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RESUMEN: 

En este proyecto se detalla el proceso de diseño e implementación de un procesador de 
datos offline para un sistema radar que permita seguir blancos que han sido detectados. 
Este algoritmo une las detecciones en pistas que pertenecen a los blancos en la escena 
analizada. Además, se ha desarrollado un simulador de plots que permite probar el tracker 
desarrollado. 

Este algoritmo de seguimiento ha sido desarrollado para un demostrador radar ubicuo 
(RAD-DAR), que se encuentra en la etapa de pruebas de campo. El demostrador ha sido 
diseñado y desarrollado por el Grupo de Microondas y Radar (GMR), llevando a cabo todas 
las etapas de diseño hardware y software. 

Se trata de un radar de onda continua y frecuencia modulada (FMCW), ubicuo, que trabaja 
en banda X (8.75 GHz). Los resultados de las primeras fases de su diseño ya han sido 
presentados en varias conferencias tanto nacionales como internacionales durante los 
últimos dos años [1], [2]. 

El demostrador usa una antena transmisora y ocho antenas receptoras de forma que cubre 
toda el área de cobertura. Posteriormente, en el post-procesado de los datos, se usan 
técnicas de beamforming y monopulso para apuntar el haz de recepción a la zona de interés. 
También se lleva a cabo un procesado de 2D-FFT para obtener la información de distancia 
y velocidad de los blancos. 

El algoritmo del tracker ha sido probado en datos de escenarios simulados y de pruebas de 
campo. Las pruebas de campo consisten en un dron comercial en vuelos controlados y una 
escena con vehículos en una autopista a una distancia de 2.5 km. Los resultados obtenidos 
en las pruebas son positivos ya que en las escenas con coches en la autopista es capaz de 
separar las pistas de los coches (comprobado a simple vista, ya que no había información 
GPS de los blancos), además  en el caso de las escenas con dron han sido comparados con 
los datos GPS. 

La primera etapa de este proyecto ha consistido en la familiarización con el demostrador y 
el formato de los datos. Además, esta etapa inicial incluyó la búsqueda de bibliografía y el 
aprendizaje de los conceptos relacionados con los algoritmos de seguimiento. 

A continuación, se desarrolló un simulador de plots. Este simulador permite generar 
trayectorias simples como línea recta, circular o de hipódromo. A parte, simula el error de 
medida del radar (en distancia, velocidad y azimut). También permite simular la 
probabilidad de falsa alarma y de detección. 

Posteriormente se llevó a cabo el desarrollo del algoritmo de seguimiento usando el 
simulador de plots para probar el algoritmo, y finalmente se probó con datos reales 
obtenidos en pruebas de campo. El tracker muestra gran capacidad de asociación en 
distancia-velocidad lo que permite simplificar el algoritmo empleado. En este Trabajo de 
Fin de Máster se presenta la implementación de un algoritmo de seguimiento offline y los 
resultados obtenidos de probarlo con datos simulados y reales. 

 
 

 
 

Palabras clave: algoritmo de seguimiento, tracker, procesador de datos, radar ubicuo, radar 
persistente, asociación, plots, pistas, detección de blancos. 
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ABSTRACT: 

This project details the design and implementation of an offline data processor for a radar 
system in order to track targets that have been detected. It associates the detections in 
tracks that belong to the targets in the scene. Additionally a script to simulate targets has 
been implemented and used to train and test the tracker developed. 

This tracker is developed for a ubiquitous radar demonstrator (RAD-DAR), which is in its 
field test stage. The demonstrator has been designed and developed by the Microwave and 
Radar Research Group (GMR), taking over all the stages of hardware and software design. 

The radar system consists of a frequency modulated continuous waveform (FMCW) 
ubiquitous radar that works at X-Band (8.75 GHz). The results of the first stages have 
already been presented in several national and international conferences for the last two 
years [1], [2].  

The radar demonstrator uses one transmitting antenna and eight receiving antennas in 
order to cover the whole are to survey. Afterwards, in the post-processing of the recorded 
scene, beamforming and monopulse techniques are performed in order to point the beam 
of the receiver towards the area of interest. Also a 2D-FFT processing is carried out to obtain 
the information of range and speed of the targets.  

The algorithm has been tested on data from simulated scenarios and field-test scenarios. 
The field tests consist in scenes with a commercial drone in controlled flights and a scene 
with vehicles in a highway 2.5 km away from the radar. The tests obtained show positive 
results because in the scene with cars it is able to separate the cars into tracks (probed at 
plain sight, since GPS data was not available),additionally have been compared in the case 
of the drone to real GPS data of the target. 

The first stage of this project included the familiarization with the developed radar 
demonstrator and with the format of the data obtained from the demonstrator. Additionally, 
this initial stage implied the search of bibliography and the apprenticeship of the concepts 
related with tracking algorithms. 

Then, a plot simulator was developed. This simulator can generate simple trajectories such 
as straight path, circular or racecourse. Additionally a simulation of the radar measurement 
error (in distance, speed and azimuth) is included. It can also simulate the performance of 
false alarm probability and detection probability.  

Next, the development of the tracker was carried out, using the plot simulator for training 
and testing the algorithm. And finally, it was used and tested with real data obtained in field-
test scenarios. 

The tracker shows the great range-speed association capacity of the developed radar 
system demonstrator, which allows us to simplify the association algorithm. This Master 
Thesis presents the implementation of an offline tracking algorithm and the results 
obtained from its test on both simulated and field test obtained data. 

 

 

 

Key words: tracker, tracking algorithm, radar data processor, ubiquitous radar, persistent 
radar, association, plots, tracks, targets, target tracking, targets detection. 
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1. Introduction 

This master thesis covers the design and development of a data processor. This data 
processor is designed in order to associate plots (measurements made by the radar) 
captured at different instants of time into a track that represent with a high reliability the 
movement of a target in the scene. 

Additionally, a plot simulator has been developed. This simulator allows to generate 
simulated test scenes with three possible trajectories. And that has helped to train and test 
the tracking algorithm implemented in each step of its development. 

The tracking algorithm is designed for the project RAD-DAR. This project consists in a 
ubiquitous radar demonstrator developed by the research group GMR (Grupo de 
Microondas y Radar) in department SSR (Sistemas Señales y Radiocomunicaciones) of UPM 
(Universidad Politécnica de Madrid) that will be further explained in section 1.1. 

The radar demonstrator carries out an offline signal processing that offers very precise 
information in speed and range. The processing includes a 2D-FFT processing and 
monopulse, beamforming and CA-CFAR techniques. 

The goal in the implementation of the tracking algorithm is not, for now, its use in real-time 
conditions. Since the signal processing is carried out offline, first the information of the test 
scenario is captured with the radar and it is processed afterwards. 

The main goal is the extraction of tracks from the plot files, cleaning them from false alarms 
and allowing to isolate the targets for a further in-depth study: target dynamics, 
classification, radar parameter correction so as to optimize its features (range, coverage, 
etcetera). It also pretends to allow the study of several techniques such as monopulse or 
frequency agility, and their influence on the radar performance, etc. 

Particularly, the goal is to use this tracker on a field-test scenario with cars in a road and for 
the algorithm to be able to track the different vehicles. 

