With these two parameters it is possible to define the downwind component of leeway (𝐷𝑊𝐿) 

and the crosswind component of leeway (𝐶𝑊𝐿), as shown in Figure 3-2 and Equations (3.1) and (3.2), 

respectively. This downwind component has usually a positive value and has the same direction as the 

wind, but the crosswind component, which represents the divergence of the drifting object from the 

downwind direction, can be a positive value or a negative value, depending if it diverges to the right side 
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or to the left side of the wind direction, respectively. The relative wind direction is the direction from which 

the wind blows measured in degrees from a chosen reference axis to a reference point in the floating 

object, as shown in Figure 3-1. 

 

 |𝑫𝑾𝑳| = |𝑳|sin (90𝑜 − 𝐿𝛼) (3.1) 

 |𝑪𝑾𝑳| = |𝑳|cos (90𝑜 − 𝐿𝛼) (3.2) 

 

Figure 3-2: Definition of Leeway, taken from (Allen and Plourde 1999)  

Figure 3-1: Relative Wind Direction (𝑅𝑊𝐷), taken from Allen and Plourde (1999) 
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The leeway rate depends only on the leeway speed and wind velocity adjusted to a 10m height, as 

shown in Equation (3.3).  

 
𝐿𝑒𝑒𝑤𝑎𝑦 𝑅𝑎𝑡𝑒 =

|𝑳|

|𝑾10|
 (3.3) 

In terms of vectors, the leeway vector, 𝑳, can be written as Equation (3.4). 

 𝑳 = 𝑫𝑾𝑳 + 𝑪𝑾𝑳 (3.4) 

The entire displacement resulting from the drifting of a floating object is not only due to the influence of 

the wind alone. The motion of a drifting object is the result of several forces acting upon its surface such 

as, wind, water currents, gravitational force and buoyancy force, but is extremely difficult to compute 

due to the irregular geometry of the real-world objects. It is important to notice that, although the waves 

also play a role in the resultant net force, they are usually left out due to the Stroke drift, which is “a 

downwave drift induced by the orbital motion that water particles undergo under the influence of a wave 

field” (Breivik and Allen 2008). The Stroke drift is mainly downwind and therefore is difficult to separate 

it from the leeway drift, making it considered already included in the empirical leeway coefficients (Breivik 

and Allen 2008). 

Any object that is moving over a water surface interacts with two different fluids at the same time, air 

and water, which affect the drift of the object differently. From the wind results an aerodynamic force 

which is composed by a lift force and a drag force due to the asymmetric shape of the object above the 

water surface (Richardson 1997). The drag force is responsible to push the object in the downwind 

direction, whereas the lift force is perpendicular to the wind direction and it causes the object to drift 

away from the downwind direction. Similarly, the hydrodynamic force acting on the submerged part of 

the object is also formed by a lift and drag component. This hydrodynamic lift force is perpendicular to 

the drift direction and it prevents the floating object from rolling sideways by balancing the lateral 

aerodynamic force, increasing the crosswind component of leeway in case of elongated objects (Breivik 

and Allen 2008).  

In order to understand the mechanisms behind the leeway concept, Ni, Qiu, and Su (2010) presented a 

leeway dynamics model. This model only considers the current and wind influences, and the long-term 

drifting, so therefore the transient state is neglected. Also, the acceleration can be ignored since the 

floating object will rapidly reach its steady velocity, according to Breivik and Allen (2008).  

Ni, Qiu, and Su (2010) consider a floating object moving at a constant velocity 𝑈𝑜 while subjected to a 

net force due to a constant wind velocity 𝑈𝑤 acting above the waterline and a constant current velocity 

𝑈𝑐 acting below the waterline. Both the wind force and current force depend on the relative wind flow 

𝑈𝑤 − 𝑈𝑜 and the relative water flow 𝑈𝑜 − 𝑈𝑐, respectively. According to the law of motion the resultant of 

forces must be equal to zero when the object moves at a steady velocity, meaning that the forces are 

facing each other. As a result, the equation of motion can be written as Equation (3.5) 
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1

2
(𝐶𝐷𝐴𝜌)1|𝑈𝑤 − 𝑈𝑜|(𝑈𝑤 − 𝑈𝑜) =

1

2
(𝐶𝐷𝐴𝜌)2|𝑈𝑜 − 𝑈𝑐|(𝑈𝑜 − 𝑈𝑐) (3.5) 

where 𝐶𝐷 is the drag coefficient, 𝐴 is the cross-sectional area exposed to the fluid, 𝜌 is the density of the 

fluid, and the subscripts 1 and 2 refers to the environment in which the object is exposed, air and water, 

respectively. Considering Equation (3.6) and taking away the absolute value from Equation (3.5), 

Equation (3.7) is obtained. 

 
(𝐶𝐷𝐴𝜌)1

(𝐶𝐷𝐴𝜌)2

= 𝜆2 (3.6) 

 𝜆|𝑈𝑤 − 𝑈𝑜| = |𝑈𝑜 − 𝑈𝑐| (3.7) 

With Equations (3.6) and (3.7), Equation (3.5) can be rewritten as Equation (3.8). 

 𝜆(𝑈𝑤 − 𝑈𝑜) = 𝑈𝑜 − 𝑈𝑐 (3.8) 

 Rearranging Equation (3.8), the velocity of the floating object is given by Equation (3.9).  

 𝑈𝑜 =
1

1 + 𝜆
𝑈𝑐 +

𝜆

1 + 𝜆
𝑈𝑤 (3.9) 

From Equation (3.9), the leeway drift 𝑈𝐿 can be obtained as in Equation (3.10) 

 𝑈𝐿 = 𝑈𝑜 − 𝑈𝑐 =
𝜆

1 + 𝜆
𝑈𝑤 −

𝜆

1 + 𝜆
𝑈𝑐 =

𝜆

1 + 𝜆
(𝑈𝑤 − 𝑈𝑐) (3.10) 

Considering the factor   𝜆 (1 + 𝜆)⁄  as the leeway rate 𝑓, the leeway velocity can be written as Equation 

(3.11) and consequently, the velocity of the floating object as Equation (3.12). 

 𝑈𝐿 = 𝑓(𝑈𝑤 − 𝑈𝑐) (3.11) 

 𝑈𝑜 = 𝑈𝐿 + 𝑓(𝑈𝑤 − 𝑈𝑐) (3.12) 

As known, the leeway velocity vector is composed by a downwind velocity component 𝐷𝑊𝐿  and a 

crosswind velocity component 𝐶𝑊𝐿  given by Equations (3.13) and (3.14) respectively. From those 

equations the leeway angle 𝐿𝛼 is defined as Equation (3.15). 

 𝐷𝑊𝐿 = [𝑈𝐿 ∙
𝑈𝑤

|𝑈𝑤|
]

𝑈𝑤

|𝑈𝑤|
= [𝑓(𝑈𝑤 − 𝑈𝑐) ∙

𝑈𝑤

|𝑈𝑤|
]

𝑈𝑤

|𝑈𝑤|
= 𝑓 [|𝑈𝑤| − 𝑈𝑐 ∙

𝑈𝑤

|𝑈𝑤|
]

𝑈𝑤

|𝑈𝑤|
 (3.13) 

 𝐶𝑊𝐿 =  𝑓(𝑈𝑤 − 𝑈𝑐) − 𝑓 [|𝑈𝑤| − 𝑈𝑐 ∙
𝑈𝑤

|𝑈𝑤|
]

𝑈𝑤

|𝑈𝑤|
= −𝑓𝑈𝑐 + 𝑓 (𝑈𝑐 ∙

𝑈𝑤

|𝑈𝑤|
)

𝑈𝑤

|𝑈𝑤|
 (3.14) 

 tan 𝐿𝛼 =
|𝐶𝑊𝐿|

|𝐷𝑊𝐿|
=

|−𝑈𝑐 + (𝑈𝑐 ∙
𝑈𝑤

|𝑈𝑤|
)

𝑈𝑤

|𝑈𝑤|
|

||𝑈𝑤| − 𝑈𝑐 ∙
𝑈𝑤

|𝑈𝑤|
|

 (3.15) 
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To estimate the drift trajectory of the object, information on the local wind, surface current and the 

characteristics of the object need to be provided (Breivik 2008), but those values are not usually a 

hundred percent accurate. Therefore, it is important to consider the uncertainties associated to those 

parameters. These uncertainties arise from all the information needed to predict the trajectory of the 

drifting object, such as the wind and current conditions, the LKP of the object, characteristics and 

orientation, including the neglection of the influence of the waves. In order to generate a result with an 

acceptable level of accuracy, all the uncertainties must be considered during the calculations, as 

demonstrated in the study related to oil spills developed by Sebastião and Guedes Soares (2006).   

The common way to address the problem related to the uncertainties is using probabilistic formulations. 

For parameters such as velocity and direction of both wind and current, LKP and leeway coefficients of 

the floating objects, they are characterized by a mean value and a variance. For other parameters such 

as the orientation of the object relatively to the wind direction, are assigned a probability of the object to 

jibe, which represents the changing of the  direction of the object from one side of the downwind direction 

to another during the drift due to the its shape (Zhang et al. 2017).  

According to Allen (2005), the consideration of the possibility that a floating object could jibe will result 

in different drift trajectories. When compiled the final positions of several objects, obtained after various 

simulations, it was observed different distributions for different jibe frequencies. Without the jibing factor, 

the final locations were aggregated into two different groups, one representing the cases of right drift 

and the other representing the left. When the jibing is considered, the space between those two groups 

starts to fill in by slowly converging them in the middle area, between the areas formed in the no jibing 

case, with the increase of the jibing frequency. In this way, this phenomenon is considered highly 

important when predicting drifting trajectories because it makes the simulation closer to the reality.  

Due to the high amount of uncertainties, it is preferable to aim for a probable area instead of a single 

location resulting from a specific trajectory made by the floating object. Hence, the MCS is used to 

assess the most probable area where the drifting object may be located, which is referred as search 

area, by overlapping the several final locations obtained from the different possible trajectories 

simulated.  

Despite all the improvements made in the trajectory prediction models, through the sophistication of the 

measuring instruments or through new formulations, the uncertainties still remain, even though some of 

them have been reduced, which makes the prediction of the drifting trajectory difficult. Thus, the 

objective of these models became to determine the smaller search area possible by acquiring reliable 

information related to the weather conditions, floating object and LKP. 

 

3.1.3. Leeway coefficients and taxonomy of leeway objects 

Since the SMC can only define the direction vector of the wind and current, the leeway vector must be 

calculated based on the characteristics of the drifting object, also known as leeway object, making them 

an important factor for predicting the trajectory which the object will follow. From the field experiments 
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performed it was possible to observe that, for the same conditions of wind and current, different objects 

will not behave the same. For example, due to the irregular shape of the objects, the net force applied 

will be different from object to object causing the object to move in differently. 

With the results obtained from 25 field experiments over time using the indirect and direct methods it 

was possible to study the drift of 95 different objects. Later, those results were compiled by Allen and 

Plourde (1999) into a list where the floating objects were divided into classes, such as a person in water 

(PIW), survival craft, power vessel, sailing vessel, person powered craft, Cuban refugee raft and debris; 

and then divided into sub-classes according to rules that help describe them in order to help the SMC. 

Based on this list, they created a data base of leeway coefficients that was implemented in the U.S. 

National SAR Manual. But since the experiments were carried with errors which depended on the 

equipment used or the method applied, those coefficients were obtained by using linear regression 

equations and variance of both downwind and crosswind components of leeway to predict the drift 

trajectory of the object (Allen and Plourde 1999).  

A few years later this database was updated by Allen (2005) and is considered to be a good reference 

for the currently SAR operations. This new list of leeway coefficients is presented in Annex B and uses 

different parameters to characterize the drifting object. As known, the leeway vector is decomposed in 

downwind leeway and crosswind leeway components, as represented in Figure 3-2, and then the 

crosswind component can be classified into right or left drifts depending on the position of the object 

relatively to the downwind direction.  For each of these three components there are a value for slope, 

offset and standard deviation, making a total of nine leeway coefficients following normal distributions.  

 

3.2. The search strategy 

A search phase is an activity with several usages. The most common use, which is always present in 

the daily lives of the people, is when finding a misplaced object such as keys, wallet, or mobile phone. 

But there are some work fields where the search activity is a very important task, such in mining and oil 

companies, in archaeology, in law enforcement, or in SAR operations. In such cases, searching is a 

very complex, demanding, time consuming and expensive task, which involves different parties and 

could require a large number of limited resources (Frost 1996). Therefore, it is essential to prepare 

beforehand in order to successfully execute the search operation in the most efficiently way. In case of 

SAR operations, is the SMC who must plan the best course of action to perform the search of the people 

in distress after establishing the search area.  

