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Abstract 

Nowadays, object detection is a recurrent and important field of study in Image 
Processing and particularly in Remote Sensing. In fact, it has evolved into a necessary 
application for our society as many technologies are based on it. Thus, the purpose of 
this project is to detect a specific type of objects: ships in SAR (Synthetic Aperture Radar) 
imagery. To do so, the max-tree representation together with image processing and 
classification techniques are employed. More precisely, search techniques are applied to 
the max-trees in order to obtain the node (i.e. unitary element of such structure) that best 
fits the ship(s). Geometrical and Statistical descriptors are defined as well as their 
evolution along the various branches of the tree so that an efficient and robust detection 
can be done. Moreover, it has been observed that the performance of the whole system 
has led to satisfactory results (in terms of Precision and Recall [1]).  
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Resum 

Actualment, la detecció d’objectes és un camp d’estudi recurrent i important dins 
del processament d’imatge i particularment en teledetecció. De fet, ha evolucionat cap a 
una aplicació necessària per a la nostra societat ja que moltes tecnologies es basen en 
ella. Per tant, el propòsit d’aquest projecte és detectar  un tipus específic d’objectes: 
vaixells en imatgeria SAR (Synthetic Aperture Radar). Per aconseguir-ho, s’empra la 
representació max-tree juntament amb processament d’imatge i tècniques de 
classificació. A més, s’apliquen tècniques de recerca als max-trees per tal d’obtenir el 
node (element unitari d’aquesta estructura) que millor aproxima els vaixells. Es 
defineixen descriptors geomètrics i estadístics així com la seva evolució al llarg de les 
nombroses branques de l’arbre de manera que es puguin realitzar una detecció eficient i 
robusta. També, s’ha observat que la funcionalitat de tot el sistema ha conduït a resultats 
satisfactoris (en termes de Precision and Recall). 
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Resumen 

Actualmente, la detección de objetos es un campo de estudio recurrente i 
importante dentro del procesamiento de imagen y particularmente en teledetección. De 
hecho, ha evolucionado hacia una aplicación necesaria para nuestra sociedad ya que 
muchas tecnologías se basan en ella. Por lo tanto, el propósito de este proyecto es 
detectar un tipo específico de objetos: barcos en imaginería SAR (Synthetic Aperture 
Radar). Para lograrlo, se utiliza la representación max-tree juntamente con 
procesamiento de imagen y técnicas de clasificación. Además, se aplican técnicas de 
búsqueda a los max-trees para obtener el nodo (elemento unitario de dicha estructura) 
que mejor aproxima los barcos. Se definen descriptores geométricos y estadísticos así 
como su evolución a lo largo de las numerosas ramas del árbol de manera que se pueda 
realizar una detección eficiente y robusta. Asimismo, se ha observado la funcionalidad  
del sistema ha conducido a resultados satisfactorios (en términos de Precision and 
Recall). 

 

 

 

 

 

 

 

  



 

 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I would like to dedicate this project to my family and to my beloved partner, for 

their support and patience during the development of this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 5 

Acknowledgements 

 I would like to express my gratitude to several people for their assistance on this 

project. In the first place, I would like to thank Jordí Mallorquí, who has provided the SAR 

images used in this work, together with their ground truth, as well as the processing of 

some of them. Then, it is worth to appreciate the help given by Albert Gil, IT responsible 

of the Image Processing Group, since facilitated the use of some tools essential for the 

entire development. Finally, I would like to thank specially Philippe Salembier and Carlos 

Lopez, the supervisors of this thesis, for their advice, support and kindness during the 

whole project. 

  



 

 6 

Revision History and Approval Record 

Revision Date Purpose 

0 26/06/2015 Document  creation 

1 10/07/2015 Document  revision 

 

DOCUMENT DISTRIBUTION LIST 

 Name  e-mail 

 Sergi Liesegang Maria sergi.liesegang@gmail.com  

Philippe Jean Salembier Clairon philippe.salembier@upc.edu  

Carlos Lopez Martínez carlos.lopez@tsc.upc.edu  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Written by: Reviewed and approved by: 

Date 10/07/2015 Date 10/07/2015 

Name Sergi Liesegang Maria Name Philippe Salembier 

Carlos López 

Position Project Author  Position Project Supervisor 

  

mailto:sergi.liesegang@gmail.com
mailto:philippe.salembier@upc.edu
mailto:carlos.lopez@tsc.upc.edu


 

 7 

Table of contents 

Abstract ................................................................................................................................. 1 

Resum .................................................................................................................................. 2 

Resumen .............................................................................................................................. 3 

Acknowledgements .............................................................................................................. 5 

Revision History and Approval Record ................................................................................ 6 

Table of contents .................................................................................................................. 7 

List of Figures ....................................................................................................................... 9 

List of Tables: ..................................................................................................................... 11 

1. Introduction .................................................................................................................. 12 

1.1. Statement of Purpose .......................................................................................... 12 

1.2. Requirements and Specifications ........................................................................ 12 

1.3. Methods and Procedures .................................................................................... 12 

1.4. Deviations and incidences ................................................................................... 12 

1.5. Work Plan ............................................................................................................ 13 

1.5.1. Work Packages ............................................................................................ 13 

1.5.2. Milestones..................................................................................................... 15 

1.5.3. Gantt Diagram .............................................................................................. 16 

2. State of the Art of the Technology Used or Applied in this Thesis ............................. 17 

2.1. Theoretical Background ....................................................................................... 17 

2.1.1. Max-Tree Representation ............................................................................ 17 

2.1.2. SAR Technology........................................................................................... 17 

2.2. Recent Studies..................................................................................................... 19 

2.2.1. Ship Detection on SAR Images with non Max-tree Techniques ................. 19 

2.2.2. Max-tree Representation in SAR Images for Vehicle Detection ................. 19 

3. Project development ................................................................................................... 20 

3.1. Starting Point ....................................................................................................... 20 

3.1.1. Max-tree Representation .............................................................................. 20 

3.1.2. SAR Imagery ................................................................................................ 20 

3.2. Creation of the Detection Algorithm .................................................................... 21 

3.2.1. Global Nodes and Descriptors ..................................................................... 22 

3.2.2. Classification Proposals ............................................................................... 23 

3.2.2.1. Developed Algorithm .................................................................................. 23 

3.2.2.2. Machine Learning ....................................................................................... 33 



 

 8 

4. Optimization and Results ............................................................................................ 35 

4.1. Ground Truth Database ....................................................................................... 35 

4.2. Optimization: Precision and Recall...................................................................... 35 

4.3. Results ................................................................................................................. 37 

4.3.1. Developed Algorithm .................................................................................... 37 

4.3.2. Decision Trees .............................................................................................. 39 

4.3.3. Support Vector Machine ............................................................................... 41 

4.4. Comparison .......................................................................................................... 42 

5. Budget ......................................................................................................................... 44 

6. Environment Impact .................................................................................................... 45 

7. Conclusions and Future Developments...................................................................... 46 

Bibliography ........................................................................................................................ 47 

Appendix A ......................................................................................................................... 49 

Appendix B ......................................................................................................................... 50 

Appendix C ......................................................................................................................... 59 

Appendix D ......................................................................................................................... 61 

 

  



 

 9 

List of Figures 

Figure 1: Gantt diagram………………………………………………………………………...16 

Figure 2: Example of max-tree construction on a simple image [3]………………………..17 

Figure 3: Illustration of the SAR imaging geometry [4]……………………………………...18 

Figures 4, 5: Examples of SAR images (Gulf of Guinea and Gibraltar)…………………...19 

Figure 6: Example of ship………………………………………………………………………21 

Figure 7: Example of land………………………………………………………………………21 

Figure 8: Example of ship plus land………………………………………………………...…21 

Figure 9: Example of ship………………………………………………………………………21 

Figure 10: Evolution of the eccentricity. Colour refers to the value of this descriptor……24 

Figure 11: Evolution of the area. Colour refers to the value of this descriptor……………25 

Figure 12: Evolution of the perimeter. Colour refers to the value of this descriptor……...26 

Figure 13: Evolution of the area ratio. Colour refers to the value of this descriptor……...27 

Figure 14: Evolution of the mean grey level.Colour refers to the value of this descriptor 28 

Figure 15: Evolution of the variance. Colour refers to the value of this descriptor……….29 

Figure 16: Evolution of the area ratio descriptor along a branch containing a ship………31 

Figure 17: Evolution of the area ratio descriptor along a branch containing sea…………31 

Figure 18: Figure 18: Summary of the developed algorithm………………………………..32 

Figure 19: Visualization of an example of decision tree [21]………………………………..34 

Figure 20: SVM classification procedure [22]………………………………………………...34 

Figure 21: Precision and Recall curves……………………………………………………….36 

Figures 22, 23: Results of images containing one ship without land………………………37 

Figures 24, 25: Results of images containing one ship with and without land……………38 

Figures 26, 27: Results of images containing land only…………………………………….38 

Figures 28, 29, 30: Results of images containing various ships without land…………….38 

Figure 31: Result of an image containing one ship without land…………………………...39 

Figures 32, 33: Results of images containing one ship without land………………………40 

Figures 34, 35: Results of images containing one ship with and without land……………40 

Figures 36, 37: Results of images containing land only…………………………………….41 

Figure 38, 39, 40: Results of images containing various ships without land……………...41 