In order to set where this master thesis belongs in the project, the radar processing chain 
of the demonstrator can be represented with the four main blocks shown in Fig. 1, in which 
it can be seen that it is the last block of the radar processing chain. A brief explanation of 
each of the four blocks is presented: 

Radar Signal
Processor

Data Acquisition 
Subsystem

Radar Data 
Extractor

Radar Data 
Processor

Voltage Blob Plots Tracks

 

Fig. 1 Main blocks of the Radar processing chain 

• Data Acquisition Subsystem: Subsystem that offers the data received digitized for 
the later radar processing.  

• Radar Signal Processor: This block receives the voltage from the data acquisition 
subsystem as input and offers as output blobs. It optimizes the signal to noise ratio 
(SNR) and signal to clutter ratio (SCR) in order to make the most reliable decision 
in terms of the existence of a target.  

• Radar Data Extractor: This block receives the blobs from the signal processor and 
performs a centroid computation, yielding plots. Therefore, plots are assembled, 
units of information that indicate the distance, speed and azimuth among other data 
about the target detected. 
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• Radar Data Processor: This block is in charge of the association of plots related to 
the same target, giving us information about its trajectory. Receiving plots from the 
data extractor and organizing them into tracks corresponding to targets. 
Additionally, it helps to discard most of the false alarms that overcome the detection 
threshold. 

Therefore, throughout the present document, a detailed explanation of the solution 
implemented for the data processor is developed. Setting the basics of tracking algorithms 
and the decisions made regarding its design. 

A brief introduction to the contents of each of the points is developed. First, in this 
introduction, some information about the radar demonstrator is introduced as well as 
theory about tracking algorithms is presented.  

Chapter 2 introduces in detail information about the developed target simulator as well as 
the functions created. This target simulator consists of a program that allows the generation 
of plots of a target simulated trajectory, including measurement error and false alarm and 
detection probabilities simulation. 

Chapter 3 presents the detailed tracking algorithm and functions implemented. 
Additionally, it includes an explanation of decisions made regarding the tracking algorithm 
and the cases considered in the data processor. 

Chapter 4 shows a collection of results from several tests carried out with the introduced 
data processor, applied to both simulated and real plots. Introducing the different scenarios 
used and the result obtained with a brief explanation. 

Finally, in the last chapter, some conclusions regarding the master thesis and future lines 
are developed. Additionally, the code is shown in annex.  

1.1 Radar demonstrator 

The radar demonstrator is a ubiquitous radar system that works at X-band for surface 
surveillance consisting in a transmitting antenna and eight receiving antennas.  

In this segment a detailed explanation of the radar demonstrator is made, starting with a 
comparison between ubiquitous radar and traditional surveillance systems. Then, the 
hardware block diagram, then the predicted radar performance is introduced. Finally, the 
focus is set on the signal acquisition and signal processing subsystems. 

1.1.1 Ubiquitous radar vs traditional surveillance radar 

In traditional surveillance systems, normally a mechanical or electronical exploration is 
used, which causes certain constrains in the system. The two variables that can be limited 
are the dwell time and the information refreshing rate. Maximizing the dwell time allows to 
maximize the maximum achievable range, minimize the exploration effect (spectral 
spreading of the clutter), and allows to maximize the precision in the spectral analysis of 
the echoes and Doppler resolution (system capacity to differentiate two targets using their 
Doppler shift). 
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Fig. 2 Ubiquitous radar working principle. 

Nevertheless, in systems with mechanical or electronic exploration, maximizing the dwell 
time imposes a low value of information refreshing rate, which would have a negative effect 
on the tracking algorithms, since the data frequency would be reduced obtaining a worse 
performance in the plot-association. 

As a counterpart to these systems, then concept of ubiquitous radar appears, in which the 
transmitter is constantly illuminating the scene, while the echoes are received by a digital 
array (with no exploration by the radar system). Through the digital simultaneous and real-
time synthesis of all the beams required in reception in order to get the required azimuthal 
range avoiding exploration.  

This way, theoretically the radar system could be able to detect any target immediately. In 
the case of the radar demonstrator, all of the processing (FFT, beamforming, etcetera) is 
carried out off-line. Therefore, the results are not obtained real-time. 

1.1.2 Radar demonstrator block diagram 

In Fig. 3 a hardware block diagram of the demonstrator can be seen. A brief explanation of 
the different subsystems is: 

• Signal generator: Generates the transmitted waveform and the synchronization 
clock and trigger signals 

• Transmitter: Amplifies the signal received from the signal generator and feeds the 
OL signal necessary for demodulation of the signals in the receivers. 

• Transmitter antenna: Patch array in microstrip of 8 elements which provides a 
radiation pattern HPBW in elevation of 11° and in azimuth ranging between 96° (the 
antennas closer to the board edge) and 105° (the central antennas). 

• Reception array: 8 modules of 8 radiating elements (patches) each. 
• Receivers: Demodulates, amplifies and filters the received signal by each one of the 

8 channels to adapt it to the digitizer ADCs. 
• 8 channels digitizer: Each channel digitizes the signal obtained from each of the 8 

modules that conform the reception array. 
• Radar Data Processor and Radar Signal Processor: implemented in a laptop 

connected using PCIe Express in the digitizing card. The signal processor is briefly 
explained in the following parts of the introduction and the radar data processor is 
the goal of this master thesis. 

• Power Supply: Provides the necessary voltage to the transmitter and receiver. 

RAD-DAR

Tx beam

Synthesized Rx beams



  TFM - MUIT 

17 

 

 

Fig. 3 Block diagram of the radar demonstrator [3]. 

1.1.3 RAD-DAR performance and parameters 

In ¡Error! No se encuentra el origen de la referencia. a summary of the waveform parameters 
used in the demonstrator is presented. Also, this information is represented in Fig. 4. All of these 
parameters are programmable and are set in order to adapt the radar demonstrator to the 
requirements of different scenarios. 

 

Fig. 4 Waveform used in the radar demonstrator. 

Where f1 is the working frequency of the radar demonstrator, Δf the bandwidth of the signal 
transmitted, Tm and fm correspond to the period of the signal transmitted, Ts (sweep time) 
is the part of the period of the signal with positive slope in frequency. This time can be 
divided in Td (trigger delay) the delay registered in the received signal and Tu (useful time) 
the time that can be used for analyzing data. Finally, the Tr (retrace time) is the period of 
time in which the signal transmitted with a negative slope. 

 

Radar Frequency (f1) 8.75 GHz 
Wavelength (λ) 0.034262 m 
Bandwidth (Δf) 200 MHz 

Tx Antenna Rx Antenna, 8 Receivers

RAD – DAR

Transmitter

LO

8 ch Digitizer
PCIe Express

PC
(Signal Processor, 
Data Processor)

Clock

Trigger

8.75GHzPower supply

Signal 
Generator
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Ramp Period ® 350 µs 
Ramp Frequency (fm) 2.86 kHz 
Sweep Time (Ts) 300 µs 
Trigger Delay (Td) 40 µs 
Useful Time (Tu) 260 µs 
Retrace Time (Tr) 50 µs 

Table 1.1 Waveform parameters. 

Using the parameters in the signal generator shown in Table 1.1 and the data acquisition 
parameters, the performance that can be achieved with the radar demonstrator is shown in 
Table 1.2. 