Each operation plan is elaborated based on search models, which are used to study the efficiency of 

search operations within the scope of SAR operations. But there are different types of models based on 

various probabilistic models, such as Markov models and Bayesian models, and every case is different 

from each other, which requires different approaches. However, they all have the Search Theory as a 

foundation (Zhang et al. 2016).  
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3.2.1. The Search Theory 

The Search Theory studies a way to combine and make use of the limited resources more efficiently 

when locating a missing object at sea, whose location is unknown. Its objective is, mainly, to maximize 

the probability to detect the object with the resources available but, it can also be to minimize the time 

spent in find it (Stone 2011). In Search Theory, the missing object is usually designated as target.  

This theory begun to be formulated in 1942, during the World War II, by the U. S. Navy’s Antisubmarine 

Warfare Operations Research Group (ASWORG) as a reaction to a submarine threat made by the 

Germans. But it was one year later, when Bernard Koopman joined the research group, that the theory 

gained substance and was settled as the basis for the developments of this theory that followed and 

their respective applications. 

There are two types of search problems, the one-sided search problem where only the searcher is 

proactive during the search and the target does not react to the effort made by the searcher in any way, 

and the two-sided problem where both searcher and target are proactive. Within the first type of search 

problem, the target can be classified as a stationary target or a moving target. The term stationary target 

is used to refer to targets that do not move and the term moving target refers to targets that are in 

constant motion such as a floating object lost in the ocean which are not controlled by anyone. Relatively 

to the two-sided problems, the target is also classified the same way, but the search can be classified 

into cooperative search or non-cooperative search.  Cooperative search means that both sides act as a 

searcher and a target at the same time by trying to find each other, non-cooperative search is when only 

one side is trying to find the other while the other side tries to dodge because it does not want to be 

found, like for example when one submarine tries to find another and both are aware of each other’s 

presence. In case if the targeted submarine is not aware of the other’s presence, the search would be 

classified as a one-sided search problem with a moving target. For the purpose of this dissertation, only 

one-sided search problems with a moving target is considered.     

According to Koopman (1946), a basic problem of optimal search has as objective to maximize the 

probability of success on finding a target over some possible area with a limited amount of resources, 

and it is normally characterized by: 

• A probability of containment (𝑃𝑂𝐶), which measures the possibility of the search target being 

within the limits of the search area; 

• A detection function that relates the search effort density with the probability of detection (𝑃𝑂𝐷) 

of the missing object in the estimated search area;   

• A constrained amount of search effort, which will be explained further in section 3.2.2; 

• An optimization criterion for the probability of success (𝑃𝑂𝑆 ) in finding the missing object 

considering the constrains on effort. 

The solution of this basic problem of optimal search should provide to the search planner some idea of 

the quantity of search effort and the places where it should be spent in order to achieve its goals (Frost 

and Stone 2001).  
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3.2.2. Measuring the efficiency of a search plan 

The efficiency of a search plan is determined by using Equation (3.16) to compute the 𝑃𝑂𝑆 of the search 

which depends on the 𝑃𝑂𝐶 and the 𝑃𝑂𝐷. 

 𝑃𝑂𝑆 = 𝑃𝑂𝐶 × 𝑃𝑂𝐷 (3.16) 

The 𝑃𝑂𝐶  is related to the search area, which is usually calculated from a Multivariate Gaussian 

Distribution, normally centered at the origin of the coordinate system, (0,0), which will correspond to the 

location with higher probability and it will decrease when the distance from the center increases (Frost 

and Stone 2001). The obtained probability density function should be similar to the one represented in 

Figure 3-3. 

The 𝑃𝑂𝐷 is a measure of sensor performance and describes the capability of the SRU in detecting and 

recognizing the target during the search operation, but it will only detect if the target is inside the 

designated search area. Using mathematical notations, the 𝑃𝑂𝑆  can be defined using conditional 

probability. Being A the event “the search target is inside the search area” and B the event “the sensor 

detects the search target”, Equation (3.16) can be rewrite as Equation (3.17). 

 𝑃(𝐴 ∩ 𝐵) = 𝑃(𝐴) × 𝑃(𝐵|𝐴) (3.17) 

Where 𝑃(𝐴 ∩ 𝐵) represents the probability of both events 𝐴 and 𝐵 being true, which will correspond to 

the 𝑃𝑂𝑆; 𝑃(𝐴) represents the probability of the target being inside the established search area, which 

will correspond to the 𝑃𝑂𝐶; and 𝑃(𝐵|𝐴) represents the probability of the target being detected knowing 

that it is definitely inside the search area, corresponding in this way to the 𝑃𝑂𝐷 (Frost 1996). 

The objective of search planning is to maximize the value of 𝑃𝑂𝑆, but in reality,  its exact value can never 

be known, only estimations are possible to be computed and they may change with time during the 

search operation as more information is available.  

Figure 3-3: Probability density function of a Normal Distribution, taken from Frost and 

Stone (2001)  



21 
 

After defining the search area, or containment area, and computing the 𝑃𝑂𝐶, the next step is to calculate 

the 𝑃𝑂𝐷, which is obtained through a detection function. Equation (3.18) is called the Random Search 

Formula and it is an Exponential Detection Function.  

 𝑃𝑂𝐷 = 1 − 𝑒−𝐶 (3.18) 

 𝑤𝑖𝑡ℎ, 𝐶 =
𝑍

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
 (3.19) 

The parameter 𝐶 is designated as coverage factor and is a relative measure of how thoroughly an area 

has been searched. The coverage is defined as the ratio between the area effectively swept (𝑍) of the 

defined search area and the total search area. 𝑍 is also known as search effort and is calculated using 

Equation (3.20), where 𝑧 corresponds to the distance covered by the SRU in a straight line, also known 

as effort, and 𝑊 corresponds to the sweep width.  

 𝑍 = 𝑧 × 𝑊 (3.20) 

 𝑧 = 𝑣 × 𝑡 (3.21) 

Both parameters in Equation (3.20) are dependent of various factors. The amount of effort expended in 

the search, calculated by Equation (3.21),  depends mainly on the characteristics of the SRU such as 

its velocity (𝑣 ) and it is limited by its time of endurance. The sweep width, which characterizes the 

average ability of the SRU in detecting a target under specific set of conditions, depends on the 

characteristics of the sensor, which can be an electronic device or simply the human eye. The detection 

capability also depends on the characteristics of the target, and the environmental conditions, that can 

affect the operation of the sensor, at the time of the search. Koopman (1946) defines sweep width as 

Equation (3.22). 

 𝑊 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑  𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 

(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎) × 𝑣
 (3.22) 

If the lateral range curve, which corresponds to the detection profile, is known, then the sweep width 

matches the area under the curve. Also, it can be considered as the width of a swath, where, during a 

sweep, the amount of search objects not detected inside a designated area (B) is equal to the amount 

of objects which are detected outside the same area (A), as represented in  Figure 3-4 (Koester et al. 

2004). The lateral range curve, in red in Figure 3-4, represents the relation between the 𝑃𝑂𝐷 and the 

lateral range as a result of the detection function. The lateral range is defined as the perpendicular 

distance between the target and the searcher at the closest point of approach.  

All these concepts related to the probability of detection are important to understand an important 

property of the Exponential Detection Function. This function exhibits a decreasing behavior, which is 

actually a property from most of the detection functions, meaning that the probability of detection 

increases more slowly with the increase of the amount of search effort (Frost and Stone 2001), as shown 

in Figure 3-5. 
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3.2.3. Search patterns  

Whichever is the motive of a search operation, the sweep over the area to search is done in a very 

methodical manner by following a search pattern, which are itinerary schemes performed by the SRUs 

during the search operation to cover the established search area. This pattern is composed by search 

legs, which correspond to the longest tracks in a search pattern, and cross legs, which are the shortest.  

There are different types of search patterns and it is the task of the SMC to choose the appropriate 

pattern for each search operation. In order to choose, the SMC must know the characteristics of the 

detection sensor in use, such as the maximum detection range or the beam sighting distance. The 

maximum detection range is the maximum distance in which the sensor might detect the target. 

Summing both distances from each side of the SRU it gives the maximum detection distance of the 

Figure 3-4: Representation of the sweep width in a lateral range curve (in red), taken from 

Koester et al. (2004) 

Figure 3-5: Relation between the probability of detection (𝑃𝑂𝐷) and the coverage factor, taken 

from Koester et al. (2004) 
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sensor. The beam sighting distance corresponds to the distance in where the sensor can definitely 

detect the target. The sum of these distances from both sides of the vessel corresponds to the value of 

the sweep width. Knowing this value, it allows the SMC to determine the right distance for the track 

spacing (𝑆). The track spacing is the distance between successive search legs in a search pattern and 

its value should correspond to the value of the sweep width in order to have a perfect coverage. These 

concepts can be found illustrated in Figure 3-6 and Figure 3-7. The search patterns will have different 

levels of coverage according to their pattern parameters described above and, consequently different 

values of 𝑃𝑂𝐷. 

 

Figure 3-7: Sweep width and track spacing (𝑆), adapted from Royal New Zealand Coastguard (2010) 

 

Figure 3-6: Beam sighting distance and maximum detection range, adapted from Royal New Zealand 

Coastguard (2010) 
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From all the existing patters, the most common ones for SAR operations at sea are the expansion 

square search (SS), the sector search (VS), the parallel sweep search (PS)  and the creeping line search 

(CS) (Otote et al. 2019).  

 

Expansion square search pattern  

The SS pattern, represented in Figure 3-8,  is used when the obtained datum is sufficient acceptable, 

and is most effective when the search area is relatively small. This pattern can cover an area with 

unlimited size, within the given search area, and it provides almost an uniform coverage of the area, but 

it is considered complicated to perform due to the constant change of the length of the search legs 

(Royal New Zealand Coastguard 2010). It starts in the center of the search area, where the datum is 

located, and it expands outwards in concentric squares, where the length of search leg increases 𝑆 after 

two consecutive search legs with the same length. The first search leg is usually orientated directly into 

the wind, and the search legs end when the SRU reaches the edges of the search area.     

The SS pattern is often appropriate to be used by vessels or small boats when searching for persons in 

the water or other search objects with little or no leeway when compared to the magnitude of the total 

water current. When performed by multiple SRUs, the second pattern must be orientated 45o to 

starboard from the first pattern, and in case of both vessels moving with the same velocity, the second 

vessel must start the sweep only when the first vessel completes at least three search legs to avoid the 

risk of collision (Royal New Zealand Coastguard 2010).   

 

Figure 3-8: Expanding square search pattern, taken from (IMO and ICAO 2010b) 
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Sector search pattern 

The VS pattern, represented in Figure 3-9, is appropriate when the datum is accurately known and the 

established search is small. This pattern is used to search a circular area centered on a datum point 

and is easily executed with pre-determined courses. Due to its intensive coverage, especially in the area 

near the center, it results in a very high 𝑃𝑂𝐷 , but it covers a limited area since is unable to cover 

effectively the search area when the length of the search legs exceeds the sweep width by three times, 

decreasing the  𝑃𝑂𝐷 value. For aircrafts who perform the search, the search pattern radius is  usually 

between 5 NM and 20 NM, and the angle between successive search legs will depend on the radius 

used and the maximum track spacing at the ends of the search legs. In case of vessels, the search 

pattern radius is usually between 2 NM and 5 NM, and each turn is 120o, and when performed by multiple 

vessels, the second vessel starts the sweep with a 30o to starboard from the first vessel, with a delay 

between them to avoid collision at or near the datum location (Royal New Zealand Coastguard 2010). 

Normally in this pattern, all turns are made to starboard. 

  

Parallel sweep search pattern 

The PS pattern, illustrated in Figure 3-10, is used when the established search area is large and the 

location of the target is uncertain. This search pattern is very versatile and can be easily adapted to suit 

search areas of different sizes or shapes, providing a uniform coverage. In this pattern, the SRU starts 

in a corner of the search area, at one-half of the track space from both sides inside of the corner, and 

the search legs are parallel to the major axis of the search area, distancing 𝑆 from each other. The 

search legs cease when the SRU reaches the limits of the search area and this pattern can be carried 

out by a single vessel or multiple vessels. 

 

 

Figure 3-9: Sector search pattern, taken from IMO & ICAO (2010) 
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Creeping line search pattern  

The CS pattern, performed by the aircraft illustrated in Figure 3-11, is very similar to the PS pattern, 

except for the fact that the search legs are parallel to the minor axis of the search area. Due to its 

configuration, the SRU needs to perform more turns to cover the same area, when compared to the SS 

pattern, becoming less efficient unless the pattern is executed by an aircraft combined with a vessel.  In 

this scenario, the aircraft sweeps the search area using the creeping line pattern while the vessel follows 

a course along to major axis of the search area, crossing by its center, as represented in Figure 3-11. In 

this type of sweep, the velocities of both SRUs should be well coordinated so that, the aircraft passes 

above the vessel when they both reach the middle point of each search leg.  