Figure 41: Result of an image containing one ship without land…………………………...42 

Figure 42: Result of an image containing one ship without land…………………………...42 

Figure 43: Example of a result (analogous to figures 22 and 32)………………………….43 

Figure 44: Example of a result (analogous to figures 28 and 38)………………………….43 



 

 10 

Figures 45, 46: Examples of images with one and two ships (respectively)……………...49 

Figures 47, 48: Examples of images with one ship………………………………………….49 

Figures 49, 50: Examples of images with one ship………………………………………….49 

Figures 51, 52, 53, 54, 55, 56: Evolution of the eccentricity, area, perimeter, area ratio, 

mean grey level. In all of them, colour refers to the value of the descriptor………..…50-52 

Figures 57, 58, 59, 60, 61, 62: Evolution of the eccentricity, area, perimeter, area ratio, 

mean grey level. In all of them, colour refers to the value of the descriptor…………..53-55 

Figures 63, 64, 65, 66, 67, 68: Evolution of the eccentricity, area, perimeter, area ratio, 

mean grey level. In all of them, colour refers to the value of the descriptor…………..56-58 

Figure 69: Relation between slant range and ground range……………………………….59 

Figures 70, 71, 72, 73, 74, 75, 76, 77: Results of images containing one or two ships....61 

Figures 78, 79, 80, 81, 82, 83, 84, 85: Results of images containing one or two ships…62 

  



 

 11 

List of Tables: 

Table 1: Work Package 1……………………………………………………………………….13 

Table 2: Work Package 2……………………………………………………………………….13 

Table 3: Work Package 3…………………………………………………………………..13, 14 

Table 4: Work Package 4…………………………………………………………………….…14 

Table 5: Work Package 5……………………………………………………………………….14 

Table 6: Work Package 6……………………………………………………………………….14 

Table 7: Milestones……………………………………………………………………………...15 

Table 8: Set of the employed modes and their corresponding specifications…………….35 

Table 9: Budget………………………………………………………………………………….48 

Table 10: List of the maximum area of the ship……………………………………………...60 

  



 

 12 

1. Introduction 

This project has been carried out at the Signal Theory and Communications 

Department (TSC), in the Escola Tècnica Superior de Telecomunicacions de Barcelona 

(ETSETB), faculty of the Universitat Politècnica de Catalunya (UPC). Particularly, it has 

been developed in the Image Processing Group together with the Remote Sensing 

Laboratory (RSLab).  

1.1. Statement of Purpose 

This project consists on an exploratory investigation work about the use of the 

max-tree representation on Synthetic Aperture Radar (SAR) images within the context of 

ship detection and monitoring  

Regarding the objectives of this work, three main goals can be stated:  

1. Construction and analysis of the max-tree representation. Such representation 

has been adapted to the particularities of SAR imagery.  

2. Development of a ship detection and monitoring algorithm in SAR images using 

the previous tree structure.  

3. Evaluation and test such algorithm’s performance through Precision and Recall 

measures. 

1.2. Requirements and Specifications 

As already mentioned, this project is a basic exploratory research project. Its main 

goal is to assess the potential of the max-tree representation to deal with SAR images 

and to be applied to ship detection and monitoring. This assessment has been done with 

objective criteria, such as those classically used for detection/classification problems: 

Precision and Recall measures, and should be able to provide a preliminary idea of the 

approach potential compared to state of the art techniques for ship monitoring in SAR 

images. In addition, improvements such as the elimination of the speckle filtering have 

been achieved. 

1.3. Methods and Procedures  

This project started from scratch since its focusing was a new way to detect and to 

monitor ships (i.e. the use of the max-tree representation on SAR images for remote 

sensing). Besides, the initial idea was provided by the supervisors (Philippe Salembier 

and Carlos Lopez) and therefore, the merit of the origin of the work is theirs (even though 

the development of it has been carried out jointly). However, in order to compute the 

max-tree representation, a software from an external source has been used [2]. Also, it 

has to be mentioned that the software MATLAB is used to implement the whole work and 

thus, many of its functionalities have been used. The rest of the project though, has been 

entirely self-developed. 

1.4. Deviations and incidences 

During the development of the project, there have been some minor incidences 

even though they appeared only at the beginning of the process. Particularly, there have 

been minor issues with the software that computes the max-tree representation since 

there were two main implementations and both needed an adaptation (i.e. an update was 

required). However, these complications were already mentioned in the document Critical 



 

 13 

Review, where the facts are explained in more detail. Fortunately, there have not been 

any more troubles with the project since the work plan was updated with the previous 

incidences in that document (i.e. the work plan has not changed since then).  

1.5. Work Plan 

1.5.1. Work Packages 

Project: SAR and max-tree for ship monitoring WP ref: (WP1) 

Major constituent: Project planning Sheet 1 of 6 

Short description: Definition of the main project 
goals, its working procedure and time schedule. It 
also includes the first contact with the project. 

 

 

Planned start date: 19/02/2015 

Planned end date: 06/03/2015 

Start event: 19/02/2015 

End event: 06/03/2015 

Internal task T1: Definition of the main objectives  

 

Internal task T2: Creation of the Workplan 

Deliverables: 

“Project 
Proposal and 
Workplan” 

Dates: 

06/03/2015 

 

Table 1: Work Package 1 

 

Project: SAR and max-tree for ship monitoring WP ref: (WP2) 

Major constituent: Analysis of the topic Sheet 2 of 6 

Short description: Consists on the study and research 
of the main scientific areas involved in the project (i.e. 
max-tree and SAR). Here, many information (papers, 
articles…) will be investigated and analyzed     

Planned start date: 19/02/2015 

Planned end date: 10/03/2015 

Start event: 19/02/2015 

End event: 10/03/2015 

Internal task T1: Study of the max-tree representation 

 

Internal task T2: Study of the SAR technology 

 

Internal task T3: Analysis of the algorithms that create 
max-trees 

Deliverables:  Dates: 

 
Table 2: Work Package 2 

 

Project: SAR and max-tree for ship monitoring WP ref: (WP3) 

Major constituent: System design and development Sheet 3 of 6 

Short description: Evaluation and decision of the max-
tree creation algorithms. Also, the research of a 
procedure for detecting ships using the previous tree 
representation will be done. It is important to say that, 
as said before, the max-tree representation must be 
adapted to the particularities of SAR imagery. 
Moreover, a proper software will be implemented in 
order to represent the entire system. It is the core of the 
project.  

Planned start date: 11/03/2015 

Planned end date: 04/05/2015 

Start event: 11/03/2015 

End event: 11/05/2015 

Internal task T1: Max-tree algorithms test 

 

Deliverables:  

“Project Critical 

Dates: 

24/04/2015 
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Internal task T2: Investigation of ship detection 
procedures  

 

Internal task T3: Software creation 

Review” 

 
Table 3: Work Package 3 

 

Project: SAR and max-tree for ship monitoring WP ref: (WP4) 

Major constituent: System test Sheet 4 of 6 

Short description: Evaluation of the whole system with 
objective criteria. Here, some results will be obtained 
and conclusions will be made. Also, the possible 
problems will be solved. Obviously, the system will be 
analyzed in front of different conditions and situations. 

Planned start date: 05/05/2015 

Planned end date: 30/06/2015 

Start event: 11/05/2015 

End event: 25/06/2015 

Internal task T1: Software test 

 

Internal task T2: Results and conclusions 

Deliverables: Dates: 

 
Table 4: Work Package 4 

 

Project: SAR and max-tree for ship monitoring WP ref: (WP5) 

Major constituent: System optimization Sheet 5 of 6 

Short description: Improvement and update of the 
whole system in order to obtain a more optimal 
performance. As before, final results will be obtained 
and conclusions will be made. Also, the possible 
problems will be solved. 

Planned start date: 11/05/2015 

Planned end date: 30/06/2015 

Start event: 18/05/2015 

End event: 25/06/2015 

Internal task T1: Optimization 

 

Internal task T2: Results and conclusions 

Deliverables: Dates: 

 
Table 5: Work Package 5  

 

Project: SAR and max-tree for ship monitoring WP ref: (WP6) 

Major constituent: Final report and lecture preparation Sheet 6 of 6 

Short description: Consists on elaborating the final 
report as well as preparing the final lecture in front of 
the jury. It is the last part of the project. 

 

 

Planned start date: 01/07/2015 

Planned end date: 24/07/2015 

Start event: 26/06/2015 

End event: 20/07/2015 

Internal task T1: Creation of the final report 

 

Internal task T2: Lecture preparation 

Deliverables: 

“Final Report” 

Dates: 

10/07/2015 

 

Table 6: Work Package 6 

 

 

 

 

 



 

 15 

1.5.2. Milestones 

 

WP# Task# Short title Milestone / deliverable Date (week) 

WP1 1 Planning Definition of the objectives 

and Workplan creation. 

3 

WP2 1 SAR and max tree study Study of the SAR 

technology and max-tree 

representation. 

3 

WP2 2 Algorithms analysis Analysis of the different 

algorithms that create 

max-trees. 

4 

WP3 1 Max-tree algorithms 

decision 

Test of the different 

algorithms and their 

comparison to choose 

one. 

8 

WP3 2 Procedure creation Investigation of the 

possible solutions for 

detecting ships using max-

trees on SAR images. 