 

Range Resolution (ΔR) 0.878 m 
Maximum unambiguous range 3598 m (fb=16 MHz) 
Doppler Resolution 5.58 Hz, 0.096 m/s, 0.34 km/h 
Doppler ambiguity 1.4 KHz, 24.5 m/s, 88.1 km/h 

Table 1.2 Ubiquitous Radar Performance 

1.1.4 Signal acquisition subsystem 

The signal acquisition subsystem consists of a commercial 8-channel digitizer connected to 
a laptop using a PCIe port. This subsystem performs the synchronous signal acquisition and 
digitization. The digitizer is able to sample the 8 channels together (one per receiving 
module). The digitizing control is carried out by a matlab script. This script allows to set the 
acquisition parameters and manage several acquisition modes. The main ones are 

• One-capture Mode: The system samples the signals until the internal memory is full 
and then transfers all the data to the PC (acquisitions of up to 13.22 s). 

• Streaming mode: The system samples the signals non-stop using the computer SSD. 
Capture files are generated continuously and stored directly in the computer 
memory allowing the user to get unlimited-time captures. 

For coherent processing the acquisition synchronization is key, since without 
synchronization, the radar would not work properly. Hence, the digitizer is also connected 
to the RAD-DAR clock and trigger signals.  

The signal acquisition subsystem arranges the data into a 3-D data cube that can be seen in 
¡Error! No se encuentra el origen de la referencia.. This structure eases the 3-D processing 
that will be carried out by the radar signal processor. The three dimensions correspond to: 
range (L samples per trigger), time (N integrated ramps) and azimuth (M channels, up to 
M=8 system). In Table 1.3  an example of common values of the acquisition subsystem 
parameters is presented. 
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Fig. 5 Data cube generated by the acquisition subsystem [1] . 

 

Number of samples per ramp (L) 8192 
Number of integrated ramps (N) 512 
Number of channels (M) 8 
Number of range bins (nBins) 4096 (3598 m) 
Dwell Time 0.1792 s 
Number of beamforming synthetized beams 5 
Sample Rate (fs) 32 MHz 
Maximum beating frequency (fbmax) 16 MHz (R=3598 m) 
Acquisition Time per Ramp (Tu) 256 µs 
Number of cubes per acquisition 400 
Time gap between cubes 400 ms 
Total scene time per acquisition 231.28 s 

Table 1.3 Acquisition parameters 

1.1.5 Radar Signal Processor 

The data processor has been developed in Matlab and performs an offline processing on the 
data cubes generated by the acquisition subsystem. It consists of a 3-D processing (2D-FFT 
and beamforming), made on the data cubes with a posterior processing of monopulse, CFAR 
techniques and the plot extraction.  

• 2D processing at each channel.  
By means of a FMCW waveform [Fig. 4 ], target range information lies in the “beating 
frequency” (fb), which is the difference between transmitted and reflected 
frequencies,  

𝑅 =
𝑓𝑏 ∙ 𝑐 ∙ 𝑇𝑚
2 ∙ Δ𝑓

 (1.1) 

The relationship between range, R, and beating frequency, fb, is given by equation 
(1.1) obtained from [4], where c is the propagation velocity, fm is the 
FMCW(Frequency Modulated Continuous Waveform) frequency, and Δ f  its 
bandwidth. 
A Fast Fourier Transform (FFT) is applied to the L dimension (see Fig. 5) in order 
to obtain the beating frequency, and so the range information. A second FFT, 
performed over the N dimension, provides Doppler information (speed) if care is 
taken to ensure the synchronism during the acquisition process. 

1 N

slow-time, ramps
(Doppler, speed)

1

M

channels
(azimuth)

fast-time, samples  
(range)

1

L
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• Beamforming. 
On the basis of the signals coming from the 8 channels, the system synthesizes 5 
reception beams corresponding to pointing angles θ between -40° and +40° (see 
Fig. 6). To do this, a phase shift is applied to each received signal, according to the 
inter-element spacing and the pointing angle desired, obtained from [4]: 

𝜙𝑛 =
2𝜋

𝜆
∙ 𝑛 ∙ Δ𝑥 ∙ sin𝜃 

(1.2) 

Where θ  is the steering direction, n is the channel and Δx is the separation 

between receiving antennas in the azimuthal plane (0.0185 m), and λ  is the 
wavelength (0.0343 m). By adding the 8 phase-shifted signals, range-Doppler 
matrices are generated for each pointing angle. 

 

Fig. 6 Beamforming for different steering directions. 

• Monopulse. 
In order to improve the azimuth accuracy by a factor of up to 100, the Signal 
Processor performs a monopulse technique. After generating the sum signal at the 
beamforming process, a difference signal is also obtained for each pointing angle, θ, 
by subtracting channel 5-8 signals from channel 1-4 signals. The quotient between 
the magnitude of difference signal (Δ) and the magnitude of sum signal (Σ) yields 
the Monopulse Function [5] according to the expression: 

𝑒 =
|Δ|

|Σ|
∙ cos 𝛿 (1.3) 

where δ is the phase angle between Δ and Σ signals, which is 0º or 180º.  
Fig. 7 shows both sum and difference patterns generated with real measurements of 
the receiving antenna, taken in an anechoic room, for a pointing angle θ = 0º. 
Monopulse Function is also showed, with emphasis on the region of interest taking 
into account the synthesized beamwidth. The azimuth accuracy improvement is 
achieved by comparing the Monopulse Function values obtained from signal 
processing, using data cubes, with the corresponding Monopulse Function values 
obtained from anechoic-chamber data. 
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Fig. 7 Beamforming and monopulse (θ=0). 

• Decision and plot extraction. 
 
A CA-CFAR technique is applied at detection stage in order to obtain a binary cube 
with detections. This is carried out by comparing the signal power at a range bin 
with an adaptive threshold calculated as the average signal power of its adjacent 
cells (reference cells). A number of guard cells are fixed to avoid errors in the power 
estimation of adjacent cells, caused by target echoes.  
 
Each target detection is turned to a plot (a single-point detection) by computing its 
center of mass, usually referred to as centroid [9]. Thus, after detection, a list of plots 
is obtained, where each one has information about range, speed, azimuth, received 
signal power and time. 

1.2 Introduction to tracking algorithms 

Target tracking consists in the association of successive plots of a target in collections called 
tracks. This way it is possible to track each target and save a history of their plots. According 
to [4], this theory is separated in two parts: track filtering and measurement-to-track data 
association. 

• Track filtering is the process of estimating the trajectory (i.e. position, velocity and 
even acceleration) of a track from measurements that have been assigned to that 
track. A trajectory estimate has an associated uncertainty characterized by the 
covariance of the estimate. The position and velocity estimates are used to predict 
the next measurement and, in the case of an electronically scanned radar, the 
position of the beam for the next measurement.  

• Measurement-to-track data association is the process of assigning a measurement to 
either an existing track or as a detection of a false signal or new target. This 
association is made using the covariance of the estimates to create a window around 
the prediction of the following estimate. If a new estimate falls in the defined 
window, it is associated with the corresponding track, if it falls outside of said 
window it is used to create a new track.  
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These are further complicated by target manoeuvres and closely spaced targets (in general 
also a limited resolution of the radar is a factor). This should be considered in order to 
assure a satisfactory performance by the tracker as follows. 

First, in order to make sure we consider the target manoeuvres, the common strategy is 
when a track misses a plot, in the following instant of time the window of association of that 
track is wider. Hence increasing the probability of assigning a plot to it, and in case the target 
took a turn, also increasing the probability of associating the right plot. 

The second problem we face is multiple targets. As in the case of the case of study of this 
master thesis, a radar data processor to use on a scenario with a highway involving a 
number of cars moving in both directions.   