Figure 3-10: Parallel track search pattern, taken from IMO & ICAO (2010) 

Figure 3-11: Creeping line search pattern performed by an aircraft assisted by a vessel, taken from  

IMO & ICAO (2010) 
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4. SAR decision support tool 

A SAR DSS is a search planning tool, which should have a drift model with uncertainty propagation 

incorporated, to generate a search area based on the estimations of the  initial position of the target and 

its motion due to winds and currents, according to the information collected related to the distress 

occurrence. Then the tool should defined the search area where the target should be found, and create 

a probability density distribution of the  location of the target (Allen and Plourde 1999). Lastly, it should 

be capable to simulate search operations in other to assess their efficiency in achieving the operation 

success. 

As mentioned before, the SAROPS is a search planning tool used in maritime searches, which provides 

capabilities for search theory-based search planning (Kratzke, Stone, and Frost 2010). This software is 

a search planning tool based on MCS that replaced the CASP, where the wind and current forecasting 

is obtained via an environmental data server. This tool not only gives the estimation of the search area 

but also recommends search routes for several search units which maximize the 𝑃𝑂𝐷 (Breivik et al. 

2013), and therefore the 𝑃𝑂𝑆 . For a further understanding on how SAROPS operates, it is 

recommended looking into the article written by Kratzke et al. (2010). Similarly to the SAROPS is the 

OVERSEE developed by the Portuguese Navy together with the ANM and the Portuguese company, 

Critical Software (Lourenço 2018). This software is a winning-award software that has been already 

used in other countries, and besides providing SAR operations support, it oversees the fishing activity 

and the maritime environment (Governo de Portugal 2017). Another other DSS is the CANSARP 

developed by the Canadian Coast Guard (Canadian Coast Guard 2014).  

 

4.1. The SAR tool algorithm  

The algorithm developed within the scope of this thesis took the work developed by Vettor and Guedes 

Soares (2015) in consideration, and is designed with the same outline as the DSS for SAR operations 

presented by Abi-Zeid et al. (2019). The SAR tool algorithm is implemented in MATLAB and it is divided 

in different modules.  

Figure 4-1 presents main elements of the developed algorithm. The algorithm consists mainly of three 

modules: DRIFT MODULE, SEARCH MODULE and EFFICIENCY EVALUATION MODULE. This 

algorithm is set to start by asking the user if he wants to start the simulation of a new scenario, or if he 

only wants to simulate the previous scenario but with different search parameters, or if he wants to reset 

the EXCEL file which is created to register the outcomes of each simulation. Choosing the first option, 

the algorithm immediately initiates DRIFT MODULE, and after that it runs SEARCH MODULE followed 

by EFFICIENCY EVALUATION MODULE. The second choice uses results of the drift model of the 

previous simulation and it starts off from Search Module. The last option resets the simulations already 

performed by deleting all the files created in the previous simulations, as well as the EXCEL file, before 

running DRIFT MODULE followed by the other modules.  
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4.1.1. The drift model 

DRIFT MODULE, presented in the diagram from Figure 4-2, starts by creating a SAR case containing 

all the information available related to the distress occurrence, the characteristics of the vessel, its LKP 

and other relevant details, according to the scenario chosen by the user. Also, it asks the user to input 

the number of MCSs desired. After having all the details for the drift simulation, the algorithm computes 

the final position of the target for each simulation.  

To compute the final position of the target, the model takes into account the uncertainties associated to 

the drift parameters, such as the LKP, the shape of the drifting object, the weather conditions and the 

state of the sea. This model uses the coefficients of the drift objects presented in Annex B and it is based 

on the model validated by Gago (2018). 

Figure 4-1: Diagram for the algorithm of the developed SAR tool 
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The uncertainties on the relevant parameters of the model are described by probability distributions 

(Breivik 2008). In this model, the relevant parameters are considered to be the LKP coordinates (𝑋𝑖 and 

𝑌𝑖) and the error factors for the leeway components of the floating object (휀𝐷, 휀𝐶𝑅
 and 휀𝐶𝐿

). They all follow 

normal distributions with mean value equal to 0 and standard deviation 𝜎𝑛 defined by Equation (4.1) to 

Equation (4.5). 

 𝑋𝑖~𝑁(0, 𝜎𝑋𝑖

2 ) (4.1) 

 𝑌𝑖~𝑁(0, 𝜎𝑌𝑖

2 ) (4.2) 

 휀𝐷~𝑁(0, 𝜎𝜀𝐷
2 ) (4.3) 

 휀𝐶𝑅
~𝑁(0, 𝜎𝜀𝐶𝑅

2 ) (4.4) 

 휀𝐶𝐿
~𝑁(0, 𝜎𝜀𝐶𝐿

2 ) (4.5) 

Figure 4-2: Diagram for the algorithm of the DRIFT MODULE 
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Then the Inverse Transformation Method is applied to generate a random sample for each variable with 

size equal to the number of simulations inputted, using the Inverse Normal Cumulative Distribution 

Function, as represented in Equation (4.6) to Equation (4.10). 

 𝑋𝑖𝑗
= 𝐹𝑁

−1(𝑟𝑎𝑛𝑑𝑜𝑚𝑗 ; 0; 𝜎𝑋𝑖
) , 𝑗 = 1, 2, … , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 (4.6) 

 𝑌𝑖𝑗
= 𝐹𝑁

−1(𝑟𝑎𝑛𝑑𝑜𝑚𝑗; 0; 𝜎𝑌𝑖
) , 𝑗 = 1, 2, … , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 (4.7) 

 휀𝐷𝑗
= 𝐹𝑁

−1(𝑟𝑎𝑛𝑑𝑜𝑚𝑗; 0; 𝜎𝜀𝐷
) , 𝑗 = 1, 2, … , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 (4.8) 

 휀𝐶𝑅𝑗
= 𝐹𝑁

−1 (𝑟𝑎𝑛𝑑𝑜𝑚𝑗 ; 0; 𝜎𝜀𝐶𝑅
) , 𝑗 = 1, 2, … , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 (4.9) 

 휀𝐶𝐿𝑗
= 𝐹𝑁

−1 (𝑟𝑎𝑛𝑑𝑜𝑚𝑗 ; 0; 𝜎𝜀𝐶𝐿
) , 𝑗 = 1, 2, … , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 (4.10) 

Where 𝑟𝑎𝑛𝑑𝑜𝑚𝑗  are realizations of a uniform [0, 1]  random variable. The standard deviation of the 

variables for the LKP shown in Equations (4.6) and (4.7) are determined using Equation (4.11), where 

𝜎 is the standard deviation, 𝑐 will be model key variable and it represents the upper limit value of the 

probability interval, 𝜇 is the mean value of the distribution, Φ−1 is the Inverse of the Standard Normal 

Cumulative Distribution Function and 𝑃 is the probability of a given event, which will be also an input 

variable. 

 𝜎 =
𝑐 − 𝜇

Φ−1[𝑃(𝑋 ≤ 𝜇 + 𝑐)]
=

𝑐 − 𝜇

Φ−1 [1 −
1 − 𝑃(𝜇 − 𝑐 ≤ 𝑋 ≤ 𝜇 + 𝑐)

2
]
 

(4.11) 

The parameters related to the weather and sea conditions, such as the wind velocity, 𝑉𝑤  , the wind 

direction, 𝛼𝑤, the current velocity, 𝑉𝑐, and the current direction, 𝛼𝑐, are key variables and are defined as 

constants throughout the entire simulation. Note that when the direction of the wind vector and current 

vector are represented by 𝛼 (𝛼𝑤 and 𝛼𝑐), it indicates that the angles are represented in a 0° to 360° 

referential, being 0° for the North direction, rising in clockwise direction, 𝛼 ∈ [0°; 360°[. But during the 

calculations, the direction values must be converted to a different referential represented by 𝜃 which 

starts at 0° for the East direction rising up to 180° in counter-clockwise direction and decreasing down 

to −180° in clockwise direction, 𝜃 ∈ [−180°; 180°[. This conversion is made using Equation (4.12), and 

Equation (4.13) is used for the other way around. 

 
𝜃 = {

90 − 𝛼  , 𝛼 ∈ [−180°; 270°[ 

450 − 𝛼   , 𝛼 ∈ [270°; 360°[
 (4.12) 

 
𝛼 = {

90 − 𝜃  , 𝜃 ∈ [−180°; 90°[ 

450 − 𝜃   , 𝜃 ∈ [90°; 180°[
 (4.13) 

Like the leeway vector, the leeway velocity can be decomposed by a downwind component, 𝐿𝐷, and a 

crosswind component, and this last component can be classified as right crosswind component, 𝐿𝐶+, or 

left crosswind component, 𝐿𝐶− , depending on the position of the floating object relatively to the 



31 
 

downwind direction.  According with the work developed by Breivik et al. (2011), these three components 

can be defined by Equations (4.14), (4.15) and (4.16) respectively.  

 𝐿𝐷[𝑚/𝑠] = 𝑎𝐷 ∙ 𝑉𝑤[𝑚/𝑠] + 𝑏𝐷[𝑚/𝑠] (4.14) 

 𝐿𝐶+[𝑚/𝑠] = 𝑎𝐶+ ∙ 𝑉𝑤[𝑚/𝑠] + 𝑏𝐶+[𝑚/𝑠] (4.15) 

 𝐿𝐶−[𝑚/𝑠] = 𝑎𝐶− ∙ 𝑉𝑤[𝑚/𝑠] + 𝑏𝐶−[𝑚/𝑠] (4.16) 

Where 𝑎𝑛 and 𝑏𝑛 are calculated using Equations (4.17) and (4.18), which corresponds to the slope and 

the offset with an associated uncertainty included, respectively. The variable 휀𝑛  corresponds to a 

common perturbation drawn from the normal distribution (Breivik and Allen 2008) and it is calculated 

using Equations (4.8), (4.9) or (4.10), according to each case. Here, the 𝑛 subscript can be replaced by 

𝐷 for downwind leeway, 𝐶+ for right crosswind leeway or  𝐶− for left crosswind leeway. 

 
𝑎𝑛 =

𝑠𝑙𝑜𝑝𝑒[%]

100
+

휀𝑛[𝑚/𝑠]

20
 (4.17) 

 
𝑏𝑛[𝑚/𝑠] =

𝑜𝑓𝑓𝑠𝑒𝑡[𝑐𝑚/𝑠]

100
+

휀𝑛[𝑚/𝑠]

2
 (4.18) 

Using the concepts of right crosswind drift and left crosswind drift, the leeway velocity vector  

𝑽𝐿 can be written as Equation (4.20), in case of right drift, and Equation (4.21), in case of left drift.  

   𝑽𝐿 = {
𝑽𝐿𝐷

+ 𝑽𝑳
𝐶+  ,       𝑓𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑑𝑟𝑖𝑓𝑡

𝑽𝐿𝐷
+ 𝑽𝑳𝐶−    ,         𝑓𝑜𝑟 𝑙𝑒𝑓𝑡 𝑑𝑟𝑖𝑓𝑡

  (4.19) 

 𝑽𝐿+ = (𝑉𝐿𝑥
+ , 𝑉𝐿𝑦

+) = (𝑉𝐿𝐷
∙ cos 𝜃𝑤 + 𝑉𝐿

𝐶+ ∙ sin 𝜃𝑤  , 𝑉𝐿𝐷
∙ sin 𝜃𝑤 − 𝑉𝐿

𝐶+ ∙ cos 𝜃𝑤) (4.20) 

 𝑽𝐿− = (𝑉𝐿𝑥
−, 𝑉𝐿𝑦

−) = (𝑉𝐿𝐷
∙ cos 𝜃𝑤 + 𝑉𝐿𝐶− ∙ sin 𝜃𝑤  , 𝑉𝐿𝐷

∙ sin 𝜃𝑤 − 𝑉𝐿𝐶− ∙ cos 𝜃𝑤) (4.21) 

In the end, the leeway vector is defined as in Equation (4.22) by multiplying the velocity vector and the 

drifting time period. 

 𝑳 = ∆𝑡 ∙ 𝑽𝐿 (4.22) 

Decomposing the vector in components, Equation (4.22) becomes Equation (4.23), where the Leeway 

angle is calculated using Equation  (4.24). 

 𝑳 = (𝐿𝑥 , 𝐿𝑦) = ∆𝑡[𝑉𝐿 cos(𝜃𝑤 − 𝐿𝛼) , 𝑉𝐿 sin(𝜃𝑤 − 𝐿𝛼)] (4.23) 

 𝐿𝛼 = 𝜃𝑤 − 𝑎𝑡𝑎𝑛2(𝐿𝑦 , 𝐿𝑥) (4.24) 

Given that the total drift of a floating object not only results from the action of the wind but also results 

from the action of surface currents, and knowing the leeway vector only takes into account the influence 

of the wind, it is necessary to complement the it with the current vector, 𝑪, to obtain the drift vector, 𝑫, 

as in Equation (4.25). The drift vector represents the distance between the initial position of the floating 
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object, (𝑋𝑖 , 𝑌𝑖), which will be considered as the LKP,  and the estimated final position, (𝑋𝑓 , 𝑌𝑓).  The 

current vector is defined as in Equation (4.27). 