10 

WP3 3 Software implementation Creation of the system 

software. 

12 

WP4 1 System evaluation Test of the whole system 19 

WP5 1 System optimization  Improvement and update 

of the system performance 

19 

WP6 1 Final report and lecture Creation of the final report 

and preparation of the 

lecture. 

23 

 

Table 7: Milestones 
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1.5.3. Gantt Diagram 

 

Figure 1: Gantt diagram 
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2. State of the Art of the Technology Used or Applied in this 

Thesis 

2.1. Theoretical Background 

2.1.1. Max-Tree Representation 

As we mentioned before, the idea of the project is to work with the max tree 

representation since it was thought that its behaviour on this situation (with all the 

constraints) would be adequate and useful. The main idea of this structure resides in the 

so-called connected operators [3] which gather together connected components of level 

sets. So as to say, they create different areas that are all the possible level sets of the 

grey level image and structure them by inclusion. The level sets are assigned to different 

nodes of the tree and the relationships between them are established according to their 

inclusion or equivalently to their grey level. Particularly, when a level set is connected to 

another one with a higher level (which is also included in the first one), a new node is 

created and constitutes one of the children of the first one. So, in that situation there is a 

parent node and a child node. Following this procedure, all the image is covered and the 

tree is created. An example of this procedure can be seen in the figure below: 

 

Figure 2: Example of max-tree construction on a simple image [3] 

It is important to mention that all nodes have a parent node except the root of the 

tree. On the contrary, the leaves of the tree are the nodes without children and they 

correspond to the maxima of the image. This is due to the fact that the tree is created and 

ordered in ascending grey level and, for this reason, this structure is named max tree. 

Once the tree is created, through a procedure that is implemented in an external 

source [2], the next step is to analyse this representation in order to be able to detect the 

desired objects (i.e. ships in our case). To do so, a selection has to be applied to the 

current structure so that the nodes that describe accurately the ships are obtained. Thus, 

this is an essential part of our work.  

2.1.2. SAR Technology 

Regarding the SAR (Synthetic Aperture Radar) technology [4], it has to be said 

that the system can be described as a high spatial resolution radar operating at 

microwaves, normally from 1 to 10 GHz, which provides a specific type of images. Such 

information is the result of the illumination of the Earth with a radar electromagnetic wave 
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and the reception of the wave the Earth reflects. Although the whole system implies a 

huge complexity with many constrains, there is a basic idea behind it: the improvement of 

the resolution of the radar through the increase of the aperture of the antenna in the 

azimuth direction. Particularly, since dealing with physical apertures large enough to 

ensure proper spatial resolutions is no realizable for space borne systems due the weight 

and dimension limitations, a synthetic aperture is proposed. So as to say, an antenna 

with a suitable aperture, both in azimuth and range, is moved along a certain track to 

create a synthetic aperture: 

 

Figure 3: Illustration of the SAR imaging geometry [4] 

Moreover, another important feature to take into account about SAR technology is 

the presence of the coherent or complex component called speckle noise [5]. It results for 

the addition of coherent waves reflected by the target and can be interpreted as a noise 

with multiplicative effect (Rayleigh distributed in amplitude and Exponential in intensity). It 

is present in all these signals and in many cases results in an important problem. Besides, 

although in most applications a filtering is applied to the image in order to filter out the 

noise, it is not necessary in our case as the max tree representation presents a huge 

robustness towards it and can overcome it. In fact, the structure has somehow the 

concept of spatial scale on it and therefore, filtering can be omitted. 

Finally, it has to be mentioned that depending on the mode employed by the SAR 

system together with the captor itself, which are indicated in section 4.1, the 

specifications (spatial resolution, pixel spacing, incidence angle…) may change and 

therefore, different images may result. Some examples of such images are shown in the 

figures below. Besides, the information provided by these type of images is complex and 

thus, a conversion to amplitude or intensity (power) is required as we are dealing with 

integers. Particularly, in this case we opted for the amplitude measure since the number 

of bits is fitted in the external software (16 bits → 65536 levels of grey) and the dynamic 

range of these images is significantly large, i.e. more than 16 bits are needed for the 

intensity option.   
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Figures 4, 5: Examples of SAR images (Gulf of Guinea and Gibraltar). 

2.2. Recent Studies 

First of all, it is important to mention that the methodology employed in this project 

(i.e. max-tree representation) with the objective of detecting ships has not studied in the 

literature until now. In fact, no information of this procedure has been found since 

classical techniques do not employ this representation. However, similar strategies and 

technologies have been employed in the object detection field. Specifically, projects with 

the same objective (i.e. ship detection) but with different techniques have been carried 

out. Similarly, works with this particular tree structure have been performed to achieve 

different goals. 

2.2.1. Ship Detection on SAR Images with non Max-tree Techniques 

Regarding the purpose of ship detection, there have been different procedures 

employed to achieve satisfactory results. On the one hand, a methodology used in 

another UPC project [6] [7] involved the Wavelet transform [8] and a study and analysis of 

the image in frequency scale was performed. In that sense, the ship was detected if 

certain constrains were fulfilled. On the other hand, there was another project [9] [10] that 

dealt with Polarimetry [11] and notch filters [12] to achieve the same objective. 

2.2.2. Max-tree Representation in SAR Images for Vehicle Detection 

As said before, some algorithms for object detection on SAR images have been 

developed using the max-tree representation. A particular case is an algorithm of a group 

of German scientists that deals with the detection of stationary vehicles using 

morphological attributes [13]. In that sense, it has some similarities with our project as we 

also use a similar type of descriptors (geometrical) to classify the different parts of the 

image (ship and no-ship). However, our work also involves other types of descriptors and 

deals with their evolution too. 
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3. Project development 

3.1. Starting Point 

In order to perfectly understand the development of this project, the starting points 

need to be stated: the Max-tree representation and the SAR imagery. In fact, they 

constitute the basis of the entire work and thus, a brief explanation is mandatory. 

Nevertheless, the concepts were introduced in the previous section so that at this point, 

only the current situation, software and images used in this work, are cited. 

3.1.1. Max-tree Representation 

As previously indicated, the core of this project is the Max-tree representation, 

which is a new of way of constructing tree structures specific for each image and turns 

out  to  be quite adequate for our problem, ship detection through SAR images. In 

addition to that, the behaviour of these representations varies significantly depending on 

the nature of the image and thus, each scenario has to be analysed in detail and 

separately. In fact, it relies mainly on the number and distribution of the numerous flat 

zones among the image, which implies connectivity [14] indeed. Therefore, we have to 

adapt to the particularities of our particular case, the SAR imagery. Besides, the software 

that builds such construction comes from an external source [2], as we already 

mentioned. Such implementation computes, given a certain image and a certain 

connectivity (eight in our case), a parent image, which describes the hierarchy of the 

nodes, and an order image, which defines the path to visit the whole tree. Hence, the 

conversion to a structure with nodes, their relations and their grey level is required and 

obviously fulfilled in our work.  

3.1.2. SAR Imagery 

Regarding the SAR imagery, there are some aspects observed that have to be 

mentioned since they are essential for our project. Particularly, the most relevant 

characteristics of these images are the dynamic range and the presence of speckle noise. 

Actually, both have a different impact on the detection process. On the one hand, the 

dynamic range helps to detect the maxima (possible ships) in the image as they may be 

easily differentiated. However, the speckle noise has a negative effect on the signal as it 

varies its original value and thus, in some cases, there can be misinterpretations. For 

instance, a pixel with a high level of grey may belong either to a ship or the sea. 

Additionally, the presence of land in our images also complicates this situation as in 

general, its grey level is quite similar to the one of the ship.  

Another aspect that has to be taken into account is the distribution of the different 

components among these images, i.e. how ships, land and sea are allocated. Namely, 

the vast amount of sea in comparison with the small area of the ships. Thence, due to the 

nature of these images (noise, dynamic range…) together with this distribution, the 

resulting trees have a special shape. Specifically, the smallest levels of the tree, close to 

the root, happen to have a huge number of children whereas the rest of them tend to 

have a smaller amount. Also, the maxima of the tree, which correspond to the ships, are 

located on the longest branches, i.e. the longest path is followed. 

Finally, in order to have in mind the type of images we are dealing with and the 

aspects the three main components (ship, land and sea) have, some examples are 
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shown in the next figures. However, for more cases see Appendix A. Notice that they are 

displayed in logarithmic scale (20 · log10(𝐼𝑚𝑎𝑔𝑒)) in order to obtain a proper visualization 

since their dynamic range is quite huge. In all cases, a colour bar is plot to show the 

magnitude of the values of the images in such scale. 

  

      Figure 6: Example of ship             Figure 7: Example of land 

  

           Figure 8: Example of ship plus land       Figure 9: Example of ship  

3.2. Creation of the Detection Algorithm 

In order to understand clearly the detection approach, a precise and detailed 

description is made. Such procedure is explained deeply in the following sections. It 

consists mainly of a three steps architecture: 

1st: Max-tree construction from the raw SAR images, taking into account that any 

pre-filtering of the image is avoided. 

2nd: Computation of specific characteristics for each node, taking into account that 

the interest of the max-tree representation resides in the ability of computing different 

descriptors, geometrical and radiometric (or statistical), for each node. 