The third factor, limited resolution of the radar is minimized in a system like the 
demonstrator. This is caused by a very high resolution in both ranga and (mainly) speed. 

The system is required to be able to track all of the different cars involved in the scene. For 
a radar system to perform multiple target tracking (MTT) the data processing algorithm 
must be different than in a case of single target tracking (STT). 

The main difference when we have MTT are two new functions called “measurement-to-
track assignment” and “track management”. These functions consider the scenarios with 
multiple measurements taken into account for the assignment to multiple tracks. In ¡Error! 
No se encuentra el origen de la referencia. the logic involved in the whole process of a radar 
that implements data processing is introduced. 
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Fig. 8 General logical Scheme of a tracking algorithm according to [4] 

In the detection part of the scheme the demonstrator used does not implement the match 
filter since no pulse compression is used. A second thing to consider is that in the tracker no 
track filtering is used. 

1.2.1 Basic processing definitions 

An observation is a collective term that includes all the observed quantities included in a 
report or detection, usually referred to as plot. The data included in a plot is introduced in 
Fig. 9. 

 

Fig. 9 Format of the plots generated by the plot extractor.  

In general, these observations can be received either at regular intervals of time or 
irregularly in time. In the case of the radar demonstrator observations are made at regular 
times of approximately 0.5 seconds. 

Radars with electronical scanning, can conveniently switch back and forth between 
searching for new targets and illuminating existing target tracks. Therefore, time intervals 
between scans might not be the same for all scans. As explained in page ¡Error! Marcador no 
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definido., our persistent radar demonstrator implements offline beamforming techniques 
over the captured data from the whole scene, so time intervals are regular. 

In terms of MTT processing, there are two main methods depending on how they are carried 
out: 

• Batch: This one describes the ideal situation; no information is lost due to pre-
processing because all observations are processed together. Defining K as the last 
index of a set of observations and k as the running index. Therefore, on scan K all k 
scans are processed together. 

• Recursive: In this case the process is done at each scan using only data received on 
that scan to update the results of previous processing. 

The computation associated with batch method rapidly begins to escalate as the amount of 
data received increases. Therefore, it is considered the ideal solution and simplifications are 
made in order to find a feasible form of recursive processing. 

As will be explained in chapter 3, in this master thesis, the algorithm developed uses a 
recursive method for the MTT processing, in which each time interval is treated and 
processed individually. 

1.2.2 Elements of a basic MTT system 

In this segment, a brief explanation of each function that MTT processing can be separated 
into is made. In ¡Error! No se encuentra el origen de la referencia. a basic scheme can be 
seen with the functions defined as in [6]. 

 

Fig. 10 Scheme of the basic MTT processing. 

Measurement and data processing 

This system provides the system with the observations to process, using a threshold to 
discriminate between targets of interest and returns from extraneous sources (potential 
false alarms produces b noise and clutter).  This threshold is set to maintain a probability of 
false alarm PFA. Having a certain probability of detection, PD that depends on the sensor 
capabilities, the target size and its distance to the sensor and the environment. 

This part of the processing has already been developed in the radar data extractor and we 
make the assumption that the sensor does not produce multiple simultaneous observations 
from the same source. 

Gating 

This function corresponds with the first part of the correlation algorithm which decides is 
an observation belongs to a previously established target track or to a new target. 

Sensor data 
processing and 
measurement 

formation

Correlation

Gating 
Equations

Track Initiation, 
Confirmation 
and Deletion

Filtering and 
Prediction

INPUT 
DATA

CANDIDATES FOR TRACK 
UPDATES OR NEW 
TENTATIVE TRACKS

FINAL OBSERVATION-
TO-TRACK 

ASSIGNMENTS

UPDATED 
TRACKS

FILTERED CORRELATED 
ESTIMATES AND PREDICTIONS  

FOR NEXT ESTIMATES



  TFM - MUIT 

25 

 

Therefore, gating is a coarse test that classifies an observation into one of these two 
categories: 

• Candidate for track update: If the observation satisfies the gate of one or more 
existing tracks. More than one observation may satisfy the gate of a track. Then, if 
an observation is not used to update a track, it should be considered to open a new 
tentative track. 

• Initial observation for new tentative track: If the observation does not satisfy the gate 
of any existing track, it becomes candidate for initiating a new target track. 

The gating process can be divided into three different steps: 

• In this step, estimates are made of what the measured quantity should be at the time 
of the next observation. This process is prediction and statistics describing their 
accuracy are required, as well as an estimate of the measurement accuracy. 

• The difference between each measurement and its estimate is formed. It is useful to 
form a total distance dij from track I to observation j: 

𝑑2 =
(𝑅𝑝 − 𝑅𝑜)

2

𝜎𝑅
2 +

(𝑣𝑝 − 𝑣𝑜)
2

𝜎𝑣
2 +

(𝜃𝑝 − 𝜃𝑜)
2

𝜎𝜃
2  (1.4) 

Where (Rp,vp,θp) corresponds with the prediction, (Ro,vo,θo) with the observation or 
measurement and 𝜎𝑅

2 is the variance of  𝑅𝑝 − 𝑅𝑜, 𝜎𝑣
2 is the variance of 𝑣𝑝 − 𝑣𝑜 and 

𝜎𝜃
2 is the variance of  𝜃𝑝 − 𝜃𝑜. 

• Finally, the maximum error between estimate and measurement is formed for all 
measured quantities by using the estimate and measurement accuracy statistics. 
Then this is compared to the distances obtained in the previous step. If the 
differences do not exceed the maximum allowable error, the observation satisfies 
the gate.  

Correlation 

Takes the output of the gating function and makes final observation-to-track assignments. 
In case a single observation is within the gate of a single track, the assignment can 
immediately be made. 

Correlation conflict situations arises when multiple observations fall within the same gate 
(corresponding to the same track) and when observations fall within the gates of more than 
one track. There are two approaches to this problem: 

• Nearest-neighbor: This corresponds to the optimal solution. It minimizes the total 
summed distance of all observations to the tracks to which they are assigned. 

• All-neighbor: The position update is obtained using a weighted sum of all 
observations within the gate of the track. 

Track initiation, confirmation and deletion 

In this point of the MTT process observations not assigned to existing tracks are used to 
form new tentative tracks (track initiation). Sometimes additional restrictions are used 
causing that observations within gates of existing tracks do not start new tracks, even if 
using nearest-neighbor technique the observations have not been assigned to any track. 

Once a tentative track is started, a confirmation logic is required since the probability of a 
single observation not being from a target of interest is too high for immediate confirmation. 
A typical rule is that there must be at least M correlating observations out of N scans. I this 
rule is not met; the previous observations are dismissed as false alarms. 
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Another case that must be considered, is if an existing track is not updated, therefore its 
information degrades overtime and must be deleted (in our case it is closed). A typical rule 
is that if after ND consecutive scans a track is not updated then it must be deleted (or closed). 

Filtering and prediction 

In the filtering step incorporates the correlating observations in the existing track it has 
been assigned to. In the case of the tracks that have no correlating observations, the 
predicted estimates become the filtered ones. 

After this, predictions for all existing and tentative tracks are made to the time when next 
data scan is to be received. Thus, predictions are important because they define the center 
of the gating region used in the gating and correlation parts of the MTT processing. 