 𝑫 = 𝑳 + 𝑪 (4.25) 

 𝑪 = ∆𝑡 ∙ 𝑽𝐶 (4.26) 

 𝑪 = (𝐶𝑥, 𝐶𝑦) = ∆𝑡(𝑉𝑐 cos 𝜃𝑐 , 𝑉𝑐 sin 𝜃𝑐) (4.27) 

Using Equations (4.23) and (4.27), Equation (4.25) can be written as Equation (4.28). 

 𝑫 = (𝐷𝑥 , 𝐷𝑦) = (𝐿𝑥 + 𝐶𝑥, 𝐿𝑦 + 𝐶𝑦) (4.28) 

The final location of the drifting object is calculated using Equation (4.29) which can be unfolded into 

Equation (4.30). 

 (𝑋𝑓 , 𝑌𝑓) = (𝑋𝑖 , 𝑌𝑖) + 𝑫 = (𝑋𝑖 + 𝐷𝑥 , 𝑌𝑖 + 𝐷𝑦) (4.29) 

 {
𝑋𝑓 = 𝑋𝑖 + ∆𝑡[𝑉𝐿 cos(𝜃𝑤 − 𝐿𝛼) + 𝑉𝑐 cos(𝜃𝑐)]

𝑌𝑓 = 𝑌𝑖 + ∆𝑡[𝑉𝐿 sin(𝜃𝑤 − 𝐿𝛼) + 𝑉𝑐 sin(𝜃𝑐)]
 (4.30) 

For the SMC to use the obtained results from Equation (4.30) in a real case scenario, it is necessary to 

transform the 𝑋𝑌 coordinates into latitude and longitude coordinates, so they can be represented over 

a world map. This transformation is done by using Equation (4.31) which is based on the Haversine 

Formula, where 𝛿 represents the angular distance of a point, which is calculated using Equation (4.32), 

and 𝛼𝑏  represents the bearing angle which starts counting from the North direction and grows in 

clockwise direction. Equation (4.31) gives the final location in latitude and longitude coordinates, using 

the distance between the initial and final locations in cartesian coordinates and a bearing angle from a 

starting point, which is a key variable. 

 {
𝐿𝑎𝑡𝑓 = sin−1(sin(𝐿𝑎𝑡𝑖) cos(𝛿) + cos(𝐿𝑎𝑡𝑖) sin(𝛿) cos(𝛼𝑏))

𝐿𝑜𝑛𝑓 = 𝐿𝑜𝑛𝑖 + atan2(sin(𝛼𝑏) sin(𝛿) cos(𝐿𝑎𝑡𝑖) , cos(𝛿) − sin(𝐿𝑎𝑡𝑖) sin(𝐿𝑎𝑡𝑓)
 (4.31) 

 𝛿 =
𝑑

𝑅
 (4.32) 

In Equation (4.32), 𝑑 represents the distance between the initial and final locations of the drifting object, 

obtained using Equation (4.33), and 𝑅 represents the Earth radius, equal to 6371km. 

 𝑑 = √(𝑌𝑓 − 𝑌𝑖)
2

+ (𝑋𝑓 − 𝑋𝑖)
2
 (4.33) 

By using the Haversine Formula, the model is adding one more uncertainty to the list of uncertainties 

derived from the wind, the current, the LKP and the drifting object. The Haversine Formula simplifies the 

calculation by considering the Earth as a spherical form. Since the Earth is not a sphere but has an 
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ellipsoid shape, the error associated is around the 0.3% which is considerably acceptable according 

with Veness (2020).  

The drift model will register the position of each floating objects randomly generated every hour within 

a period of time stablished in the scenario chosen. At the end of this time period, after obtaining the final 

position of every case, the results are displayed in a scatter plot for a better understanding. The final 

location of each floating object will be spread all over a certain area where it will be possible to distinguish 

one or more locations with a higher probability of occurrence and when moving further away from those 

locations, the number of occurrences will decrease. Then those results are modelled and plotted into a 

three-dimensional Gaussian Mixture Model (GMM), and from there, SEARCH MODULE starts after 

saving the variables of the final location of the target, the GMM and the scenario data into files. 

This model also takes into account the orientation of the floating object relatively to the downwind 

direction. Since it is impossible to know, the drift is defined by a random number between 0 and 1 and 

it is given a 50% chance to either drift to the right or drift to the left from the downwind direction. Also, 

the possibility of jibing is considered in order to define the direction of the drift, making the simulation 

closer to the reality. According to the work developed by Allen (2005), the recommended value for the 

jibing frequency is about 4% per hour, which makes it possible to simulate the rotation of the floating 

object due to the action of waves and wind that can invert the leeway angle, changing the course of the 

drift.  

To summarize, the resulting search area is obtained by using MCS, leeway equations and leeway 

characteristics of a particular object, where the starting point of the simulation, which is the LKP of the 

object, is assumed to be a point in space and time. Also, the wind and current characteristics such as 

direction and velocity are maintained constant throughout the whole simulation. This model has as inputs 

the following variables: 

• Leeway coefficients of the floating object type, according to the Allen (2005) data base and 

presented in Annex B; 

• Time of the initial and final location, 𝑡𝑖 and 𝑡𝑓, respectively; 

• Wind velocity value, 𝑉𝑤 [kt]; 

• Wind direction value, 𝛼𝑤 [deg]; 

• Current velocity value, 𝑉𝑐 [kt]; 

• Current direction value, 𝛼𝑐 [deg]; 

• Initial location latitude and longitude coordinate value, 𝐿𝑎𝑡𝑖 and 𝐿𝑜𝑛𝑖, respectively [deg]; 

• Initial location X coordinate upper value of probability interval, 𝑐𝑋𝑖
 [NM]; 

• Probability of value X being inside the probability interval, 𝑃𝑋𝑖
(−𝑐𝑋𝑖

≤ 𝑋 ≤ 𝑐𝑋𝑖
); 

• Initial location Y coordinate upper value of probability interval, 𝑐𝑌𝑖
 [NM]; 

• Probability of value Y being inside the probability interval, 𝑃𝑌𝑖
(−𝑐𝑌𝑖

≤ 𝑌 ≤ 𝑐𝑌𝑖
); 

It is important to note that during the calculation, the units of all variables must be in the International 

System of Units, meaning that the distances must be represented in meters, the velocities in meters per 
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second and the angles in radians. Also, it is important to highlight that the angles must be in the 

[−180°; 180°[ referential. 

 

4.1.2. The search model 

After obtaining the probability density distribution for the location of the missing object, that represents 

the total size of the search area obtained, the algorithm initiates SEARCH MODULE, represented in the 

diagram in Figure 4-3, by asking the user to input the values for each search parameters, such as the 

velocity of the SRU, the sweep width, the track spacing, and the confidence level, and again, the number 

of simulations desired. 

Like the drift model, the search model also uses MCS. Targets are randomly generated according to the 

number of simulation desired. The search area is reduced conforming to the confidence level inputted 

which will influence the number of targets generated inside the area, depending on the GMM obtained 

in DRIFT MODULE. Then the model starts to simulate two different search pattern, according to the 

search parameters inputted by the SMC.  

Figure 4-3:  Diagram for the algorithm of  SEARCH MODULE 
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The search patterns in focus are the PS and the SS, which are performed according to the layouts 

shown in Figure 3-10 and Figure 3-8, respectively. The sweep performed by both patterns follows the 

steps represented in the diagram from Figure 4-4.  

In the PS pattern sweep, represented in Figure 4-5 (a), the SRU starts on the top right corner of the 

search area and it moves in the downward direction until it reaches the end of the search area. In the 

other search pattern, represented in Figure 4-5 (b), the starting point of the SRU is the center of the 

search area, which is the location with the highest probability to find the drifting object according to the 

probability distribution obtained from the drift model, and it follows a square shape trajectory that 

expands in the outward direction, looking like a square shape spiral.  

Figure 4-4: Diagram for both algorithms of the PS and SS patterns 
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During the sweep, the SRU moves in small distance increments defined by its velocity (𝑣) and a  given 

time step (𝑇), inputted by the user, as presented in Equation (4.34). But, in reality, the SRU moves 

continuously and scans the search area at the same time, but for implementation purposes, the SRU is 

defined to scan its surroundings at every time step.  

 𝑆𝑅𝑈 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 = 𝑣 ∗ 𝑇 (4.34) 

Like it was mention before, the detection performance of the SRU depends on many factors, such as 

the size, shape and color of the floating object, the environmental conditions, and the characteristics of 

the sensor on board of the SRU. To simplify the algorithm, it is assumed that the sensor used is a 

“perfect” sensor, meaning that its sweep width will correspond to its maximum detection distance and, 

it can certainly detect the drifting object within that range. The range is defined by a probability detection 

function which relates the probability of detecting the object and the distance between the object and 

the sensor (Zhang et al. 2016), as represented in Equation (4.35), where 𝑑 represents that distance, 

and 𝛼 and 𝛽 are model parameters related to search condition factors such as the weather conditions 

at the time of the search and the detection ability of the SRU.  

 𝑃(𝑑) = { 1 − 𝑒
−(

𝑑−𝛼
𝛽

)
2

, 𝛼 ≤ 𝑥
0                       , 𝑥 < 𝛼 

 (4.35) 

In Figure 4-6 is presented several lateral range curves obtained from Equation (4.35) by using different 

values for the 𝛼  and 𝛽  parameters. These curves illustrate the relation between the probability of 

detection of the SRU and the distance between the SRU and the search target, and from Figure 4-6 it 

is possible to observe that larger values for the 𝛼 and 𝛽 parameters, leads to better a performance on 

detecting the target (Zhang et al. 2016). 

Figure 4-5: Search model’s Parallel sweep pattern, (a), and expansion square pattern, (b), considered 

in the search model 

(a (b 
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According to the search parameters inputted by the user, the SRU sweeps the search area defined and 

if it detects the target, the algorithm registers the time to detect it and advances for the search simulation 

of another target. If not, that search simulation stops when reaching the end of the search area and 

immediately advances for the next one. This keeps continuing until the algorithm simulates the search 

for every random target generated.  

 

4.1.3. Output results 

The SAR tool algorithm ends it with the evaluation of the efficiency of the search simulation performed 

by using the PS pattern and the SS pattern. For each algorithm run, the algorithm checks how many 

targets are generated inside the defined search area, and how many targets are detected, and then 

computes the probabilities 𝑃(𝐼𝑛) and 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡), using Equation (4.36) and Equation (4.37) respectively, 

as represented in Figure 4-7.  

With those both probabilities, the algorithm computes the 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡 ∩ 𝐼𝑛), which corresponds to the 𝑃𝑂𝑆. 

Since both events are independent, the 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡 ∩ 𝐼𝑛)  is computed using Equation (4.38), by 

multiplying 𝑃(𝐼𝑛) with 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡). In the end, Equation (4.38) corresponds to Equation (3.16). 

 𝑃(𝐼𝑛) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑠𝑒𝑎𝑟𝑐ℎ 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
 (4.36) 

 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
 (4.37) 

 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡 ∩ 𝐼𝑛) = 𝑃(𝐼𝑛) × 𝑃(𝐷𝑒𝑡𝑒𝑐𝑡) (4.38) 

Figure 4-6: Lateral range curves obtained with different combination of values for the 𝛼 

and 𝛽 parameters, taken from J. F. Zhang et al. (2016)  
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Since the detection time is one of the variables to assess the efficiency of a search operation, the 

algorithm also computes the mean time of detection using Equation (4.39). 

 𝑀𝑒𝑎𝑛 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑑𝑒𝑡𝑒𝑐𝑡 =  
∑ 𝑇𝑖𝑚𝑒 𝑡𝑜 𝑑𝑒𝑡𝑒𝑐𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑡𝑎𝑟𝑔𝑒𝑡

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑
 (4.39) 

The algorithm finalizes by recording those results in an EXCEL file in order to facilitate their analysis, 

together with the search parameters inputted by the user. 

 

4.2. Predetermined scenarios 

The drift model was implemented to analyze one of four predetermined scenarios, but the value of their 

parameters, which corresponds to the inputs of the drift model, can be changed manually to simulate a 

particular case. The location of these scenarios is the same within Portuguese waters, but they are 

under different meteorological conditions and have different targets.  

The occurrences take place about 50 NM from Peniche, where, according to Dionísio (2018), numerous 

maritime accidents took place from 2011 and 2016 with both leisure vessel and fishing vessels, under 

two different sea state conditions: Sea State A, represented in Figure 4-8, portrays a sea under strong 

winds coming from North registered on July 9th at 4 o’clock in the morning, and Sea State B, represented 

Figure 4-7: Diagram for the algorithm of EFFICIENCY EVALUATION MODULE 
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in Figure 4-9, portrays a sea under a very calm weather conditions recorded on July 9th at 4 o’clock in 

the evening.       