3rd: Classification of the nodes: ship or not. Here each node is analysed and 

based on the features computed in the second step, an algorithm decides whether the 

node corresponds to a ship or not. Moreover, in this project three different classification 
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algorithms have been analysed: the one we have designed and two classical 

classification algorithms based on a training phase.  

3.2.1. Global Nodes and Descriptors 

The first step though, is to define the type of node we are dealing with: the global 

node. It represents a connected component of the level set of the image at a particular 

grey level. In the max-tree, a global node is simply composed of all the pixels of the tree 

(common) node, defined in section 2.1.1, as well as all it descendant nodes. Equivalently 

the global node can be seen as the set of pixels contained in the sub-tree rooted at a 

given node. The global node turn out to be utterly useful for the detection process since a 

ship may have different grey levels and thus, the entire shape has to be studied.  

In the second step of the algorithm, numerous descriptors are assigned to the 

global nodes to accomplish our goal. They can be separated into two different groups: 

geometrical and statistical descriptors. The reason why these descriptors have been 

chosen is their utility in object detection and their potential in ship detection. Particularly, 

the geometrical descriptors rely on the idea of approximating the ships by ellipses as it 

results in a suitable and proper outcome. In this case, the parameters that form this group 

are the eccentricity, area, perimeter and area ratio. On the contrary, for the ones that 

refer to the signal statistics, descriptors such as the mean grey level, the variance and the 

branch length have been selected. 

Finally, in order to understand clearly the meaning of the descriptors stated above, 

a concise definition is given here. Note that all refer to the global nodes: 

- Eccentricity: Eccentricity of the ellipse that approximates the global node. 

- Area: Number of pixels each global node has. 

- Perimeter: Number of pixels that surround the global node. 

- Area Ratio: Relation between the area of the global node and the area of 

its corresponding ellipse: 

𝐴𝑟𝑒𝑎 𝑅𝑎𝑡𝑖𝑜 =
𝐴𝑟𝑒𝑎𝑔𝑙𝑜𝑏𝑎𝑙 𝑛𝑜𝑑𝑒

𝐴𝑟𝑒𝑎𝑒𝑙𝑙𝑖𝑝𝑠𝑒
                                         (1) 

In fact, this relation reflects the error made when approximating the global 

node through the ellipse. 

- Mean Grey Level: Mean value of all the different grey levels of the pixels 

belonging to a certain global node: 

𝑀𝑒𝑎𝑛 𝐺𝑟𝑒𝑦 𝐿𝑒𝑣𝑒𝑙 =
1

𝐴𝑟𝑒𝑎𝑔𝑙𝑜𝑏𝑎𝑙 𝑛𝑜𝑑𝑒
· ∑ 𝐺𝑟𝑒𝑦 𝐿𝑒𝑣𝑒𝑙𝑖 · 𝐴𝑟𝑒𝑎𝑖  

𝑁

𝑖=1

          (2) 

where 𝑖 describes each node that forms the global node and 𝑁 the number 

of such nodes. 

- Variance: Variance value of the different grey levels among the global 

node: 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
1

𝐴𝑟𝑒𝑎𝑔𝑙𝑜𝑏𝑎𝑙 𝑛𝑜𝑑𝑒
· ∑(𝐺𝑟𝑒𝑦 𝐿𝑒𝑣𝑒𝑙𝑖 − 𝑀𝑒𝑎𝑛 𝐺𝑟𝑒𝑦 𝐿𝑒𝑣𝑒𝑙)2

𝑁

𝑖=1

  (3)  

where 𝑖 describes each node that forms the global node and 𝑁 the number 

of such nodes. 

- Branch Length: Number of nodes that has the branch where the global 

node is located. Notice that a branch of the tree is defined as the path 
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followed from the root towards a certain leave. In that sense, if a certain 

global node has more than one child, it may belong to many branches, as 

there are different paths that cross it. In that situation, the longest length is 

assigned. 

3.2.2. Classification Proposals 

As said before, in this project we have proposed three different ways to classify 

the different nodes of the tree: ships and no-ships (land or sea). Besides, the main 

difference with the implemented algorithms resides in the fact that the first one is 

completely self-developed while the other two are classical machine learning approaches, 

already implemented in MATLAB: Decision Trees and Support Vector Machine (SVM). 

The reason why three different algorithms are employed is basically to be able to 

compare their performances and behaviour.  

3.2.2.1. Developed Algorithm 

The core of our algorithm is the set of descriptors previously listed and our aim is 

to manage them so that a suitable node is obtained, i.e. a ship is detected. To do so, we 

proposed the idea of analysing each of them along the different branches of the tree. 

Hence, various curves corresponding to the evolution of each descriptor along the branch 

are computed and analysed since a different behaviour for ship and no ship nodes is 

expected so that the detection can be carried out easily. Our proposal therefore, starts at 

this point. A detailed analysis of these behaviours, as well as, an objective criterion are 

needed to design the methodology employed for the detection. All these points are 

introduced in the following sections. 

Evolution through Branches 

We already stated that the evolution of the descriptors’ value along the branches 

is the key point for our system. The reason is that the descriptors chosen may have a 

peculiar behaviour at some parts of the branch. For instance, the eccentricity of the 

ellipse assigned to each global node may present a maximum when it is near the node 

corresponding to the ship. Also, the mean grey level, as well as the variance may be 

considerably high around the ship node and maximum in a certain leave located inside 

the ship node. However, in order to know exactly which particular features each 

parameter has, an empiric evaluation is required. Such process is carried out in the next 

section for the various descriptors. Notice that per every one, diverse cases of images 

are needed: ship(s) only, land only, sea only and ship plus land. Obviously, all images 

contain sea, since it is not logical to contemplate a case without it. It is important to 

mention that given the vast amount of figures that result from this analysis, only one case 

will be shown (a ship one: Figure 6), even though the others will be contemplated too and 

will be shown in the Appendix B. Furthermore, it is worth to notice that the images that 

will be displayed in the sequel correspond to the different values of the analysed 

descriptor along the different branches. The evolution of each descriptor along the tree 

branch forms a mono-dimensional sequence (see for example Figure 16) which is plotted 

vertically in the images (see for example from Figure 10 to Figure 15). The horizontal axis 

in these images represents the various branches (the shortest branch is displayed on the 

left side and the longest one on the right side) and the vertical axis corresponds to the 

nodes along the branches. Note that the root is located at the bottom whereas the leaves 

are at the top. 
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Geometrical Descriptors 

Eccentricity 

The intuition behind this descriptor was that the nodes corresponding to the 

ship(s) may present a high eccentricity since their shape in general is quite elongated. 

Thus, this parameter would be useful to distinguish the desired ships from the rest of 

the nodes, land or sea. However, the observed features highlighted that it would not 

be a huge help since many other nodes, different from the ship ones, had a high 

eccentricity too. Hence, it was not a significant distinctive. These features can be 

observed in the following figure.  

 

Figure 10: Evolution of the eccentricity. Colour refers to the value of this descriptor 

We can observe that there are many nodes that have a high eccentricity and do 

not correspond to the ship (the ship is marked with black points). Thus, this descriptor 

is probably not useful in our work. However, we can see that the highest values are 

located near the leaves, i.e. top parts of the figure, whereas the lower ones are at the 

root, i.e. bottom of the plot. In fact, this result is quite logical since the eccentricity 

diminishes towards the root, which represents the entire image. Therefore, if the 

image support is a square, its best approximating ellipse is a circle. Note that this 

figure corresponds to a particular image, but other images produce the same 

behaviour (see Appendix B) so that the inadequacy of this parameter for our goal is 

pointed out again. Notwithstanding, it might be used at some point since it is a 

necessary conditions for the detected nodes: only the ones with high eccentricity will 

be considered as candidates for ships. 

Area 

An area parameter has been widely used in many Image Processing applications 

since it is a basic characteristic of any shape in an image. Hence, in our case it was 

computed because it could give relevant information about the studied nodes. In fact, 

the size of a ship is bounded by the Prelude FLNG [15], the largest ship in the world 

at the moment, and therefore, all the nodes which may be ship candidates and that 

have an area bigger than this one can be removed. The evolution of this parameter 
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along the different branches do not demonstrate any special peculiarity. Actually, it 

only shows the increase of area of nodes when they approach the root, which is quite 

obvious indeed because of the max-tree construction, and no special trait is 

presented for the ship nodes (marked in black too). Also, like for the previous 

descriptor, the analysis of other cases (see Appendix B) confirms the results shown 

here. Therefore, this descriptor absolute value may be used for comparing areas 

exclusively but its evolution along the branch is not useful. 