In the case of our system, given the very high accuracy of the observations (mainly in the 
kinetic information of range (R) and velocity (v)) filtering will not be needed and a very 
simple prediction algorithm. 
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2. Targets simulator 

In this point the targets simulator used to test the developed algorithm is explained. This 
was the first fragment of code developed, since in order to check if the tracking algorithm 
works well enough, before using real data captured with the radar, it was required to have 
a way to create simulated data of a made up mobile and trajectory in order to test the 
tracking algorithm and if it works the way it should. 

The algorithm followed is explained in further detail in this chapter, but a brief logical chain 
of the steps taken in the process is represented in the expression (2.1): 

(𝑥, 𝑦)𝑟𝑒𝑎𝑙 → (𝑅, 𝜃)𝑟𝑒𝑎𝑙 → (𝑅 + ∆𝑅, 𝜃 + ∆𝜃)𝑚𝑒𝑎𝑠 → (𝑥, 𝑦)𝑚𝑒𝑎𝑠 (2.1) 

2.1 Generation of plots corresponding to the simulated target 

The development of this code is divided in the different functional parts we have used to 
create it, based on the process to generate the simulated data used as if it was captured by 
the radar itself. 

The first thing that was defined is the constrains for the parameters we use, for example, 
the maximum range that can be measured is 3,6 km and the maximum speed is ±88 km/h. 
From these, we can define that considering the radar in the origin of our coordinate system, 
in the cartesian and cylindrical coordinates the constrains can be defined as follows: 

𝑅 ≤ 3.6𝑘𝑚 −90° ≤ 𝜃 ≤ 90° (2.2) 

−3.6 𝑘𝑚 ≤ 𝑥 ≤ 3.6 𝑘𝑚 0 𝑘𝑚 ≤ 𝑦 ≤ 3.6 𝑘𝑚 (2.3) 

Once the boundaries of the space that can be measured with the radar is defined, the starting 
position of the target to be simulated is set using its cartesian components (x0, y0) and the 
initial velocity expressed in terms of its module (value) and phase (direction). This data can 
be switched to generate new datasets and different files of simulated data. 

After all these parameter definitions, the program allows the user to select the kind of 
trajectory to be simulated, choosing between: 

• Straight path: The target moves along a straight line defined by the initial position 
and speed. This is carried out using a function called “straight_path” that will be 
described in further detail later.  

• Circular path: The target describes a circular trajectory starting in the initial point 
and with the initial speed defined. It is implemented using the developed function 
“circular_path” which will also be further explained later in this chapter. 

• Racecourse path: Combination of the previous trajectories. 

After we have generated the points that describe the target’s trajectory (contained in the 
vectors x and y generated by the functions explained in the chapters 2.2 and 2.3), we 
calculate the equivalent coordinates in cylindrical format, obtaining the positions in terms 
of (R, 𝜑) from the current values of cartesian coordinates that have been obtained (x, y). 

𝑅 = √𝑥2 + 𝑦2 𝜃 = tan−1(𝑥 𝑦⁄ ) (2.4) 

Additionally, in a different version of this simulator a vector of times is generated. In order 
to do so first, values of the time intervals between measurements are generated.   These 
time intervals are created using a normal distribution around the average (0.5 seconds) and 
a low standard deviation (0.01 seconds) as can be seen in expression 2.2. 
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𝑑𝑡𝑠 = 0.5 + 0.01 ∙ 𝑟𝑎𝑛𝑑𝑛(𝑠𝑖𝑧𝑒(𝑥)) (2.5) 

Now we can apply the measurement errors introduced by the radar with respect of the real 
value defined in this case by their standard deviation (known from the study of the 
demonstrator in other scenes): 

𝜎𝑅 = 0.76 𝑚 𝜎𝑣 = 0.3 𝑘𝑚/ℎ 𝜎𝜑 = 0.8 ° (2.6) 

In order to have into account this error in the measurement a normal distribution around 
the real computed value is considered. As the program is developed in Matlab the function 
randn is used to generate the pseudorandom value of the measurement error produced 
with the radar system. As randn considers a normal distribution with standard deviation of 
one and zero mean, the values generated with error are computed with the following 
expressions: 

𝑣𝑚𝑒𝑎𝑠 = 𝑣 + 𝜎𝜑 ∙ 𝑟𝑎𝑛𝑑𝑛 𝑅𝑚𝑒𝑎𝑠 = 𝑅 + 𝜎𝑅 ∙ 𝑟𝑎𝑛𝑑𝑛 𝜑𝑚𝑒𝑎𝑠 = 𝜑 + 𝜎𝜑 ∙ 𝑟𝑎𝑛𝑑𝑛 (2.7) 

Finally, with the error added in the final values generated as if measured with the radar 
system, we calculate the Cartesian coordinates, this way we can represent the data in three 
different set of coordinates, R-φ, R-v and x-y. 

𝑥𝑚𝑒𝑎𝑠 = 𝑅𝑚𝑒𝑎𝑠 ∙ sin(𝜑𝑚𝑒𝑎𝑠) 𝑦𝑚𝑒𝑎𝑠 = 𝑅𝑚𝑒𝑎𝑠 ∙ cos(𝜑𝑚𝑒𝑎𝑠) (2.8) 

2.2 Description of the function “straight_path” 

Now that it has been explained the process followed to generate the simulated data 
corresponding to plots measured with the radar of a target moving in a certain trajectory, 
in this point it is explained the function used to generate the plots of a target following a 
straight path. In order to show the input used by the function and the output data generated, 
a simple diagram can be seen in ¡Error! No se encuentra el origen de la referencia.. 

 

Fig. 11 Description of the function used to generate a straight path trajectory. 

Where the inputs represent: 

• x_initial: corresponds to the x component of the initial position of the target in 
Cartesian coordinates. 

• y_initial: corresponds to the y component of the initial position of the target in 
Cartesian coordinates. 

• v_target: Module of the speed at which the target is moving during the trajectory. 
• theta_target: Direction in which the target is moving when the circular movement 

starts. This will change with time, defining the output vector of direction theta 
• distance: indicates the distance run by the target following the straight path. 
• t_cube: Vector with the amount of time between measurements made by the radar. 

Regarding the outputs: 

• x: Vector of the x component of the route followed by the target. 



  TFM - MUIT 

29 

 

• y: Vector of the y component of the route followed by the target. 
• time: Vector of the time slots when the positions were calculated by the algorithm. 

As among the inputs the distance to be run in the straight path is set, the first thing that can 
be defined is the time will take to make it according to the velocity that has been set (the 
variable of this time is tend). Also knowing the time that takes place between measurements 
the time vector is defined. 

𝑡𝑒𝑛𝑑 =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑣_𝑡𝑎𝑟𝑔𝑒𝑡⁄  𝑡𝑖𝑚𝑒 = 0: 𝑡𝑐𝑢𝑏𝑒: 𝑡𝑒𝑛𝑑 (2.9) 

Now, as we know the speed of the target and the direction it is following, it is possible to 
compute the speed in both axis x and y, then being able to calculate the coordinates for each 
point using that value as follows: 

𝑣𝑥 = 𝑣_𝑡𝑎𝑟𝑔𝑒𝑡 ∙ sin(𝑡ℎ𝑒𝑡𝑎_𝑡𝑎𝑟𝑔𝑒𝑡) 𝑣𝑦 = 𝑣_𝑡𝑎𝑟𝑔𝑒𝑡 ∙ cos(𝑡ℎ𝑒𝑡𝑎_𝑡𝑎𝑟𝑔𝑒𝑡) (2.10) 

𝑥 = 𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑣𝑥 ∙ 𝑡𝑖𝑚𝑒 𝑦 = 𝑦𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑣𝑦 ∙ 𝑡𝑖𝑚𝑒  

With this simple function any simulation of a straight path or that involves a straight path 
can be easily generated. 