 

In Scenario 1 and Scenario 2 the target is a fishing vessel, where in the first case, the vessel is drifting 

under Sea State A conditions and, in the second case the fishing vessel drifts under Sea State B 

conditions. In Scenario 3 the target is changed to a person in water (PIW) in the horizontal position 

wearing a survival suit, and in Scenario 4 the target is a life-raft from an aircraft with a capacity for 4 to 

6 persons, with a canopy and with no ballast, or drogue. In these last two cases, both targets move 

under Sea State A conditions. In every case scenario, the Distress Phase is declared almost 5 hours 

after the distress signal was received by the RCC, meaning that the SAR mission planning only started 

5 hours later, and the target kept drifting during that time. The characteristics of each object can be 

found in Annex B, and from Table 4-1 to Table 4-4 are listed the drift model inputs for each scenario  

 

Figure 4-8: Weather conditions of Sea State A, taken from Lukačovič (2020)  

Figure 4-9: Weather conditions of Sea State B, taken from Lukačovič (2020) 
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Table 4-1: Scenario 1 parameters (drift model inputs)  

SCENARIO 1 

Target: FISHING-VESSEL-1 

Downwind component slope [%] 2.47 

Downwind component offset [cm/s] 0.00 

Downwind component standard deviation [cm/s] 12.00 

Right crosswind component slope [%] 2.76 

Right crosswind component offset [cm/s] 0.00 

Right crosswind component standard deviation [cm/s] 9.40 

Left crosswind component slope [%] -2.76 

Left crosswind component offset [cm/s] 0.00 

Left crosswind component standard deviation [cm/s] 9.40 

Initial location X coordinate mean value (𝑋𝑖) [NM] 0.00 

Initial location X coordinate upper value of probability interval (𝑐𝑋𝑖
) [NM] 0.05 

Probability of value X being inside the probability interval (𝑃𝑋𝑖
(−𝑐𝑋𝑖

≤ 𝑋 ≤ 𝑐𝑋𝑖
)) 0.9 

Initial location Y coordinate mean value (𝑌𝑖) [NM] 0.00 

Initial location Y coordinate upper value of probability interval (𝑐𝑌𝑖
) [NM] 0.05 

Probability of value Y being inside the probability interval (𝑃𝑌𝑖
(−𝑐𝑌𝑖

≤ 𝑌 ≤ 𝑐𝑌𝑖
)) 0.9 

Initial location latitude coordinate value (𝐿𝑎𝑡𝑖) [deg] 40.727 

Initial location longitude coordinate value (𝐿𝑜𝑛𝑖) [deg] -10.1956 

Time of the initial location (𝑡𝑖) 04:00, 2020 July 9th 

Time of the final location (𝑡𝑓) 09:00, 2020 July 9th 

Wind velocity value (𝑉𝑤) [kt] 25 

Wind direction value (𝛼𝑤) [deg] 165 

Current velocity value (𝑉𝑐) [kt] 0.1 

Current direction value (𝛼𝑐) [deg] 30 
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Table 4-2: Scenario 2 parameters (drift model inputs) 

SCENARIO 2 

Target: FISHING-VESSEL-1 

Downwind component slope [%] 2.47 

Downwind component offset [cm/s] 0.00 

Downwind component standard deviation [cm/s] 12.00 

Right crosswind component slope [%] 2.76 

Right crosswind component offset [cm/s] 0.00 

Right crosswind component standard deviation [cm/s] 9.40 

Left crosswind component slope [%] -2.76 

Left crosswind component offset [cm/s] 0.00 

Left crosswind component standard deviation [cm/s] 9.40 

Initial location X coordinate mean value (𝑋𝑖) [NM] 0.00 

Initial location X coordinate upper value of probability interval (𝑐𝑋𝑖
) [NM] 0.05 

Probability of value X being inside the probability interval (𝑃𝑋𝑖
(−𝑐𝑋𝑖

≤ 𝑋 ≤ 𝑐𝑋𝑖
)) 0.9 

Initial location Y coordinate mean value (𝑌𝑖) [NM] 0.00 

Initial location Y coordinate upper value of probability interval (𝑐𝑌𝑖
) [NM] 0.05 

Probability of value Y being inside the probability interval (𝑃𝑌𝑖
(−𝑐𝑌𝑖

≤ 𝑌 ≤ 𝑐𝑌𝑖
)) 0.9 

Initial location latitude coordinate value (𝐿𝑎𝑡𝑖) [deg] 40.727 

Initial location longitude coordinate value (𝐿𝑜𝑛𝑖) [deg] -10.1956 

Time of the initial location (𝑡𝑖) 16:00, 2020 July 9th 

Time of the final location (𝑡𝑓) 21:00, 2020 July 9th 

Wind velocity value (𝑉𝑤) [kt] 13 

Wind direction value (𝛼𝑤) [deg] 20 

Current velocity value (𝑉𝑐) [kt] 0.1 

Current direction value (𝛼𝑐) [deg] 260 
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Table 4-3: Scenario 3 parameters (drift model inputs) 

SCENARIO 3 

Target: PIW-4 

Downwind component slope [%] 1.71 

Downwind component offset [cm/s] 1.12 

Downwind component standard deviation [cm/s] 3.93 

Right crosswind component slope [%] 1.36 

Right crosswind component offset [cm/s] -3.30 

Right crosswind component standard deviation [cm/s] 1.71 

Left crosswind component slope [%] -0.13 

Left crosswind component offset [cm/s] -2.65 

Left crosswind component standard deviation [cm/s] 1.62 

Initial location X coordinate mean value (𝑋𝑖) [NM] 0.00 

Initial location X coordinate upper value of probability interval (𝑐𝑋𝑖
) [NM] 0.05 

Probability of value X being inside the probability interval (𝑃𝑋𝑖
(−𝑐𝑋𝑖

≤ 𝑋 ≤ 𝑐𝑋𝑖
)) 0.9 

Initial location Y coordinate mean value (𝑌𝑖) [NM] 0.00 

Initial location Y coordinate upper value of probability interval (𝑐𝑌𝑖
) [NM] 0.05 

Probability of value Y being inside the probability interval (𝑃𝑌𝑖
(−𝑐𝑌𝑖

≤ 𝑌 ≤ 𝑐𝑌𝑖
)) 0.9 

Initial location latitude coordinate value (𝐿𝑎𝑡𝑖) [deg] 40.727 

Initial location longitude coordinate value (𝐿𝑜𝑛𝑖) [deg] -10.1956 

Time of the initial location (𝑡𝑖) 04:00, 2020 July 9th 

Time of the final location (𝑡𝑓) 09:00, 2020 July 9th 

Wind velocity value (𝑉𝑤) [kt] 25 

Wind direction value (𝛼𝑤) [deg] 20 

Current velocity value (𝑉𝑐) [kt] 0.1 

Current direction value (𝛼𝑐) [deg] 260 
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Table 4-4: Scenario 4 parameters (drift model inputs) 

SCENARIO 4 

Target: AVIATION-1 (life-raft for 4-6 person) 

Downwind component slope [%] 3.39 

Downwind component offset [cm/s] 0.00 

Downwind component standard deviation [cm/s] 2.40 

Right crosswind component slope [%] 1.49 

Right crosswind component offset [cm/s] 0.00 

Right crosswind component standard deviation [cm/s] 2.40 

Left crosswind component slope [%] -1.49 

Left crosswind component offset [cm/s] 0.00 

Left crosswind component standard deviation [cm/s] 2.40 

Initial location X coordinate mean value (𝑋𝑖) [NM] 0.00 

Initial location X coordinate upper value of probability interval (𝑐𝑋𝑖
) [NM] 0.05 

Probability of value X being inside the probability interval (𝑃𝑋𝑖
(−𝑐𝑋𝑖

≤ 𝑋 ≤ 𝑐𝑋𝑖
)) 0.9 

Initial location Y coordinate mean value (𝑌𝑖) [NM] 0.00 

Initial location Y coordinate upper value of probability interval (𝑐𝑌𝑖
) [NM] 0.05 

Probability of value Y being inside the probability interval (𝑃𝑌𝑖
(−𝑐𝑌𝑖

≤ 𝑌 ≤ 𝑐𝑌𝑖
)) 0.9 

Initial location latitude coordinate value (𝐿𝑎𝑡𝑖) [deg] 40.727 

Initial location longitude coordinate value (𝐿𝑜𝑛𝑖) [deg] -10.1956 

Time of the initial location (𝑡𝑖) 04:00, 2020 July 9th 

Time of the final location (𝑡𝑓) 09:00, 2020 July 9th 

Wind velocity value (𝑉𝑤) [kt] 25 

Wind direction value (𝛼𝑤) [deg] 165 

Current velocity value (𝑉𝑐) [kt] 0.1 

Current direction value (𝛼𝑐) [deg] 30 
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5. Results analysis and discussion 

To study the efficiency of SAR operations, the SAR decision support tool is used to simulate the four 

scenarios described in Section 4.2 and the two search patterns, represented in Figure 4-5 are tested. 

For each scenario, the search parameters are analyzed in order to understand how they affect the 𝑃𝑂𝑆 

and the time used to detect the missing target. To serve as a mean for comparison, it is set the 

combination of search parameters listed in Table 5-1 as base. In Annex C are presented the scatter plots 

of the initial and final positions of the possible targets resultant of the drift simulation.   

Table 5-1: Search model base parameters 

Search model base parameters 

Number of simulations  2000 

Confidence Level 90% 

Time step 1 minute 

Track spacing (S) 1000 m 

Sweep width 1000 m (𝛼 = 1000 and 𝛽 = 500) 

SRU velocity 15 knots 

 

5.1. Scenario 1 

In Scenario 1, after drifting for 5 hours in rough waters, the possible final location of the fishing vessel is 

given by the probability density distribution represented in Figure 5-1 obtained from the drift model for 

2000 simulations. 

Figure 5-1: Probability density distribution for the final location of the target in Scenario 1   
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Figure 5-2 and Figure 5-3 represent the evolution of the 𝑃𝑂𝑆 and the time to detect the missing object 

when varying the confidence level from 50% to 99%, for determining the search area, respectively.  

 

As expected, when increasing the confidence level, the 𝑃𝑂𝑆  and the detection time also increases, 

Figure 5-2 and Figure 5-3, respectively. This increase is due to the size of the search area, when smaller 

the confidence level value smaller is the search area. Since the 𝑃𝑂𝑆 is affected by the 𝑃𝑂𝐶 and the 

𝑃𝑂𝐷, lower values of 𝑃𝑂𝑆 mean that either one of those probabilities are low. In this case, it is the 𝑃𝑂𝐶 
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that affect the 𝑃𝑂𝑆, since the number of targets randomly generated inside the designated search area 

increases with its expansion, see Figure 5-4. Similarly, the detection time also increases with the 

expansion of the search area. The faster increase of the detection time verified in the PS pattern is due 

to the fact that the targets are mostly located in a region of the search area where the SRU sweeps in 

last. 

Figure 5-5 and Figure 5-6 present, respectively, the developments of the 𝑃𝑂𝑆 and the detection time 

when varying the detection time step from 1 minute to 30 minutes.  
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When analyzing the graph presented in Figure 5-5  it is possible to verify that the 𝑃𝑂𝑆 decreases with 

the increase of the time step, but contrary to what happened with the confidence level, it is the 𝑃𝑂𝐷 that 

affects the 𝑃𝑂𝑆. For possible targets distributed over the same locations, the SRU detects less points 

when the time step rises as observed in Figure 5-7, meaning that the same target can be detected when 

the detection device is set to scan with 1 or 5 minutes of interval, but if the interval between scans is set 

as 20 or 30 minutes, the target is not detected. Relatively to the detection time, see Figure 5-6, the 

increase of the time step do not cause much variation. 
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Figure 5-8 and Figure 5-9 present the variation of 𝑃𝑂𝑆 and the detection time, respectively, when varying 

the track spacing from 250m to 2500m. As it can be observed, the increasing of the track spacing causes 

a decreasing of those variables, mostly because the capability of the SRU in detect also decreases, see 

Figure 5-10. Since the sweep width is equal to 1000m, the value for track spacing should be also 1000m 

for a perfect coverage of the search area. Surpassing that value, the number of targets detected start 

to decrease and consequently the 𝑃𝑂𝑆 also decreases. In case of the time to detect, see Figure 5-9, it 
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decreases  since the space between two search legs become larger and therefore, fewer search legs 

are needed to compose the search trajectory. 