 

Figure 11: Evolution of the area. Colour refers to the value of this descriptor 

Perimeter 

Similarly to the previous descriptor, the global node perimeter was also calculated, 

since interesting features might be observed. Particularly, if we compare two nodes, A 

and B, that have the same area but only one of them corresponds to a ship, say node 

A, we will see that the perimeter of the node B, which does not represent the ship, will 

often be larger than the perimeter of A. This is due to the fact that many nodes 

present irregular shapes that do not look like the ship ones and thus, they fit barely 

the ellipse, whereas the ship ones fit almost completely. So, a relation between area 

and perimeter was computed. However, an evaluation of many cases (see Appendix 

B) showed that a concise model to represent the behaviour of this descriptor could 

not be found. Thus, this descriptor was finally discarded. 
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Figure 12: Evolution of the perimeter. Colour refers to the value of this descriptor 

Area Ratio 

The shape used to approximate the ships is an ellipse and unfortunately, since it 

is convex (i.e. the same ellipse can represent an irregular shape and a circle), a 

measure of the approximation error is required. This descriptor can be really 

significant and relevant for our purpose since the nodes that correspond to ships 

might have a low error. This parameter is computed as a ratio between the area of the 

global node and the area of the ellipse, as seen in section 3.2.1. High ratio values will 

correspond to low errors. In that sense, the ship nodes will tend to one, maximum 

feasible value since the ellipse will always contain the pixels of the global node, which 

determine its area indeed, whereas the rest of them might be lower, i.e. tending to 

zero, value that defines the node as an erroneous representation of the ellipse.  

Regarding the evolution of this descriptor, an interesting trait was identified: at the 

leaves and the root the descriptor value is always almost maximum since the ellipse 

that approximates these nodes is practically perfect (i.e. the shape described by the 

node fills the whole ellipse in). Besides, when the analysed branch contains a ship 

node, another maximum is observed between the two previous ones. This is due to 

the fact that when moving away from the leaves, the approximation becomes worse 

as a considerably error is made, the global node does not fill the ellipse in accurately. 

Then, when approaching the ship, the error lessens and the ratio increases as the 

approximation results better. After this stage, it decreases again until it reaches the 

root, where the descriptor rises again. On the contrary, when there are no ships in a 

certain branch, the corresponding curve has simply two maximums. Likewise before, 

the relation decreases when the leaves are left and does not increase until the root is 

approached as the only precise approximations are located there, any other is found 

along the path of the branch. Thus, this fact might be quite useful for our project since 

it describes a distinctive feature. 
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Figure 13: Evolution of the area ratio. Colour refers to the value of this descriptor 

As we can see in the previous figure, the region where the ship is located (inside 

the tree: black points), is well described by the evolution described above (a 

maximum is experimented in that zone). Such behaviour was experimented in most of 

the cases, even though land areas can have a similar behaviour (see Appendix B) 

and thus, problems might appear. However, this descriptor will be used in our 

development as it acts as a distinctive one and helps the detection to be carried out. 

Statistical Descriptors 

Mean Grey Level 

Concerning statistical descriptors, the first proposed one was the mean grey level, 

since the grey level is the main distinctive feature between nodes when building the 

tree. In fact, it is the first property (apart from the shape) that can help us distinguish 

the different elements in an image, sea, land and ship. Particularly, it describes the 

grey level of the global node and represents the reflectivity of a certain region, defined 

by a global node. Thus, zones with a high mean grey level may correspond to ship or 

land (both have a huge reflectivity and consequently, a high mean grey level value), 

whereas areas with a lower value relate to the sea (small reflectivity and therefore, a 

low grey level). However, given the vast presence of speckle noise in the signal, 

some pixels corresponding to sea might also have large values so that confusion 

might appear.  
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Figure 14: Evolution of the mean grey level. Colour refers to the value of this descriptor 

In the previous figure, we can observe that the highest values are located near the 

leaves, fact that was expected since they are the maxima, in grey level terms, of the 

tree. The ship nodes, marked in black, are nearby these maxima since they contain 

them, although their grey level is smaller. Unfortunately, these values also appear in 

sea regions (rest of leaves) as a result of the effect of the noise. Hence, some 

mistakes can be done using this descriptor but regardless, it will be used in our 

algorithm since it presents an understandable behaviour and can differentiate many 

components. Finally, and as previously mentioned, this result is also observed in 

many other cases (see Appendix B).  

Variance 

A similar descriptor to the one stated before is the variance of the global node. It 

was initially defined to establish a relation with respect to the mean value. Particularly, 

an analagous behaviour was expected since ships tend to have a wide range of 

values (i.e. different scales of grey) so that their variance tends to be large. 

Contrariwise, the zones with sea tend to be flat, in terms of grey level, and therefore, 

their variance is small. Besides, the presence of noise affects slightly this parameter, 

in comparison with the effect on the mean value, as a result of the definition itself (see 

Equation 3). Particularly, spurious grey levels, i.e. large values, occurred as a result of 

the speckle noise do not have a huge impact on the variance since many pixel values 

(that form the global node) are taken into account. 
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Figure 15: Evolution of the variance. Colour refers to the value of this descriptor 

As said before, we can see in the figure above that only the nodes close to the 

ship nodes (marked in black) will have a large variance whereas the ones 

corresponding to sea do not. Notice also that the maximums are located near the 

leaves, as well as in the mean grey level, whereas the rest of the tree has a low 

variance. However, the behaviour of the ships is also experimented in the land (see 

Appendix B) and consequently, errors may be made. Therefore, since the mean grey 

level already provides a suitable colour notion, this descriptor will probably not be 

used. 

Branch Length 

The concept of branch length was not initially planned to be assigned to the 

various global nodes. Actually, it was a property observed during the analysis of the 

other descriptors. Specifically, ships are located on the longest branches of the tree 

as a result of containing the highest grey levels and therefore, following a more 

elongated path. On the contrary, the nodes corresponding to sea regions are situated 

on the shortest branches. This fact could be employed to differentiate sea and ship 

zones. However, a similar behaviour to the ship one is experimented in the land. 

Although this parameter might be useful in some cases, it is difficult to deal with in 

general and therefore, it will not be used in our algorithm.  

Classification Criteria and Designed Methodology 

From the evaluation of the different descriptors carried out before, we can 

establish different criteria to classify the various nodes of a max-tree. In fact, in this case 

the nodes are discarded if these criteria are not satisfied. However, as said before, only 

some descriptors are used since they present interesting properties. Thus, at this point, 

different detections are applied to the tree representation to obtain the desired node using 

a combination of some descriptors. 

First, we take advantage of the mean grey level descriptor, which helps us to 

determine the maxima of the tree (i.e. leaves) that might correspond to pixels inside the 

region of the. Particularly, a certain constrain is fixed: only the global nodes with mean 
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grey level higher than the one of the root, first node in the tree, multiplied by a constant 

(deciding factor) are preserved. Therefore, a relative comparison is made between the 

global node and the root node mean grey levels. This process provides robustness to the 

SAR technology used in each case (in particular, an approach where an absolute 

measure would be used would not be robust). Notice also, that for each branch, only one 

node is selected, the one with the highest value. In this step, many sea nodes are 

removed since they do not fulfil the previous condition (even though they might contain 

some leaves but not with an enough high grey level).  

It has been seen that the land areas can have similar behaviours to the ones of 

the ship (mean grey level and area ratio mainly). Thence, procedures to eliminate the 

land regions, defined by a set of nodes, are required. In this case, these zones are 

eliminated using the area and mean grey level descriptors. First of all, from the nodes 

that prevail, the path towards the root, defined by the corresponding branch, is followed 

until a determined mean grey level is achieved. In addition, another threshold (decision 

factor 2), similar to the one of the previous procedure, is defined: a certain magnitude 

higher than the root’s one. Then, the area of the resulting nodes is compared to the 

maximum area a ship can have (see Appendix C). Finally, if the area of the global node is 

higher than the maximum one (maximum ship areas), this node is removed. Notice that in 

order to relate the number of pixels to the physical size of objects, the resolution and the 

specifications of each SAR mode have to be consulted [16] [17]. Besides, if the 

information is given in slant range, a conversion is needed (see Appendix C). Overall, the 

main idea behind this criterion is that the land has a high grey level as the ship but its size 

tends to be quite huge, in comparison with the ships’ one. Nonetheless, when dealing 

with small islands, the algorithm may also detect them as ships. 

Afterwards, we already mentioned in the previous section that the area ratio has a 

peculiar evolution and behaviour depending on the component, ship, land or sea, and 

thus, it plays an important role in the whole procedure. Particularly, it helps to find nodes 

that adapt satisfactorily to possible ships and to discard erroneous nodes. Hence, in this 

step, the branches corresponding to the prevailing nodes that do not have a maximum 

between the leaves and the root will be eliminated. In that sense, only the branches that 

contain a node, apart from the leaves and the root, whose ellipse is a proper 

approximation of it (i.e. the pixels fill almost the entire ellipse in), will remain. However, 

given the nature of our signal, the curves that represent each branch evolution are 

considerably noisy. Consequently, an approximation through polynomials (in our case), 

particularly of 20th order, is carried out, as it can be seen in the figure below, where a 

particular branch that contains a ship is contemplated; thus, the three maxima are 

present. Also, to illustrate the behaviour of the sea, a branch corresponding to sea, i.e. 

with only two maxima, is shown too. Finally, it is important to mention that this procedure 

will eliminate many land and sea nodes that may persist. Also, to discard useless 

maximums, i.e. those that appear at lower values, certain thresholds have been applied 

(threshold max and threshold min). Notice that at this point, only in few cases some land 

ones will remain.  
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Figure 16: Evolution of the area ratio descriptor along a branch containing a ship 

 

Figure 17: Evolution of the area ratio descriptor along a branch containing sea 

At this point, the prevailing nodes have a high probability of being ships since the 

previous constrains have been overcome. However, in order to detect the node that best 

fits the ship a modification from the current nodes is needed. Particularly, the prevailing 

nodes might be located near the leaves (as they are initially selected by their grey level). 