An example of the representation can be seen in ¡Error! No se encuentra el origen de la 
referencia.. In the figure a representation of the noisy signal resulting from the simulation 
of the measurement error explained before. In this representation, the values used to define 
the route were: 

• x_initial: -0.5 (km). 
• y_initial: 1(km). 
• v_target: 30 (km/h). 
• theta_target: 60 (°). 
• distance: 1 (km). 

 

(a) 

 

(b) 
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(c) 

Fig. 12 Representation of the generated values of a straight path trajectory in the three formats available in the 
code (a) R-v, (b) R-𝝋, (c) x-y. 

2.3 Description of the function “circular_path” 

As it was made in the previous point for the function defined for the straight path, in this 
point a deeper explanation of the function defined for the circular path trajectory. In ¡Error! 
No se encuentra el origen de la referencia. a simple diagram with inputs and outputs of the 
function is presented. 

 
Fig. 13 Description of the function used to generate circular trajectories 

Where the inputs represent: 

• x_initial: corresponds to the x component of the initial position of the target in 
Cartesian coordinates. 

• y_initial: corresponds to the y component of the initial position of the target in 
Cartesian coordinates. 

• v_target: Module of the speed at which the target is moving during the trajectory. 
• theta_target: Direction in which the target is moving when the circular movement 

starts. This will change with time, defining the output vector of direction theta 
• radius: Radius of the circular trajectory described by the target. 
• rot_direction: This variable defines the direction of rotation, being either 

“clockwise” or “anticlockwise”. 
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• interval: Indicates the section of circumference that the target will run in its 
movement, for example, for a whole lap it would be 1 and for half a lap it would be 
0.5. 

• t_cube: Vector with the amount of time between measurements made by the radar. 

Regarding the outputs that are represented: 

• x: Vector of the x component of the route followed by the target. 
• y: Vector of the y component of the route followed by the target. 
• time: Vector of the time slots when the positions were calculated by the algorithm. 
• theta: Collection of the evolution in the direction of the speed vector along the 

circular route. 

The first step is to define the angle at which the centre of the circumference will be 
depending on the direction of rotation selected, which is perpendicular to the direction of 
the speed vector (theta_target). As can be seen in ¡Error! No se encuentra el origen de la 
referencia. if the rotation is clockwise (a) this angle will be ϑ =θ+90°, if it is anticlockwise 
(b) this angle will be ϑ=θ-90° and in this case we consider v_target as negative.  

 

(a) 

 

(b) 

Fig. 14 Two possible trajectories for the same speed vector depending on the direction of rotation (a) clockwise 
(b) anticlockwise 

With this angle defined we can calculate the position of the resulting centre of the circumference 
as follows: 

𝑥𝑐 = 𝑥_𝑖𝑛𝑖𝑐𝑖𝑎𝑙 + 𝑟𝑎𝑑𝑖𝑢𝑠 ∙ sin 𝜗 𝑦𝑐 = 𝑦_𝑖𝑛𝑖𝑐𝑖𝑎𝑙 + radius ∙ cos 𝜗 (2.11) 

As with the straight path function, the amount of time that it will take to run the defined 
trajectory has to be computed, as the path followed is an arc of circumference, the 
expression in this case is: 

𝑡𝑒𝑛𝑑 =
2𝜋 ∙ 𝑟𝑎𝑑𝑖𝑢𝑠 ∙ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

𝑣_𝑡𝑎𝑟𝑔𝑒𝑡
 

𝑡𝑖𝑚𝑒 = 0: 𝑡𝑐𝑢𝑏𝑒: 𝑡𝑒𝑛𝑑 (2.12) 

Finally, the angle described with respect to the centre of the circumference can be calculated 
using φ. In that angle we can consider the temporal evolution and with it calculate the 
resulting x and y vectors with the position of the target in the trajectory. 

𝝋 = 𝜗 − 180 + 𝜔 ∙ 𝒕𝒊𝒎𝒆 𝜔 = 𝑣𝑡𝑎𝑟𝑔𝑒𝑡/𝑟𝑎𝑑𝑖𝑢𝑠 (2.13) 
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𝒙 = 𝑥𝑐 + 𝑟𝑎𝑑𝑖𝑢𝑠 ∙ sin𝝋 𝒚 = 𝑦𝑐 + 𝑟𝑎𝑑𝑖𝑢𝑠 ∙ cos𝝋 (2.14) 

This way we have computed the different positions of the target following the defined 
circular trajectory. The obtained representations with this method can be seen in Fig. 15 for 
all three representations available. 

The parameters of the scene are: 

• x0=-0.2 km. 
• y0=1 km. 
• v=30 km/h. 
• theta=60 °. 
• Radius=0.3 km. 
• Rotation direction=’clockwise’ 
• Interval=0.75 

 

(a) 

 

(b) 

 

(c) 
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Fig. 15 Representation of the generated values of a circular path trajectory in the three formats available in the 
code (a) R-v, (b) R-φ, (c) x-y. 

2.4 Racecourse trajectory 

In this section the method used to generate a racecourse trajectory is explained. It uses both 
functions previously explained, doing certain adjustments in order to successfully create 
the desired trajectory. 

The trajectory consists of two straight lines (of the same length) and two semi-
circumferences.  Therefore, starting with a straight path section, then a semicircle, anther 
straight path section, and the last part is another semicircle that closes the racecourse 
trajectory. This means that it is required to define the parameters corresponding to both 
functions previously explained, distance for the straight line and radius, interval and 
rotation direction in the circular trajectory. 

The first part of the trajectory is a straight path section. Therefore, we indicate the initial 
point, the speed of the target and the direction in which it starts moving, the distance to 
cover and the vector of time intervals between measurements. Creating this way, a straight 
path as explained in section 4.2.  

Then a trajectory of half a circle (interval=0.5) is created, using the function “circular_path”. 
As inputs for this, the data required is: the radius and rot_direction. The initial point is the 
last one of the previous part of the racecourse trajectory, the speed of the target and its 
direction of movement is the same as for the previous part of the trajectory (as the previous 
part of the trajectory was a straight path, the direction of movement has not changed).  

Therefore, we create the vector of time intervals for said section of trajectory and we call 
the function “circular_path” to generate the second part of the trajectory. 

For the third part, once again there is a straight path section, very seemed to the first one 
changing the initial point (the last one of the semicircle part of the path) and the direction 
of movement, that in this case is the same as the initial one adding 180° (opposite direction). 

And finally, to complete the racecourse trajectory we have another semicircle to trace with 
a fourth part in the trajectory that is very seemed to the second one changing once again the 
initial point to the last one of the previous part of the trajectory. Also, the initial direction of 
movement, which will be the same as in the third part of the trajectory (the same as the 
initial one adding 180°). 

In this point we have generated all four parts of the complete racecourse trajectory. The last 
task is to join all the data in a single vector in order to generate the information of the plots 
for our tracker algorithm to analyse. 