In the following figures, Figure 5-11 to Figure 5-13, the sweep width is varied from 500m to 2000m. As 

expected, the 𝑃𝑂𝑆 increases with the increase of detection range, but when it reaches until a certain 

point, in this case the 1000m, that together with a track spacing of 1000m leads to a perfect coverage, 

the 𝑃𝑂𝑆 starts to increase very slowly, see Figure 5-11. Also, as expected the detection time decreases 

since the detection range gets bigger, see Figure 5-12. Starting from the 1000m of sweep width, and 

going up, the SRU is capable of detecting all the targets generated. 
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Figure 5-10: Number of targets detected inside the search area for the two trajectories, using different 

values of track spacing in Scenario 1 
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Figure 5-14 and Figure 5-15 present the evolution of the variables 𝑃𝑂𝑆 and detection time when varying 

the SRU velocity, respectively, from 10m/s to 20m/s. When analyzing the variation of the SRU velocity, 

the 𝑃𝑂𝑆 remains constant, see Figure 5-14,  since the number of targets detected and the number of 

target generated inside the search area are constant, meaning that both the 𝑃𝑂𝐶 and the 𝑃𝑂𝐷 do not 
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Figure 5-13: Number of targets detected inside the search area for the two trajectories, using different 

values of sweep width in Scenario 1 
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change with the variations of velocity, see Figure 5-16. Also, as expected, the detection time decreases 

with the increase of the SRU velocity since it takes lesser time to sweep the whole search area. 

 

When comparing both search patterns, the SS pattern have a much better performance than the PS 

pattern in every search parameter analysis, a reasonable 𝑃𝑂𝑆 value with lower detection time, since the 

SS pattern makes the SRU scans all four directions of the search area in turns and the PS pattern only 

scans in one direction. 
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For the next scenarios, the graphs obtained for the three last search parameters, the track spacing, the 

sweep width and the SRU velocity, are presented in Annex D since their analysis are very similar to the 

one made in this scenario. 

 

5.2. Scenario 2 

 

Figure 5-17: Probability density distribution for the final location of the target in Scenario 2 
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Figure 5-16: Number of targets detected inside the search area for the two trajectories, using different 
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Scenario 2 has the same target as Scenario 1, but the only difference is the environment conditions. In 

Scenario 2 the fishing vessel also drifts for 5 hours until the Distress Phase is declared, but in this case, 

it drifts in calm waters. The obtained probability density distribution for the final location of the target is 

presented in Figure 5-17. As expected, since the wind velocity is much lower than scenario 1, the target 

does not drift very far and therefore, the final search area is smaller when compared to the obtained in 

Scenario 1. 
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Figure 5-18 and Figure 5-19 represent the evolution of the variables used to assess the effectiveness 

of the SAR mission, the 𝑃𝑂𝑆  and the time used to detect the target respectively, when varying the 

confidence level from 50% to 99%. As it is possible to observe, both graphs show similar curves to the 

curves obtained for Scenario 1, the only difference is the range of detection time which is much smaller 

since it has a small search area to cover. Analysing Figure 5-20, it shows that the SRU can detect all 

targets generated inside the search area using either one of the patterns for almost all the confidence 

levels tested. The only case in which the SRU cannot detect all the targets is when the confidence level 

is set at 50% and the SRU follows a PS pattern.  
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Figure 5-20: Number of targets detected inside the search area for the two trajectories, using different 

values of confidence level in Scenario 2 
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Figure 5-21: Probability of success of the SAR mission for the two trajectories, using different values 

of time step in Scenario 2 
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The evolution of the 𝑃𝑂𝑆 and detection time variables when varying the time step parameter from 1 

minute to 30 minutes is shown in Figure 5-21 and Figure 5-22. Like it happened in the previous scenario, 

the major factor that influences both variables is the location where the targets are generated, which 

explains the oscillations observed in Figure 5-22, and the fact that the SRU fails to detect most of the 

targets for a 30 minutes time step, see Figure 5-23, leading to a very low 𝑃𝑂𝑆, see Figure 5-21.    
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Figure 5-22: Time to detect the target for the two trajectories, using different values of time step in 

Scenario 2 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1 5 10 15 20 25 30

N
u
m

b
e

r 
o

f 
p

o
in

ts
 

Time step [min]

Number of targets detected inside the search area

Parallel Track Search Pattern

Expansion Square Search Pattern

Total number of targets generated
inside the search area

Figure 5-23: The number of targets detected inside the search area for the two trajectories, using 

different values of time step in Scenario 2 
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When varying the other search parameters, the 𝑃𝑂𝑆 and detection time curves face the same evolution 

seen in the previous scenario, but for a smaller range of detection time since the search area is also 

reduced compared to Scenario 1. The increase of the track spacing leads to a decrease of the 𝑃𝑂𝑆 and 

detection time, when increasing the sweep width the 𝑃𝑂𝑆  also increases, and the detection time 

decreases, and finally with the increase of the SRU velocity makes the detection time decreases, but 

the 𝑃𝑂𝑆 remains constant, see Figure D-1 to Figure D-9. Also, like it happened in the previous scenario, 

the SAR operation is more efficient, best combination of values of 𝑃𝑂𝑆 and detection time, when the 

SRU performs the SS pattern than when it performs the PS pattern. 

 

5.3. Scenario 3 

Scenario 3 has the same environmental conditions as Scenario 1, but the target is now a PIW wearing 

a survival suit in the horizontal position. Since it is a different target with different leeway coefficients, 

the probability distribution obtained from the drift model for the final location of the target has a different 

shape from the one obtained in Scenario 1, leading to a search area with a different size, see Figure 

5-24. 

Figure 5-25 and Figure 5-26 represent the development of the variables 𝑃𝑂𝑆  and detection time, 

respectively, with the fluctuation of the confidence level from 50% to 99%. Analyzing both graphs, Figure 

5-25 and Figure 5-26, the development of the curves are, overall, very similar to the ones obtained in 

the previous scenarios despite of the oscillations observed. The fact that, in Figure 5-25, the 𝑃𝑂𝑆 is 

lower when the SRU is performing a SS pattern than when performing a PS pattern for a 55% confidence 

level, is due to the number of targets detected, although the difference between the two patterns are 

very tiny, see Figure 5-27. In Figure 5-26, the detection time curve obtained for the SS pattern does not 

Figure 5-24: Probability density distribution for the  final location of the target in Scenario 3 
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present a smooth curvature mostly because of the fact that the targets were generated near towards 

the edge of the search area. 
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Figure 5-25: Probability of success of the SAR mission for the two trajectories, using different values 

of confidence level in Scenario 3 
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Figure 5-26: Time to detect the target for the two trajectories, using different values of confidence 

level in Scenario 3 
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Figure 5-28 and Figure 5-29 present the evolution of the 𝑃𝑂𝑆 and the detection time when varying the 

time step from 1 minute to 30 minutes. The oscillations visible in the curve of the 𝑃𝑂𝑆 are due to the fact 

that the location where the targets were generate does not cross paths with the SRU trajectory or is not 

within the range of detection, therefore they are not detected, see Figure 5-30. Relatively to the time to 

detect variable, the same problem can affect it, as well as the fact that for the same target, the SRU can 

take longer to detect with a bigger time step than with a smaller time step. 
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Figure 5-27: Number of targets detected inside the search area for the two trajectories, using different 

values of confidence level in Scenario 3 
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Figure 5-28: Probability of success of the SAR mission for the two trajectories, using different values 

of time step in Scenario 3 
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Relatively to the other search parameters, see Figure D-10 to Figure D-18, the evolution of each curve 

is what was expected. The increase of the track spacing makes the number of detected targets 

decrease, leading to a decrease of the 𝑃𝑂𝑆  and the time to detect variables. The increase of the sweep 

width makes the 𝑃𝑂𝑆  increase and the detection time decreases at the same time. And lastly, the 

increase of the SRU velocity does not influence the 𝑃𝑂𝑆 but makes the detection time decrease. Also 

as expected, the SS pattern exceeds the PS pattern in performance. 
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Figure 5-29: Ttime to detect the target for the two trajectories, using different values of time step in 
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5.4. Scenario 4 

Scenario 4 has the same environmental conditions as in Scenario 1 and Scenario 3, but since the target 

is different from those scenarios, the probability density function presents a different shape, see Figure 

5-31. The evolution of the 𝑃𝑂𝑆 and the detection time is what like it was seen before, in the previous 

scenarios, both variables increase when increasing the values of the confidence level from 50% to 99%, 

see Figure 5-32 and Figure 5-33, due to the increase of the number of the detected targets with the 

increase of the size of the search area, see Figure 5-34.  
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Figure 5-31: Probability density distribution for the  final location of the target in Scenario 4 
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When varying the time step from 1 minute to 30 minutes, the developments of the variables 𝑃𝑂𝑆 and 

detection time are similar to the ones observed in Scenario 3. The oscillations visible in Figure 5-35 and 

Figure 5-36 are once again, due to the number of targets detected by the SRU. In Figure 5-37 is also 

possible to observe oscillations in the number of targets detected for both search patterns, mainly 

because some targets does not cross paths with the SRU when using certain values of time step, and 

therefore they are not detected. 
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Figure 5-33: Time to detect the target for the two trajectories, using different values of confidence 

level in Scenario 4 
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Relatively to the other search parameters, see Figure D-19 to Figure D-27, the evolution of the 𝑃𝑂𝑆 and 

detection time variables do not differ from the ones observed in the previous scenarios. These variable 

continue to decrease when increasing the value of the track spacing; when increasing the sweep width, 

the 𝑃𝑂𝑆 also increases, and the detection time decreases; and when varying the velocity of the SRU the 

𝑃𝑂𝑆 does not change, but decreases the detection time when increasing it. When considering all the 
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Figure 5-36: Time to detect the target for the two trajectories, using different values of time step in 

Scenario 4 
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analysis of the search parameters, it is observed that the SS pattern has a much better performance 

than the PS pattern, like it was seen before in the other scenarios.   

 

5.5. Elasticity Analysis 

 An elasticity analysis of the 𝑃𝑂𝑆 and the detection time is performed with the objective of identifying 

which search parameter has the most influence over them when varying them in the same percentage 

amount. The elasticity factor is a dimensionless measure computed using Equation (5.1), by varying the 

input variable, ∆𝑥𝑖 . ∆𝑄  represents the variation between the values obtained as resulted from the 

variation of the input variable.  

 𝐸𝑥𝑖
=

% ∆𝑄

% ∆𝑥𝑖

 (5.1) 

For this case, ∆𝑄 corresponds to the variation in percentage of the variables 𝑃𝑂𝑆 and detection time 

when increasing 10% of each search parameter in Table 5-1, one at the time. Table 5-2 lists the values 

of each search parameter resultant from that increase. Also is important to notice that, although the 

sweep width and the SRU velocity are parameters that depend on the resource available and cannot be 

decided by the SMC, they are considered in this analysis.   

 

 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1 5 10 15 20 25 30

N
u

m
b

e
r 

o
f 
p

o
in

ts
 

Time step [min]

Number of targets detected inside the search area

Parallel Track Search Pattern

Expansion Square Search Pattern

Total number of targets generated
inside the search area

Figure 5-37: Number of targets detected inside the search area for the two trajectories, using different 

values of time step in Scenario 4 



65 
 

Table 5-2: Elasticity analysis search parameters 

Elasticity analysis search parameters 

Confidence level 99% 

Time step 1,1 minutes 

Track spacing 1100 m 

Sweep width  1100 m 

SRU velocity 16,5 knots 
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Figure 5-39: Elasticity analysis of the detection time in Scenario 1, when increasing each search 

parameter by 10% 
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When analysing Figure 5-38 is possible to observe that the confidence level has the biggest impact, of 

all the search parameters, over the 𝑃𝑂𝑆 for the PS pattern since the elasticity factor is over 1, and also 

for the SS pattern, although that variation is not as significant as in the PS pattern, since the elasticity 

factor do not reach 1. The other search parameters when increased, have a very little impact, such as 

the sweep width and the track spacing, or zero impact such as the SRU velocity and the time step. 

Relatively to the detection time, see Figure 5-39, the confidence level is also the parameter that have a 

substantial impact, for the PS pattern with an elastic factor over 10, and for the SS pattern as well with 

an elastic factor over 1. The SRU velocity and the track spacing also shows a visible variation in both 

search patterns, especially the track spacing parameter for the SS pattern since the elasticity factor is 

over 1. The sweep width and the time step have a very little impact and zero impact, respectively. 

For the other scenarios, since same observations are made, the graphs resultanting from the elasticity 

analysis are presented in Annex E. 
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6. Conclusion 

This dissertation has as objective the understanding how trajectory prediction and search operations 

affect the success of a SAR mission. In order to achieve that goal, a simple SAR decision support tool 

has been developed based on previous studies on the subjects, which helped to comprehend the 

definition of leeway, and the Search Theory. 

A general overview of the Portuguese SAR system is first introduced, to give some context for the usage 

of the SAR decision tool. The SAR system structure as well as its resources and facilities, and its work 

procedures. Then, four different scenarios were created and simulated by this tool. For each scenario, 

the SAR decision tool establishes a search area, using a trajectory prediction model, simulates a search 

operations, according to the directives present in the IMASAR manual, and in the end, it analyzes the 

efficiency of that operation.  

During SAR missions there are usually people who lives are on the line, therefore time is an important 

key to guarantee its success. The efficiency of each search operation is measured through the 𝑃𝑂𝑆, 

which represents the capability of the SRU in detect the target, and the time need to detect it. Different 

simulations are caried using MCS, by varying each search parameter one at the time. 