Nonetheless, the suitable region, i.e. where the ship is located, is situated around the 

maximum between the leaves and the root. Thence, the candidate node has to be moved 

towards the root and reside in the desired zone. To do so, the node has been moved to 

the node of the area ratio maximum between the root and the leaves and then, short 

movements are applied towards the root to find the node that best fits the ship. The point 

where the node is stopped is fixed through a determined threshold (node threshold), in 

terms of the area ratio descriptor.  
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The next step is to use the eccentricity descriptor to eliminate some nodes. 

Specifically, those that do not have a high eccentricity, i.e. which do not exceed a defined 

threshold (minimum eccentricity), are removed. Also, since the node has changed its 

position, i.e. the node is different and therefore, has distinct value of the descriptors, the 

condition of the maximum area mentioned before has to be fulfilled too. Particularly, the 

nodes which area is higher than the permitted one, i.e. the ship’s maximum possible real 

size, are eliminated.  

Finally, since there can be more than one ship per image, a separation between 

them is done. Actually, many nodes can describe the same ship, since close nodes have 

slight differences in terms of shape, i.e. the pixels they contain are quite similar), and they 

need to be gathered together in separated groups (corresponding to the different ships) 

so that the best representation of each of them is selected. Particularly, within the same 

group of nodes, the one with the highest eccentricity will be selected as it may represent 

better the ship’s shape. Besides, the smaller ones are also eliminated since they might 

not represent the ship entirely. To do so, its area is compared with the areas of the other 

nodes that correspond to the same ship. Then, if a certain threshold is achieved 

(threshold percentage), i.e. its area is large enough in comparison with the other ones, 

the node remains.  

In order to summarize the previous algorithm, a compact scheme is shown below. 

In is a decision tree since the nodes have to satisfy diverse properties to be selected. 

Obviously, if at some point of this development there are not remaining nodes, this 

means that no ship has been detected and therefore no ship is present in the image. 

Figure 18: Summary of the developed algorithm 

Developed Algorithm 

 Input: Max-tree of a certain image. 

 Output: Group of nodes that represent the diverse ships. 

 Parameters: deciding factor, deciding factor 2, maximum ship areas, threshold max, threshold 

min, node threshold, minimum eccentricity and threshold percentage. 

 Procedure: Descriptors are subject to conditions and only the nodes that satisfy them remain. 

- 1st Step: Nodes with a certain mean grey (deciding factor) value prevail. 

- 2nd Step: Move down the branch towards the root and stop when a value of mean 

grey level (deciding factor) is achieved. Then compare its area with the maximum 

possible real one (maximum ship areas) and discard if it is bigger. 

- 3rd Step: Maximums, in terms of area ratio, of the branches of the remaining nodes 

are analysed. If there is a maximum between the root and the leave ones, the 

branch and its corresponding node remain. Eliminate useless maximums that do 

not achieve certain thresholds (threshold max and threshold min). 

- 4th Step: Situate at the previous maximum stated and go towards the root until a 

certain threshold (node threshold) is achieved. 

- 5th Step: Eliminate the nodes with a low eccentricity, defined by another minimum 

eccentricity, and larger area than the possible one (maximum ship areas). 

- 6th Step: Separate the distinct nodes according to the ship they represent and 

select the most eccentric (discarding the smallest with threshold percentage). 
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3.2.2.2. Machine Learning 

As said before, a different technique is employed to classify the diverse nodes that 

form the tree: Machine Learning [18]. It consists mainly on an analysis of certain 

parameters (i.e. our descriptors) to label the elements corresponding to them into the 

different categories (i.e. ship and no-ship). Thus, an algorithm is implemented in order to 

predict the class each node belongs to. 

What is more, this procedure involves two different parts: training, learning, and 

test, prediction. They refer to the steps that have to be followed to carry out the 

classification. Specifically, the training consists on providing many examples of the 

studied scenario with the parameters (predictors) and the labels (response) so that a 

model can be built to define their behaviour. Therefore, this is the basis of this technique 

since it is the point where the algorithm is created. Afterwards, once the learning is 

finished, the evaluation of its performance (i.e. the classification) with new parameters 

(without their label obviously) is done.   

In our case, the decision trees [19] and the support vector machine [20] are the 

two types of this approach used, which are introduced below. Both techniques are 

implemented using the MATLAB software and its functionalities [21] [22]. Also, they take 

advantage of the descriptors previously used in our algorithm (see 3.2.1). 

Notwithstanding, the evolution property is only employed in the case of the area ratio as it 

is a strictly necessary feature to analyse, i.e. the number of maximums along the branch. 

Hence, in the other cases, only the value assigned to individual global nodes is taken into 

account. 

Decision Trees 

 This technique consists on classifying the various elements (nodes in our case) 

following a certain path determined by its parameters in a defined decision tree. Such 

structure is built according to the observed features in the training step. Thus, a series of 

relations are established among the parameters in order to determine different paths. 

Particularly, the value of each parameter of the nodes is compared with specific threshold 

and, depending on the result, the node is directed into one way or another. Repeating this 

procedure in several manners is the process followed for this approach to implement the 

algorithm and thus, to classify the numerous nodes. In order to illustrate this methodology, 

an example is shown below: 
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Figure 19: Visualization of an example of decision tree [21] 

Support Vector Machine 

 Similarly to the previous technique, the SVM (Support Vector Machine) approach 

analyses the different data provided in the training step to recognize distinct patterns 

among the elements and their parameters. Specifically, as we can see below, this 

technique tries to determine the optimal hyperplane that separates different categories of 

the studied elements (i.e. ships and no-ships) according to the value of their parameters. 

 

Figure 20: SVM classification procedure [22] 
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4. Optimization and Results 

4.1. Ground Truth Database 

The database is an essential part of this project since it provides the necessary 

inputs to test our system. In addition, a ground truth, to ensure the information is reliable, 

has been defined for the set of images available, provided by the Nereids European 

Project [23]. Since these images are considerably large, splits of 100x100 pixels 

approximately have been made in order to facilitate the whole procedure. Particularly, the 

images used are originated mainly by the SAR system Radarsat-2 [24] and they belong 

to regions like Norway, Gulf of Guinea and Gibraltar.  

Regarding the specifications of each SAR image, different modes have been 

employed. Specifically, the ones used are shown in the following table: 

Analysed Area Mode Incidence Angle (º) Pixel Spacing (Rg[m]xAz[m]) 

 

Norway 

Wide Multilook 
Fine Resolution 

Beam - SLC 

 

40-45 

 

2.7 x 2.9 

 

Norway 

Wide Multilook 
Fine Resolution 

Beam - SLC 

 

46-50 

 

2.7 x 2.9 

 

Norway 

Wide Fine Quad 
Resolution Beam 

- SLC 

 

39.5-42.1 

 

4.7 x 5.1 

 

Gulf of Guinea 

Wide Fine 
Resolution Beam 

- SLC 

 

20-31.5 

 

4.7 x 5.1 

 

Gibraltar 

ScanSAR Wide 
Beam Mode - 

SGF 

 

20-49 

 

50 x 50 

Table 8: Set of the employed modes and their corresponding specifications 

Overall, there are 30 images containing ships: 24 with one ship, 1 with one ship 

and land, 4 with two ships and 1 with three ships (36 ships in total). Otherwise, there are 

20 images where no ships are present: 17 with only sea and 3 with land and sea. 

Therefore, this selection will be used for the Precision and Recall measures, which are 

introduced in the following section, and that constitute the objective criterion to evaluate 

the performance of the system. Notice that each image implies a certain max-tree 

representation, which is included in this database too and results crucial for the whole 

work indeed.  

4.2. Optimization: Precision and Recall 

In order to achieve a satisfactory and proper performance of our algorithm, an 

optimization of its decision parameters (i.e. various thresholds and constants announced 

in the previous section) is carried out. To do so, the measures of Precision and Recall are 

calculated for the several results obtained from the different variations of these 

parameters. Also, to understand clearly their impact, the curves associated to each of 

them are computed. It is important to say that the Precision and Recall measures provide 

a reliable evaluation of the system performance when dealing with classification problems. 

Particularly, they reflect the relations between true positives/false positives and true 
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positives/false negatives respectively. In order to determine whether a result (i.e. a node) 

is a false/true positive or false/true negative, its corresponding ellipse is compared with 

an ideal one we defined for each image stated in the previous section. Specifically, the 

percentage of overlap (intersection/union) between them is analysed: a node is an 

acceptable representation when a certain value (10 % specifically) is achieved. The 

expressions of Precision and Recall are: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
                                      (4) 

𝑅𝑒𝑐𝑎𝑙𝑙 =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
                                       (5) 

Hence, the optimal parameters will be the ones that lead to the closest Precision 

and Recall point to one. In order to deal with this issue (selecting the parameters 

properly) the best set of parameters is defined according to the variations stated before. 