The result can be seen in the example of Fig. 16. The parameters used in the scene are: 

• x0=-0.25 km. 
• y0=1 km. 
• v=30 km/h. 
• theta=60 °. 
• Distance=1km 
• Radius=0.3 km. 
• Rotation direction=’clockwise’ 
• Interval=0.75 
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(a) 

 

(b) 

 

(c) 

Fig. 16 Representation of the generated values of a racecourse trajectory in the three formats available in the 
code (a) R-v, (b) R-φ, (c) x-y. 

2.5 Implementation of detection and false alarm probabilities 

In this point we have obtained the generated dataset with all the points of the simulated 
target following the specified trajectory. Now, as we know or can decide the working 
conditions of our radar system in terms of false alarm probability and detection probability, 
that is what is carried out in the last part of the code. 

First, in order to work with a certain detection probability, in this point we have all the 
points (Pd=100%), then in order to have a certain detection probability, which can be 
defined in the program, the only thing that has to be done is deleting part of the dataset 
collection. 
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The number of generated plots that should be deleted is a percentage of 1-Pd out of the total 
amount. After that a percentage of Pd points out of the total amount generated for the target 
will be remaining as detections made by the radar. For example, if we generate 1000 points 
of the trajectory and define Pd=0.7, we should end with 700 detected points. 

The discarded points are selected randomly out of the dataset using the function 
“randperm” from Matlab, so that we make sure that no value is repeated. Therefore, in this 
point we have generated a dataset of detections simulating the measurement error and the 
probability of detection. 

Finally, to generate the defined false alarm probability (Pfa), as it is known the size of the 
data captured and generated by the radar system demonstrator (4096 x 512 cells in each 
data cube), hence, knowing the number of cubes simulated (nCubes), their sizes and the Pfa 
we can easily calculate the number of false alarms that we should obtain in the experimental 
execution: 

𝐹𝐴 = 4096 ∙ 512 ∙ nCubes ∙  𝑃fa (2.15) 

Once the number of false alarms produced is computed, the data corresponding to these 
points is randomly generated, filling the plot’s data corresponding to R (distance), v 
(velocity), 𝜑 (azimuth) and nCube (number of cube in which the detection was made). 

This allows to change very easily the working conditions we want to simulate by just 
changing the values of Pd and Pfa in case the current values are not representative enough.  

2.6 Function “targetSimulator.m” 

Finally, in order to test properly the tracker before using real data, complex scenarios had 
to be used. These scenarios have several targets moving in the scene, in different situations, 
either moving at the same time or at different times of the scene. 

In order to create more easily these scenes, a function was created that allowed to generate 
the data of each target, and then joining them in a single plot file.  

The code of this function is fundamentally the same as in the original plot simulator, but the 
main parameters that define the scene are defined as inputs of the functions. In Fig. 17 a 
visual description of the function can be seen, and afterwards the inputs and outputs are 
briefly explained. 
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Fig. 17 Description of the function targetSimulator, used to create complex test scenarios 

Where the inputs represent: 

• x0: x component of the initial position of the target in Cartesian coordinates. 
• y0: y component of the initial position of the target in Cartesian coordinates. 
• vm: Module of the speed at which the target is moving during the trajectory. 
• thetam:  
• Direction in which the target is moving when the circular movement starts. This will 

change with time, defining the output vector of direction theta 
• tcube: period of time between measurements in seconds (for this system it is 0.5). 
• hour: hours at the beginning of the scene (nCube=1). 
• min: minutes at the beginning of the scene (nCube=1). 
• sec: seconds at the beginning of the scene (nCube=1). 
• hund: hundredth of a second at the beginning of the scene (nCube=1). 
• nCubeini: number of cube at which the target starts moving. 
• path: defines the trajectory followed by the target, being one of the possibilities 

explained in this chapter having (1 for straight path, 2 for circular path and finally 3 
for racecourse). 

• distance: distance described in a straight path, therefore, this value is only required 
for straight path or racecourse trajectory (path=1 ó path=3). 

• radius: radius of the circular trajectory described by the target, therefore, this value 
is only required for circular path or racecourse trajectory (path=2 ó path=3). 

• rot_direction: direction of the rotation, therefore, this value is only required for 
circular path or racecourse trajectory (path=2 ó path=3). 

• interval: section of the circumference described by the target, therefore, this value 
is only required for circular path or racecourse trajectory (path=2 ó path=3). 

• Pd: value of the detection probability. 
• Pfa: value of the false alarm probability. 
• nBeams: number of beams analysed using beamforming (it affects the number of 

false alarms generated). For this system, the value used is 5. 

The outputs shown are: 

• totalSceneCentroids: plots generated including the measurement error and detetion 
and false alarm probabilities. 

targetSimulator

Definition of a target 
trajectory, where it is 

obtained as a output the 
plots simulated and the 
plots generated without 

measurement error (using 
the parameters used as an 

input).

x0
y0
vm
thetam
tcube
hour
min
sec
hund
nCubeini
path
distance
radius
rot_direction
Interval
Pd
Pfa
nBeams

totalSceneCentroids
droneDataGPS
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• droneDataGPS: data of the points of the trajectory before adding measurement 
error. 
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3. Explanation of the tracking algorithm 

In this chapter an in-depth explanation of the tracking algorithm implemented is developed. 
The first part deals with the basic functioning of the tracker, including the functions 
implemented for this purpose. The code is available in Annex 3. 

In later sections of this chapter the higher complexity included in the algorithm is added. 
Among the improvements of the algorithm we have the use of different values of the time 
between cubes, consideration of ambiguous speeds, the study of complex situations (two 
plots fall in the association window of one track, or two tracks compete to be updated by a 
plot). 

3.1 Basic algorithm 

The first step is the definition of parameters that will later be used by the algorithm. Among 
them, some important variables are:  

• Measurement error used to obtain the optimum the size of the window and the 
calculation of the normalized distance between a plot and a prediction. 

• Size of the association windows given by these three parameters, which are 
optimized depending on dynamics of the targets in the scene: δR=2(m), δv=2(km/h) 
and δθ=10(°). 

• Rules for track deletion:  
o “maxGapTentative” and “maxGapOpen” are the maximum number of cubes 

(discreet instants of time of the algorithm separated approximately 0,5 
seconds) without updating a track before it is deleted. If these amounts are 
reached, in the case of a tentative track, it is discarded and if it is open it is 
closed. 

o “minNPlots” and “minPercentReal” are related to a closed track, and they set 
the minimum number of plots and minimum percentage of real plots 
associated in the track. If these are not met, the closed track is discarded. 

• The “method” used in the prediction. In the present master thesis, only the ‘simple’ 
version is the only algorithm implemented. Other algorithms could be implemented 
for example ‘Kalman’ (Kalman filtering). 

• “nLevelSpeeds” is used to consider higher speeds than the maximum non-
ambiguous speed (approximately 88.1 km/h). This is important for this project 
since it is meant to be used on a scene in a highway with several cars traveling at 
speeds around 120km/h. 

• “dt” is the interval between cubes and “flag_time_interval” defines the values 
considered (if it is 1 the value is the default one 0.5 seconds, if it is 2 the value is the 
average value of time between cubes and if it is 3 the value is the instantaneous 
value). Options 2 and 3 are calculated using the real data obtained from the signal 
processor. 

• “flag_GPS” defines if the program is going to load and represent the GPS information 
about the target. This helps confirm that the test of real scenarios with drones are 
properly tracked. 