Through the analysis conducted, it is possible to conclude that both the 𝑃𝑂𝑆 of a SAR mission and the 

detection time depend on a combination set. The 𝑃𝑂𝑆 is affected by the weather conditions at the time 

of the mission, the size of the search area which depends on the sea state conditions, the characteristics 

of the target and the characteristics of the SRU, such as the detection range and the track spacing, and 

in case of this tool, the time step. The detection time is influenced by the location of the target, the SRU 

velocity and its detection range, and also the time step.  

For these simulations specifically, increasing the search area, by increasing the value of the confidence 

level applied to the bivariate GMM, the 𝑃𝑂𝑆 increases due to the increase of the 𝑃𝑂𝐶, which is related 

to the location where the targets are generated, which also helps the increase of the detection time, 

since there is more area that the SRU needs to cover. The increase of the time step leads to a decrease 

of the 𝑃𝑂𝑆 because less targets are detected but leads to an increase or decrease of the detection time, 

depending on the location of the targets. Increasing the track spacing results in the decrease of the 𝑃𝑂𝑆 

at one point and the decrease of the detection time since the SRU covers the search area much faster. 

The increase of the sweep width leads an increase of the 𝑃𝑂𝑆 until a certain level because the 𝑃𝑂𝐷 will 

increase slowly after that same level with the increase of search effort, and leads to a decrease on the 

detection time due to the detection range increase. Finally, the increase of the SRU velocity does not 

affect the 𝑃𝑂𝑆 but it decreases the detection time since the SRU covers the search area faster. For 

every simulation, two search patterns are tested, the PS pattern and the SS pattern. When balancing 

the 𝑃𝑂𝑆 and the time to detect obtained in every simulation, it is possible to conclude that the SS pattern 

exceeds the PS pattern in performance. 
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Also, the elasticity analysis performed on the two efficiency measure variables conclude that, for an 

increase of 10% of each of the search parameters set as base, the parameter that influence the most in 

both variables is the confidence level. The varying of the other search parameters causes a very small 

variation, such as the sweep width, track spacing or a zero variation, such as the time step and the SRU 

velocity in case of the 𝑃𝑂𝑆 variable, and in case of the detection time variable, the sweep width, track 

spacing and SRU velocity parameters cause some variation, but not significant as the confidence level, 

and the time step parameter cause an almost insignificant variation. 

Due to the simplifications implemented in the SAR decision tool such as, the consideration of a perfect 

sensor and the time step concept which was only created for implementation purposes, the fact that the 

visual characteristics were not considered in the search model, and the lack of flexibility of the search 

patterns applied, leave room for further improvements. 

As possible future improvements on this subject, the SAR decision tool can be implemented with a more 

realistic sensor and with more flexibility in the simulation of search patterns. The drift model incorporated 

in the tool can also be programmed to use real-time data for the sea currents and wind vectors. More 

simulations using different scenarios are suggested in order to corroborate the findings above. As a final 

suggestion to complement this work, it would be interesting to perform an analysis of a response to a 

SAR incident, from the moment that the distress signal is activated to the final stage of a SAR operation, 

when the SRUs are returning to base, because the survivability of the people in distress actually 

depends on all of the SAR operations stages, and not only on the planning stage. 
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Annexes 

:  ISN lifeboats list, taken from AMN (2020a) 

The ISN possesses in total 15 cabin lifeboats and 38 semi-rigid, along with several jet skis distributed 

throughout the various lifesaving stations. 

Ocean Lifeboats 

Class: "Vigilante" GCAP 

Quantity  3 

Hull  Aluminum 

Beam 4,3 m 

Length  14,67 m 

Draft 0,80 m 

Displacement 18,50 tons 

Maximum Velocity 31 knots 

Cruise Velocity  25 knots 

Castaway capacity 12+1 

Autonomy 180(80) NM 

Power 2x650 HP 

Class: "R. D. Amélia" GCAP 

Quantity  8 

Hull  Fiber 

Beam 3,80 m 

Length  13,50 m 

Draft 0,73 m 

Displacement 11,12 tons 

Maximum Velocity 20 knots 

Cruise Velocity  12 knots 

Castaway capacity 10 

Autonomy 138(60) NM 

Power 2x345 HP 

Class: "Waveney" GCAP 

Quantity  2 

Hull  Steel 

Beam 3,68 m 

Length  13,40 m 

Draft 1,00 m 

Displacement 19,30 tons 

Maximum Velocity 15,5 knots 

Cruise Velocity  15 knots 

Castaway capacity 17 

Autonomy 336(160) NM 

Power 2x265 HP 

Class: "Wilhelm Hubotter" PCAP 

Quantity  6(2) 

Hull  Aluminum 

Beam 2,83 m 

Length  8,78 m 

Draft 0,87 m 

Displacement 5,30 tons 

Maximum Velocity 15 knots 

Cruise Velocity  12 knots 

Castaway capacity 7 

Autonomy 420(205) NM 

Power 1x192 HP 
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Coastal Lifeboats 

Class: "Searib's 1080" MCAP 

Quantity  1 

Hull  Fiber (semi-rigid) 

Beam 3,80 m 

Length  10,80 m 

Draft 0,60 m 

Displacement 4,75 tons 

Maximum Velocity >40 knots 

Cruise Velocity  25 knots 

Castaway capacity 12 

Autonomy 500(240) NM 

Power 2x200 HP 

Class: "XS RIB's" MCAP 

Quantity  1 

Hull  Fiber (semi-rigid) 

Beam 2,85 m 

Length  9,90 m 

Draft 0,90 m 

Displacement 4,12 tons 

Maximum Velocity 30 knots 

Cruise Velocity  20 knots 

Castaway capacity 10 

Autonomy 138(60) NM 

Power 2x150 HP 

Class: "Valiant 850" MCAP 

Quantity  5 

Hull  Fiber (semi-rigid) 

Beam 3,00 m 

Length  8,50 m 

Draft 0,65 m 

Displacement 2,90 tons 

Maximum Velocity 45 knots 

Cruise Velocity  29 knots 

Castaway capacity 9 

Autonomy 200 NM 

Power 2x200 HP 

Class: "Searib's 860" MCAP 

Quantity  9 

Hull  Fiber (semi-rigid) 

Beam 2,95 m 

Length  8,60 m 

Draft 0,50 m 

Displacement 3,30 tons 

Maximum Velocity 41 knots 

Cruise Velocity  29 knots 

Castaway capacity 9  

Autonomy 200 NM 

Power 2x150 HP 

Class: "Atlantic 21" MCAP 

Quantity  7 

Hull  Fiber (semi-rigid) 

Beam 2,44 m 

Length  6,94 m 

Draft 0,40 m 

Displacement 1,27 tons 

Maximum Velocity 30 knots 

Cruise Velocity  20 knots 

Castaway capacity 9 

Autonomy 90(40) NM 

Power 2x60 HP 
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Class: "Tornado" MCAP 

Quantity  1 

Hull  Fiber (semi-rigid) 

Beam 2,85 m 

Length  7,20 m 

Draft 1,93 tons 

Displacement 1,93 tons 

Maximum Velocity 40 knots 

Cruise Velocity  20 knots 

Castaway capacity 9 

Autonomy 120(55) NM 

Power 2x150 HP 

Class: "SPES" MCAP 

Quantity  6 

Hull  Fiber (semi-rigid) 

Beam 2,50 m 

Length  6,50 m 

Draft <1 m 

Displacement 0,61 tons 

Maximum Velocity 32 knots 

Cruise Velocity  20 knots 

Castaway capacity 6 

Autonomy 94(43) NM 

Power 2x60 HP 

Class: "Searib's 780" MCAP 

Quantity  1 

Hull  Fiber (semi-rigid) 

Beam 2,95 m 

Length  7,80 m 

Draft 0,50 m 

Displacement 2,10 tons 

Maximum Velocity >38 knots 

Cruise Velocity  20 knots 

Castaway capacity 10 

Autonomy 120(55) NM 

Power 2x115 HP 

Class: "AVON" PCAP 

Quantity  1 

Hull  Fiber (semi-rigid) 

Beam 2,10 m 

Length  5,40 m 

Draft 0,50 m 

Displacement 0,90 tons 

Maximum Velocity 28 knots 

Cruise Velocity  20 knots 

Castaway capacity 6 

Autonomy 48(19) NM 

Power 1x75 HP 

Class: "Tsunami-18" MCAP 

Quantity 5 

Hull Fiber (semi-rigid) 

Beam 2,24 m 

Length 5,40 m 

Draft 0,49 m 

Displacement 0,86 tons 

Maximum Velocity 35 knots 

Cruise Velocity 20 knots 

Castaway capacity 6 

Autonomy 96(43) NM 

Power 2x50 HP 
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: Object taxonomy with leeway coefficients taken from Breivik (2008) 

Downwind 
slope [%] 

Downwind 
offset 
[c\m/s] 

Downwind 
std dev 
[cm/s] 

Right slope 
[%] 

Right 
offset 
[cm/s] 

Right std 
dev [cm/s] 

Left slope 
[%] 

Left offset 
[cm/s] 

left std dev 
[cm/s] 

1. PIW-1: Person-in-water (PIW), unknown state (mean values) 

0.96 0.00 12.00 0.54 0.00 9.40 -0.54 0.00 9.40 

2. PIW-2: PIW, vertical 

0.48 0.00 8.30 0.15 0.00 6.70 -0.15 0.00 6.70 

3. PIW-3: PIW, sitting 

1.60 -3.98 2.42 0.13 0.33 2.11 -0.13 -0.33 2.11 

4. PIW-4: PIW, horizontal position, survival suit 

1.71 1.12 3.93 1.36 -3.30 1.71 -0.13 -2.65 1.62 

5. PIW-5: PIW, horizontal position, scuba suit 

0.63 0.00 5.30 0.31 0.00 4.50 -0.31 0.00 4.50 

6. PIW-6: PIW, horizontal position, deceased 

1.30 0.00 8.30 0.74 0.00 6.70 -0.74 0.00 6.70 

7. LIFE-RAFT-NB1: Life-raft, no ballast (NB) system, general (mean values) 

3.70 0.00 12.00 1.98 0.00 9.40 -1.98 0.00 9.40 

8. LIFE-RAFT-NB2: Life-raft, no ballast system, no canopy, no drogue 

5.34 9.91 9.82 2.26 1.04 9.08 -2.26 -1.04 9.08 

9. LIFE-RAFT-NB3: Life-raft, no ballast system, no canopy, with drogue 

3.15 -4.47 4.00 1.51 0.00 5.00 -1.51 0.00 5.00 

10. LIFE-RAFT-NB4: Life-raft, no ballast system, with canopy, no drogue 

3.39 0.00 2.40 1.49 0.00 2.40 -1.49 0.00 2.40 

11. LIFE-RAFT-NB5: Life-raft, no ballast system, with canopy, with drogue 

2.65 0.00 12.00 1.42 0.00 9.40 -1.42 0.00 9.40 

12. LIFE-RAFT-SB6: Life-raft, shallow ballast (SB) system and canopy, general (mean values) 

2.68 0.00 12.00 1.10 0.00 9.40 -1.10 0.00 9.40 

13. LIFE-RAFT-SB7: Life-raft, shallow ballast system and canopy, no drogue 

2.96 0.00 1.50 1.21 0.00 1.70 -1.21 0.00 1.70 

14. LIFE-RAFT-SB8: Life-raft, shallow ballast system and canopy, with drogue 

2.31 0.00 4.00 0.95 0.00 3.50 -0.95 0.00 3.50 

15. LIFE-RAFT-SB9: Life-raft, shallow ballast system and canopy, capsized 

1.68 0.00 2.40 0.24 0.00 2.40 -0.24 0.00 2.40 

16. LIFE-RAFT-DB10: Life raft, deep ballast (DB) system, general, unknown capacity and loading (mean values) 

3.52 -2.50 6.10 0.62 -3.00 3.50 -0.45 -0.20 3.60 

17. LIFE-RAFT-DB11: 4-6 person capacity, deep ballast system, general (mean values) 

3.50 -1.80 6.40 0.78 -3.60 3.60 -0.47 -0.10 3.90 

18. LIFE-RAFT-DB12: 4-6 person capacity, deep ballast system, nod rogue 

3.75 -2.30 4.40 0.78 -3.60 3.60 -0.47 -0.10 3.90 
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19. LIFE-RAFT-DB13: 4-6 person capacity, deep ballast system, no drogue, light loading 