Particularly, the variations consist on modifying the value of a certain parameter while the 

other ones are fixed. Such process is iterated for each parameter until the measures of 

Precision and Recall converge into the suitable value, i.e. close to one. Thus, in this way 

the impact of each parameter on the performance of the algorithm, in terms of terms of 

Precision and Recall, can be observed. To illustrate this procedure, the several curves 

are shown in the following figure: 

Figure 21: Precision and Recall curves 

Normally, there is a trade-off between Precision and Recall as the improvement of 

one of them leads to the worsening of the other, and vice versa. However, in our case the 

situation tends to improve and therefore, the parameters chosen, the ones that result in 

values close to one, do not compromise the whole performance. Nonetheless, as said 

before, the Precision and Recall measures converge into a certain optimal point. 

Therefore, if the parameters that correspond to such value increase or decrease, the 
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situation worsens. Besides, notice that the point where all the curves converge is the 

original stage and from that situation, the measures vary depending on the parameters.  

It is believed that the first iteration of this procedure has led to an optimal set of 

parameters given by:  

𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  1375 ; 𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 2 = 20   

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠ℎ𝑖𝑝 𝑎𝑟𝑒𝑎𝑠 = [3468 6827 6206 2306] ; 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑚𝑎𝑥 =  0.7 

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑚𝑖𝑛 = 0.6 ; 𝑁𝑜𝑑𝑒 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 0.85  

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 =  0.85 ; 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 0.2 

In order to confirm that this set of parameters is actually optimum, we have to 

perform a second optimization iteration, i.e. performing the same optimization procedure 

starting with the set of parameters resulting from the first optimization. At the time of 

writing this report, this second iteration is being performed and should confirm the 

optimality of the selected parameters.   

4.3. Results 

As already mentioned, the final results of this project can be reflected in terms of 

Precision and Recall. However, it has to be said that the previous optimization only has 

effect on the developed algorithm since the parameters used in it are adjustable. 

Therefore, several examples as well as their corresponding Precision and Recall 

measure are shown to illustrate the three algorithms’ performance (for more results see 

Appendix D). Notice that the same images (in logarithmic scale) with their corresponding 

results are presented in each case to visualize and compare them easily.  

4.3.1. Developed Algorithm 

As previously announced, several examples of the results obtained using this 

procedure will be shown below. In addition, they correspond to diverse situations so that 

the robustness and efficiency can be tested. Particularly, images with one ship, with one 

ship and land, with land (only) and with various ships are displayed to reflect the whole 

performance. In addition, notice that the results of images with only sea are not shown as 

they are implicit in the presented images. 

One ship: with and without land 

   

Figures 22, 23: Results of images containing one ship without land 
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Figures 24, 25: Results of images containing one ship with and without land (respectively) 

Land 

   

Figures 26, 27: Results of images containing land only 

Various Ships 

   

Figures 28, 29, 30: Results of images containing various ships without land 

 As we can observe, in some cases false positives and negatives appear, even 

though they constitute a minority within the numerous images. Thus, in terms of Precision 

and Recall, it can be said that the performance of our algorithm is almost ideal since the 
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measures are around 0.9. Note that such measures have been carried out using the 

database introduced previously: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 4 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
= 0.8947  

𝑅𝑒𝑐𝑎𝑙𝑙 =
34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 2 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
= 0.9444 

Finally, other results were obtained with the image of Gibraltar. However, given 

the change in the resolution, the optimal parameters may vary. Particularly, the resolution 

has decreased considerably, affecting the morphology of the ships, i.e. they constitute a 

smaller amount of pixels and their shape is less eccentric. Therefore, the algorithm has to 

adapt to these conditions. Such optimization process results complex so that it will be 

carried out in future versions. In fact, to provide reliable results, it must be performed in 

the diverse situations where the SAR systems changes, i.e. mode, captor, sensors. 

Nonetheless, an example of a result varying the parameters of our algorithm, although 

they may not be the optimal, is shown below. Note that the different morphology of the 

ship,i.e. a more circular shape, can be observed easily. 

 

Figure 31: Result of an image containing one ship without land 

4.3.2. Decision Trees 

As previously announced, the decision trees are based on the training step in 

order to create the classification algorithm. However, once this step is finished, the 

resulting algorithm is tested. Thus, different parts of the database previously described 

are destined to each step. Particularly, from the numerous nodes available, about 1000 

corresponding to 8 different ships and 60000 corresponding to different no-ships nodes 

(related to land or sea areas) have been used to carry out the training. Note that an 

image 100x100 of this typology has around 5000 nodes. Otherwise, the rest of them has 

been used to test the algorithm. In addition, in order to determine which nodes 

correspond to the ships and which do not, the max-tree corresponding to the image is 

analysed. Particularly, the diverse ellipses defined in each node are compared (in terms 

of overlapping percentage) with the ideal ones we define previously. In fact, it is a similar 

procedure as the one performed for deciding which type of positive or negative a resulting 

node is (see 4.1). Moreover, the resulting tree can also be visualised in order to know 

which patters it recognizes among all the different parameters. However, it turns out to be 

too complex to analyse since several relations are established.  
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 Regarding the Precision and Recall measures, a modification of the obtained 

results is required. Specifically, the nodes corresponding to each ship have to be 

gathered together and the best one of each group has to be selected, i.e. the most 

eccentric. Actually, this procedure was also carried out in our algorithm and it is useful for 

comparing their performance. Besides, it was observed that many false positives were 

defined by a unique node whereas the true positives were determined by a group of them. 

Hence, these groups, which represented detected ships indeed, even though they were 

incorrect, were eliminated since it worsened the whole performance. In fact, the measure 

of Precision improved significantly, while the Recall one kept its value. Such procedure 

was also applied to our algorithm but the results were worse. Therefore, the final results 

of this technique (i.e. decision tree) can be seen in the following examples: 

One ship: with and without land 

   

Figures 32, 33: Results of images containing one ship without land 

   

Figures 34, 35: Results of images containing one ship with and without land (respectively) 
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Land 

   

Figures 36, 37: Results of images containing land only 

   

Figure 38, 39, 40: Results of images containing various ships without land 

 In this case we can observe that the results are quite similar to the ones shown in 

the previous section. Nonetheless, the overall performance has decreased since the 

value of Precision has diminished as a result of many false positives. Particularly, the 

measured values, obtained through the database previously stated, are the following: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 12 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
= 0.7391 

𝑅𝑒𝑐𝑎𝑙𝑙 =
34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

34 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 2 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
= 0.9444 

 Notwithstanding, the value of Recall is the same as in the previous one and in 

order to improve the other measure, a more exhaustive training could be made (even 

though the one performed has been already rigorous).  

4.3.3. Support Vector Machine 

Similarly to the previous technique, a SVM was trained using the same sequence 

of predictors and responses. However, in this case the results have been very poor since 

the detection outputs a vast amount of false positives and false negatives. In fact, the 

global measures of Precision and Recall have not been computed as it could be seen 
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easily that they would result highly poor. Such performance can be seen in the following 

example, where the separation of groups (associated to each ship) and the selection of 

the best node have been carried out too. 

 

Figure 41: Result of an image containing one ship without land  

 Finally, to prove the inefficiency of this procedure, the training and the evaluation 

was performed with the same image, expecting proper results. Nonetheless, 

performances were also very poor, as we can observe in the following figure. Therefore, it 

can stated that the SVM is not an adequate technique for this situation, i.e. ship detection 

with this specific database and descriptors. It is believed that the poor performances of 

the SVM approach are due to the specific distribution of the two classes, which are not 

easily separable with a hyperplane.  

 

Figure 42: Result of an image containing one ship without land 

4.4. Comparison 

The different algorithms have been tested in order to compare their performance. 

Hence, we can see clearly that our algorithm is the one with the best results as its 

measure of Precision and Recall is the highest one. However, it has to be mentioned that 

normally the Machine Learning algorithms present satisfactory performances. In this 

situation though, the decision tree has overcome the SVM with acceptable results. In fact, 

the SVM has shown that is not appropriate for this scenario.  

On the other hand, when comparing this project with the current state of art, it can 

be observed that the performance has been quite similar. For instance, the project 
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described in 2.2.1, which dealt with Wavelets for the ship detection, had the following 

results (among some of the images we employed): 

 

Figure 43: Example of a result (analogous to figures 22 and 32) 

 

Figure 44: Example of a result (analogous to figures 28 and 38) 

Thus, although this is only a preliminary comparison, we can state that this project 

has achieved comparable performances to the current state of art. Of course, a more 

precise comparison should be done in the future by gathering the results of the state of 

the art algorithms on our complete database and by computing the Precision and Recall 

values.  
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5. Budget 

Regarding the budget of this project, it is important to state that no prototype has 
been employed for the development. Nonetheless, other factors have to be taken into 
account to determine the total cost of this work: the tools used and the number of hours 
dedicated. Respecting the employed tools, we can distinguish between the specific 
software (MATLAB) and the support device (a computer or PC).  

In addition, since the work has last for over five months (from February to July), the 
costs result in a year licence (2000 € [25]), as monthly licences are not available, and in a 
14 % of the computer’s original cost. In relation to this last point, a PC generally lasts for 
three years in a common company. Thus, the cost of amortization during five months, 
assuming that the PC original cost is 1000 €, results in: 

5 𝑚𝑜𝑛𝑡ℎ𝑠

36 𝑚𝑜𝑛𝑡ℎ𝑠 (= 3 𝑦𝑒𝑎𝑟𝑠)
∗ 100 ≃ 14 % → 1000 € · 0.14 = 140 € 

On the other hand, the hours dedicated are defined directly by the hours 
employed weekly, the number of weeks and the wage of a junior engineer (assuming it is 
8 €/hour). Hence, it results in: 

23 𝑤𝑒𝑒𝑘𝑠 ·
30 ℎ𝑜𝑢𝑟𝑠

𝑤𝑒𝑒𝑘
·

8 €

ℎ𝑜𝑢𝑟
= 5520 € 

Finally, in order to summarize the total cost, the following table is given: 

 

Item Cost 

MATLAB licence 2000 € 

PC 140 € 

Hours dedicated 5520 € 

TOTAL 7660 € 

Table 9: Budget 

Moreover, if the interested company or individual(s) are keen to buy some of the 
images used, it is worth to mention that each of them, as a SAR Radarsat-2 commercial 
product, have a cost of 6000 € approximately.  
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6. Environment Impact 

 Although the initial purpose of this project was not to improve the environmental 
situation, it may have a positive impact on it. Particularly, it could help to detect illegal 
fishing and therefore, contribute to the better use of natural resources since this activity, 
which affects significantly the environment, would be stopped. In addition, the maritime 
traffic could be controlled too and thus, an optimization of the sailing tracks would be 
computed. In that sense, since a minor amount of fuel would be employed, less pollution 
and contamination would be produced. Finally, another issue this project could deal with 
is the identification of ships that may have had fuel leak during their journey. Hence, the 
security of this particular situation could be improved as the pollution, produced by the 
escapes, would be controlled.  
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7. Conclusions and Future Developments  

The main objective of this project was to demonstrate the potential of the max-tree 

representation within the context of ship detection in SAR imagery. This goal has been 

achieved since an accurate detection of these objects is provided. In fact, measures of 

Precision and Recall have been computed for the implementations that have succeed. 

Particularly, our developed algorithm has achieved a value of 0.8947 and 0.9444, 

respectively, whereas the decision tree technique has achieved a value of 0.7391 and 

0.9444, respectively. Therefore, since the ideal measure is 1 and 1, respectively, we can 

state that our implementation has achieved a better performance. It is important to 

mention that an essential point for the development of this work has been the analysis of 

the evolution of the diverse descriptors along the numerous branches. Therefore, we can 

conclude that in order to obtain a desired node, i.e. that represents a certain shape in an 

image (ships in this case), it is crucial to study the nodes in groups and not independently. 

Besides, thanks to the detection results, shown through the ellipse representation, the 

size, shape, orientation and location of the ships present in an image can be provided. 

Thus, an accurate ship monitoring can be performed and many applications, as seen in 

section 6, can make use of it. Although the work reported here is only a preliminary 

research effort, it can be concluded that the use of max-tree representation is very 

promising for applications such as ship detection for SAR images.  

On the other hand, regarding future development, it is worth to mention that an 

optimization of the code used would be a priority since it has not been a priority during 

this project. Additionally, a deeper comparison with other methodologies should be 

carried out too. In addition, in future versions, depending on the particularities and 

specifications of the SAR system (captor, mode, sensors, resolution…), which affect 

directly the typology of the images employed, a process of adaptation has to be carried 

out in order to obtain an optimal performance with satisfactory and reliable results. 

Furthermore, similar objectives such as the detection of fuel among the sea could be also 

achieved. In addition to that, more constrains on the images like the presence of ice, 

which has a large reflectivity, could be overcome in future versions. Overall, it can be said 

that this work has succeed in its purpose and also that it could be compatible with 

different scenarios.   
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Appendix A 

 The aim of this appendix is to illustrate several examples of the types of images 

this project has dealt with. Therefore, the selection is as follows: 

  

Figures 45, 46: Examples of images with one and two ships (respectively) 

  

Figures 47, 48: Examples of images with one ship 

  

Figures 49, 50: Examples of images with one ship 
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Appendix B 

 As indicated before, the numerous descriptors have particular behavior depending 

on the components, ships, sea or land, of each image. Thus, in this section the remaining 

types not described in 3.2.2.1 will be shown. Particularly, such group is constituted by an 

image with land, another with only sea and another with ship and land. Notice that for 

each case, all the descriptors (geometrical and statistical) are illustrated.  

Case 1: Sea only 

 Eccentricity 

 

 Area 
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Perimeter 

 

 Area Ratio 
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Mean Grey Level 

 

 Variance 

 

Figures 51, 52, 53, 54, 55, 56: Evolution of the eccentricity, area, perimeter, area ratio, mean grey 

level. In all of them, colour refers to the value of the descriptor 
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Case 2: Land only 

 Eccentricity 

 

 Area 
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Perimeter 

 

 Area Ratio 
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Mean Grey Level 

 

 Variance 

 

Figures 57, 58, 59, 60, 61, 62: Evolution of the eccentricity, area, perimeter, area ratio, mean grey 

level. In all of them, colour refers to the value of the descriptor 
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Case 3: Ship with land 

Eccentricity 

 

 Area 
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Perimeter 

 

 Area Ratio 
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Mean Grey Level 

 

 Variance 

 

Figures 63, 64, 65, 66, 67, 68: Evolution of the eccentricity, area, perimeter, area ratio, mean grey 

level. In all of them, colour refers to the value of the descriptor 
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Appendix C 

 In some cases, the information provided by the specifications of the SAR system 

and that helps to determine the maximum area in pixels for each situation, i.e. the pixel 

spacing, is given slant range. Therefore, as previously mentioned, a conversion from the 

area of the largest ship (488 m x 74 m: Longitude and Width respectively), which is in 

ground range actually, to slant range is required. The relation between them can be seen 

in the following figure, from which a direct trigonometric equation (6) results: 

 

Figure 69: Relation between slant range and ground range 

cos(90º − α) = sin(𝛼) =
𝑑𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑎𝑛𝑔𝑒  

𝑑𝑠𝑙𝑎𝑛𝑡 𝑟𝑎𝑛𝑔𝑒
→ 𝑑𝑠𝑙𝑎𝑛𝑡 𝑟𝑎𝑛𝑔𝑒 =

𝑑𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑎𝑛𝑔𝑒

sin(𝛼)
              (6) 

where 𝛼 is the incidence angle 

 Therefore, since we are dealing with area, we have two main situations:  

- The ship, in longitude direction, is perpendicular to the azimuth. Consequently, the 

longitude is enlarged: 

𝐴𝑟𝑒𝑎 =
𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒

sin(𝛼)
·

𝑊𝑖𝑑𝑡ℎ

sin(90)
=

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒

sin(𝛼)
· 𝑊𝑖𝑑𝑡ℎ                              (7) 

- The ship, in longitude direction, is perpendicular to the range. Consequently, the 

width is enlarged: 

𝐴𝑟𝑒𝑎 =
𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒

sin(90)
·

𝑊𝑖𝑑𝑡ℎ

sin(𝛼)
= 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 ·

𝑊𝑖𝑑𝑡ℎ

sin(𝛼)
                             (8) 

 Finally, since 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 > 𝑊𝑖𝑑𝑡ℎ and sin(𝛼) < 1, the worst case is the first one 

since it results in a bigger area. So, the maximum area in pixels of a ship is: 

𝐴𝑟𝑒𝑎 (𝑃𝑖𝑥𝑒𝑙𝑠) =
𝐴𝑟𝑒𝑎 (𝑆𝑙𝑎𝑛𝑡 𝑅𝑎𝑛𝑔𝑒)

𝑃𝑖𝑥𝑒𝑙 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝑅𝑎𝑛𝑔𝑒 · 𝐴𝑧𝑖𝑚𝑢𝑡ℎ)
                         (9) 
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 Notice that this magnitude changes depending on the specifications of each mode 

and captor. In this case, the resulting values of the different cases, which characteristics 

are stated in 4.1 are listed in the following table. Such results come from applying directly 

the formulas described in Equation 6, 7 and 9 to the values in Table 8. It is important to 

say that, for simplification, the incidence angle taken has been the mean of the interval 

stated in 4.1, i.e. if the interval is [𝑎, 𝑏] the mean results 
𝑎+𝑏

2
.  

Case Incidence angle (mean) Area (Slant Range) Area (Pixels) 

Gulf of Guinea 25.75º 83122 𝑚2 3468 

Norway 42.5º 53452.5 𝑚2 6827 

Norway 48º 48593.5 𝑚2 6206 

Norway 40.8 55266 𝑚2 2306 

Table 10: List of the maximum area of the ship 

 On the other hand, in the case of Gibraltar, the information is given in ground 

range and therefore, any conversion is required. Consequently, the maximum area in 𝑚2 

is directly 488 · 74 = 36112 𝑚2, without using the previous equations. Finally, since the 

pixel spacing is 50 m x 50 m, the area in pixels results in 15. 
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Appendix D 

 In this last appendix, additional results will be shown in order to illustrate the 

performance of this system. Particularly, they correspond to the developed algorithm and 

to the decision tree technique. In addition, as done before, the same cases will be used in 

both methodologies. Thus, the selection of them, which only contemplates ships without 

land, is as follows: 

Developed algorithm 

  

   

  

Figures 70, 71, 72, 73, 74, 75, 76, 77: Results of images containing one or two ships 
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Decision tree 

   

   

  

Figures 78, 79, 80, 81, 82, 83, 84, 85: Results of images containing one or two ships 

 