3.75 -2.32 4.51 1.00 -5.31 3.91 -0.47 -0.14 3.91 

20. LIFE-RAFT-DB14: 4-6 person capacity, deep ballast system, no drogue, heavy loading 

3.59 -1.92 2.56 0.48 -0.16 2.17 -0.48 0.16 2.17 

21. LIFE-RAFT-DB15: 4-6 person capacity, deep ballast system, with drogue  

1.91 0.90 1.60 0.78 -3.60 3.60 -0.47 -0.10 3.90 

22. LIFE-RAFT-DB16: 4-6 person capacity, deep ballast system, with drogue, light loading 

1.95 -0.53 3.59 0.21 1.29 2.15 -0.21 -1.29 2.15 

23. LIFE-RAFT-DB17: 4-6 person capacity, deep ballast system, with drogue, heavy loading 

2.19 -0.96 1.01 1.39 -7.90 1.46 -1.39 7.90 1.46 

24. LIFE-RAFT-DB18: 15-25 person capacity, deep ballast system, general (mean values) 

3.68 -4.96 5.37 0.34 -1.85 2.50 -0.49 1.58 2.63 

25. LIFE-RAFT-DB19: 15-25 person capacity, deep ballast system, no drogue, light loading 

3.93 -3.30 3.01 0.38 -3.33 2.16 -0.59 1.59 2.28 

26. LIFE-RAFT-DB20: 15-25 person capacity, deep ballast system, with drogue, heavy loading 

3.15 -4.49 3.35 0.39 -1.80 2.50 -0.38 2.98 1.64 

27. LIFE-RAFT-DB21: deep ballast system, general (mean values), capsized 

0.88 0.00 2.50 0.18 0.00 2.40 -0.18 0.00 2.40 

28. LIFE-RAFT-DB22: deep ballast system, general (mean values), swamped 

0.99 0.00 2.40 0.14 0.00 2.30 -0.14 0.00 2.30 

29. LIFE-CAPSULE: Life capsule 

3.52 0.00 1.90 1.44 0.00 2.00 -1.44 0.00 2.00 

30. USCG-RESCUE: USCG Sea Rescue Kit 

2.48 0.00 3.80 0.32 0.00 3.40 -0.32 0.00 3.40 

31. AVIATION-1: Life-raft, 4-6 person capacity, no ballast, with canopy, no drogue 

3.39 0.00 2.40 1.49 0.00 2.40 -1.49 0.00 2.40 

32. AVIATION-2: Evacuation slide with life-raft, 46 person capacity 

2.71 0.00 3.80 0.72 0.00 3.40 -0.72 0.00 3.40 

33. SEA-KAYAK: Sea Kayak with person on aft deck 

1.16 11.12 4.12 0.41 0.00 4.39 -0.41 0.00 4.39 

34. SURFBOARD: Surfboard with person  

1.93 0.00 8.30 0.51 0.00 6.70 -0.51 0.00 6.70 

35. WINDSURFER: Windsurfer with mast and sail in water 

2.25 5.03 2.50 0.69 -1.30 2.96 -0.69 1.30 2.96 

36. SAILBOAT-1: Mono-hull, full keel, deep draft 

2.00 0.00 8.30 2.23 0.00 6.70 -2.23 0.00 6.70 

37. SAILBOAT-2: Mono-hull, fin keel, shoal draft 

2.67 0.00 8.30 2.98 0.00 6.70 -2.98 0.00 6.70 

38. SKIFF-1: Skiff, flat bottom 

3.15 0.00 2.20 1.29 0.00 2.20 -1.29 0.00 2.20 

39. SKIFF-2:  Skiff, V-hull 
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2.87 3.98 3.33 0.32 -2.93 2.53 -0.62 1.03 3.05 

40. SKIFF-3: Skiff, V-hull, swamped 

1.65 0.00 3.10 0.39 0.00 2.90 -0.39 0.00 2.90 

41. SPORT-BOAT: Sport boat, no canvas, modified V-hull 

6.54 0.00 3.00 2.19 0.00 2.80 -2.19 0.00 2.80 

42. SPORT-FISHER: Sport fisher, center console, open cockpit 

5.55 0.00 3.30 2.27 0.00 3.00 -2.27 0.00 3.00 

43. FISHING-VESSEL-1: Fishing vessel, general (mean values) 

2.47 0.00 12.00 2.76 0.00 9.40 -2.76 0.00 9.40 

44. FISHING-VESSEL-2: Fishing vessel, Hawaiian Sampan 

2.67 0.00 8.30 2.98 0.00 6.70 -2.98 0.00 6.70 

45. FISHING-VESSEL-3: Fishing vessel, Japanese side-stern trawler 

2.80 0.00 8.30 3.13 0.00 6.70 -3.13 0.00 6.70 

46. FISHING-VESSEL-4: Fishing vessel, Japanese Longliner 

2.47 0.00 8.30 2.76 0.00 6.70 -2.76 0.00 6.70 

47. FISHING-VESSEL-5: Fishing vessel, Korean fishing vessel 

1.80 0.00 3.79 2.01 0.00 3.30 -2.01 0.00 3.30 

48. FISHING-VESSEL-6: Fishing vessel, Gill-netter with rear reel 

3.72 -0.87 3.33 1.41 2.00 3.36 -1.41 -2.00 3.36 

49. COASTAL-FREIGHTER: Coastal freighter 

1.87 0.00 8.30 2.09 0.00 6.70 -2.09 0.00 6.70 

50. FV-DEBRIS: Fishing vessel debris 

1.97 0.00 8.30 0.36 0.00 6.70 -0.36 0.00 6.70 

51. BAIT-BOX-1: Bait/wharf box, holds a cubic meter of ice, mean values 

0.72 15.18 5.59 1.86 -5.26 4.20 -1.86 5.26 4.20 

52. BAIT-BOX-2: Bait/wharf box, holds a cubic meter of ice, lightly loaded 

2.53 9.01 3.05 1.09 -2.76 4.14 -1.09 2.76 4.14 

53. BAIT-BOX-3: Bait/wharf box, holds a cubic meter of ice, full loaded 

1.15 7.94 3.17 1.48 -0.32 2.99 -1.48 0.32 2.99 

54. REFUGEE-RAFT-1: Immigration vessel, Cuban refugee-raft, no sail  

1.56 8.30 1.53 0.078 2.70 1.52 -0.078 -2.70 1.52 

55. REFUGEE-RAFT-2: Immigration vessel, Cuban refugee-raft, with sail 

6.43 -3.47 3.63 2.22 0.00 7.12 -2.22 0.00 7.12 

56. SEWAGE: Sewage floatable, tampon applicator 

1.79 0.00 3.10 0.16 0.00 2.90 -0.16 0.00 2.90 

57. MED-WASTE-1: Medical waste (mean values) 

2.75 0.00 12.00 0.50 0.00 9.40 -0.50 0.00 9.40 

58. MED-WASTE-2: Medical waste, vials 

3.64 0.00 12.00 0.67 0.00 9.40 -0.67 0.00 9.40 

59. MED-WASTE-3: Medical waste, vials, large 

4.34 0.00 3.10 0.74 0.00 2.90 -0.74 0.00 2.90 
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60. MED-WASTE-4: Medical waste, vials, small 

2.95 0.00 5.40 0.54 0.00 4.50 -0.54 0.00 4.50 

61. MED-WASTE-5: Medical waste, syringes 

1.79 0.00 12.00 0.16 0.00 9.40 -0.16 0.00 9.40 

62. MED-WASTE-6: Medical waste, syringes, large 

1.79 0.00 3.10 0.16 0.00 2.90 -0.16 0.00 2.90 

63. MED-WASTE-7: Medical waste, syringes, small 

1.79 0.00 2.40 0.16 0.00 2.30 -0.16 0.00 2.30 
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: Scatter plot of the final position of each target for each scenario obtained 

from the drift model 

 

 

 

Figure C-1: Scatter plot for the initial and final position of the target obtained in scenario 1 from the 

drift model  

Figure C-2: Scatter plot for the initial and final position of the target obtained in scenario 2 from the 

drift model 
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Figure C-3: Scatter plot for the initial and final position of the target obtained in scenario 3 from the 

drift model  

Figure C-4: Scatter plot for the initial and final position of the target obtained in scenario 4 from the 

drift model 
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: Evolution of the 𝑷𝑶𝑺  and the detection time when varying the track 

spacing, the sweep width and the SRU velocity 

Here are presented the evolution of the 𝑃𝑂𝑆  and the detection time when varying other search 

parameters such as, the track spacing, the sweep width and the SRU velocity. These last two 

parameters are not options for the SMC to choose, since they depend on the resources available. 

Scenario 2 
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Figure D-1: Probability of success of the SAR mission for the two trajectories, using different values of 

track spacing in Scenario 2 
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Figure D-2: Time to detect the target for the two trajectories, using different values of track spacing in 

Scenario 2 
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Figure D-3: Number of targets detected inside the search area for the two trajectories, using different 

values of track spacing in Scenario 2 
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Figure D-4: Probability of success of the SAR mission for the two trajectories, using different values of 

sweep width in Scenario 2 
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Figure D-5: Time to detect the target for the two trajectories, using different values of sweep width  in 

Scenario 2 
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Figure D-6: Number of targets detected inside the search area for the two trajectories, using different 

values of sweep width in Scenario 2 
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Figure D-7: Probability of success of the SAR mission for the two trajectories, using different SRU 

velocities in Scenario 2 
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Figure D-8: Time to detect the target for the two trajectories, using different SRU velocities in 

Scenario 2 
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Scenario 3 

 

750

950

1150

1350

1550

1750

1950

2150

10 12 15 18 20

N
u

m
b

e
r 

o
f 
p

o
in

ts
 

SRU velocity [knots]

Number of targets detected inside the search area

Parallel Track Search Pattern

Expansion Square Search Pattern

Total number of targets generated
inside the search area

Figure D-9: Number of targets detected inside the search area for the two trajectories, using different 

SRU velocities in Scenario 2  
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Figure D-10: Probability of success of the SAR mission for the two trajectories, using different values 

of track Spacing in scenario 3 
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Figure D-11: Time to detect the target for the two trajectories, using different values of track spacing in 

Scenario 3 
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Figure D-12: Number of points detected inside the search area for the two trajectories, using different 

values of track Spacing in scenario 3 
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Figure D-13: Probability of success of the SAR mission for the two trajectories, using different values 

of sweep width in Scenario 3 
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Figure D-14: Time to detect the target for the two trajectories, using different values of sweep width in 

Scenario 3 
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Figure D-15: Number of points detected inside the search area for the two trajectories, using different 

values of sweep width in Scenario 3 
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Figure D-16: Probability of success of the SAR mission for the two trajectories, using different SRU 

velocities in Scenario 3 
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Figure D-17: Time to detect the target for the two trajectories, using different SRU velocities in 

Scenario 3 
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Figure D-18: Number of points detected inside the search area for the two trajectories, using different 

SRU velocities in Scenario 3 
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Scenario 4 
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Figure D-19: Probability of success of the SAR mission for the two trajectories, using different values 

of track spacing in Scenario 4 
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Figure D-20: Time to detect the target for the two trajectories, using different values of track spacing 

in Scenario 4 
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Figure D-21: Number of points detected inside the search area for the two trajectories, using different 

values of track spacing in Scenario 4 
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Figure D-22: Probability of success of the SAR mission for the two trajectories, using different values 

of sweep width in Scenario 4 
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Figure D-23: Time to detect the target for the two trajectories, using different values of sweep width in 

Scenario 4 
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Figure D-24: Number of points detected inside the search area for the two trajectories, using different 

values of sweep width in Scenario 4 
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Figure D-25: Probability of success of the SAR mission for the two trajectories, using different SRU 

velocities in Scenario 4 
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Figure D-26: Time to detect the target for the two trajectories, using different SRU velocities in 

Scenario 4 
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Figure D-27: Number of points detected inside the search area for the two trajectories, using different 

SRU velocities in Scenario 4 
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: Graphs resulting from the elasticity analysis of the variables 𝑷𝑶𝑺 and the 

detection time of Scenarios 2, 3 and 4  

Here are presented the graphs resultant from the elasticity analysis on the variables used to measure 

the efficiency of the SAR mission, the 𝑃𝑂𝑆  and the detection time, in Scenarios 2, 3 and 4, when 

increasing 10% of each search parameter. 
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Figure E-1: Elasticity analysis of the probability of success in Scenario 2, when increasing each 

search parameter by 10% 
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Figure E-2: Elasticity analysis of the detection time in Scenario 2, when increasing each search 

parameter by 10% 



98 
 

 

 

 

 

  

 

0 0.2 0.4 0.6 0.8 1

CL

Time Step

Track Spacing

SRU Velocity

Sweep Width

Elasticity Factor

Probability of Success - Scenario 3

Expansion Square Search Pattern

Parallel Track Search Pattern

Figure E-3: Elasticity analysis of the probability of success in Scenario 3, when increasing each 

search parameter by 10% 
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Figure E-4: Elasticity analysis of the detection time in Scenario 3, when increasing each search 

parameter by 10% 
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Figure E-5: Elasticity analysis of the probability of success in Scenario 4, when increasing each 

search parameter by 10% 
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Figure E-6: Elasticity analysis of the detection time in Scenario 4, when increasing each search 

parameter by 10%   