• Limits for the plots and flags that allow us to define which limits to apply in the 
scene. These limits help to do a faster analysis of the scenes when we know the area 
of interest. 

After all of these definitions, the structure of data employed in the algorithm to contain the 
tracks with the plots associated is created. It consists in a cell array “tracks” that contains a 
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struct, “infoTracks”, with information about the analyzed scene and a new cell array per 
track is added to tracks. 

The struct infoTracks contains the following data: 
• fileName: contains the name of the file of plots obtained from the signal processor 

that is analyzed. 

• nCubes: indicates the number of cubes in the scene. 

• nTracks: indicates the number of tracks contained in the cell array “tracks” 
(initiated at 0). 

• nPlotsAssociated: number of plots that have been associated in the scene (initiated 
at 0). 

• nPlotsInvented: number of plots inventedin the scene (initiated at 0). 

• nPlotsTotal: sum of plots associated and invented (initiated at 0). 

• deltaR: value defined as size of the window in range. 

• deltaV: value defined as size of the window in speed. 

• deltaT: value defined as size of the window in azimuth. 

After defining all the parameters needed throughout the execution, the analysis of the scene 
starts. As the program attempts to track the targets in the scene, the analysis is carried out 
in order of time, or considering it in a different way, cube per cube.  

Therefore, the first step is to separate the file of plots cube per cube using a for loop. Defining 
the variable “plotsCubeK” as the plots in which the number of cube is k. Also, in this point a 
matrix is defined “associationMatrix”, in which the possible associations are stored to be 
analyzed later. 

In this point, another for loop is used to try to associate each plot in plotCubeK. “plotn” is 
created with a row of plotsCubeK, in order to try to associate it with one of the existing 
tracks, then a third for loop is used to analyze the situation with each track, first considering 
only the open tracks and the in a second loop considering the tentative tracks. 

The plot is associated (or is registered in the associationMatrix) if the plot is within the 
association window defined around the prediction of the track considered. Where the 
associationMatrix is shown in Fig. 18. 

 

Fig. 18 Content of the associationMatrix 

• pn: number of the row in plotCubeK that might be associated. 

• speed: speed that might be associated (since later on several possible speeds are 
considered). 

• tn: number of track that the plot might be associated to. 

• state: determines the state of the track (1 if open, 0 if tentative). 

• predR: prediction of next value of R for track tn. 

• predV: prediction of next value of v for track tn. 

• predT: prediction of next value of azimuth for track tn. 

• deltaR: value of the size of the association window in range used in the association. 

• deltaV: value of the size of the association window in speed used in the association. 

• deltaT: value of the size of the association window in azimuth used in the 
association. 

pn speed tn state predR predV predT sigmaR sigmaV sigmaT
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If the plot is not registered in the associationMatrix (if it is not whithin the association 
window of any track), it creates a new track (one per speed considered). 

After the plots of plotCubeK have been analyzed, the contents in associationMatrix are 
analyzed to carry out the final decisions regarding the associations. The cases considered 
will be developed in a later part of this chapter.After the associations in each cube (instant 
of time) have been made, the last thing to do is the control of the state of the tracks. 
Therefore, a new for loop is used to look into each track in case it has not been updated in 
the current cube, the gap is increased if the track is either tentative or open (not if it is 
closed). Then if it was tentative, we check if the gap is greater than the limit defined. If it is, 
the track is deleted, otherwise the new plot is invented and the values of nPlotsInvented 
and nPlotsTotal in infoTracks are increased and a new prediction is made. 

For a tentative track to turn into an open track, the N associations in M instants of time is 
used. Where the N is set to one and the value of M is set by the parameter maxGapTentative. 
If the gap of a tentative track surpasses this parameter, the tentative track is discarded. 

In case the track is open, if the gap is greater than the limit, the track is closed. If it does not 
meet the requirements of minPercentReal (typically a value of 0.6 has been used) and 
minNPlots (typically a value of 4 has been used), the track is deleted (due to the low quality 
of the information in that track). Otherwise the new plot is invented and the values of 
nPlotsInvented and nPlotsTotal in infoTracks are increased and a new prediction is made. 

Finally, after the whole file has been analyzed, the tentative tracks are discarded and once 
again, it is checked that the open and closed tracks meet the requirements and otherwise 
are discarded. Additionally, with the final list of tracks, a count is made of the final number 
of associated and invented plots  

After a description of the basic algorithm, the functions used in order to carry out the 
tracking are explained. 

3.1.1 Description of the function “newTrack” 

This function is used to create and initialize a new track with a plot that could not be 
associated to any existing track. In later instants of time, using to the tracking algorithm, it 
is clarified if this new track corresponds to a new target or a false alarm. 

In order to explain how this function works, first the structure of a track is introduced. It 
consists in a cell array which contains a struct with information about the track and the 
array with the plots associated with the track. If new plots are assigned, the array grows in 
a new row.  

 

Fig. 19 Structure of the cell array that defines each track. 

infoTrack (struct)

• state = ‘’tentative’
• gap = 0
• …
• dt = 0.5

plotn (array 1x20)

( )

( )

(String)

(cell)
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The struct infoTrack contains the following information: 
• state: state of the track, it can be either tentative, open or closed. Initially tentative. 

• Gap: number of plots invented in a row. Initially 0. 

• nPlotsTotal: total number of plots of the track. Initially 1. 

• nPlotsReal: number of real plots associated to the track. Initially 1. 

• nPlotsInvented: number of fake plots invented in the track. Initially 0. 

• cubeIni: number of initial cube in which the track was created.  

• cubeFin: number of cube of the last plot associated to the track.  

• nextPtrdictedR: next predicted value of range. Initially NaN. 

• nextPredictedV: next predicted value of speed. Initially NaN. 

• nextPredictedT: next predicted value of azimuth. Initially NaN. 

• deltaR: defines for the track the size of the association window in range.  

• deltaV: defines for the track the size of the association window in speed.  

• deltaT: defines for the track the size of the association window in azimuth. 

• dt: Time interval considered depending on the value of flag_time_interval. If it is 1, 
the value is 0.5 seconds, otherwise it is the average time interval between cubes. 

In the following figure, the function is represented with its inputs and outputs.  

 

Fig. 20 Description of the function newTrack 

The inputs are: 
• plotn: row of the file of plots used to create a new track, it contains the information 

defined in chapter 2. 

• deltaR: defines for the track the size of the association window in range defined in 
the tracking algorithm. 

• deltaV: defines for the track the size of the association window in speed defined in 
the tracking algorithm. 

• deltaT: defines for the track the size of the association window in azimuth defined 
in the tracking algorithm. 

• dt: Time interval considered depending on the value of flag_time_interval. If it is 1, 
the value is 0.5 seconds, otherwise it is the average time interval between cubes. 

And the output is: 
• track: cell array initialized of the track with the struct infoTrack and the plot is 

assigned in the second position of the cell array. 

newTrack(…)

Creates a new track initializing 
its variables in the default value 

and with the plot as a 
parameter.

• plotn
• sigmaR
• sigmaV
• sigmaT
• dt

(array 1x20)

( )

( )

( )

Rcent

binRcent

binVcent

Nbins

Pave Pmax RpmaxVcent Vpmax

binRpmax

binVpmax

monopulso

Θ x y hora min seg dec

Nº cubo

infoTracktrack (cell) (struct)

• state = ‘’tentative’
• gap = 0
• …
• dt = 0.5

plotn (array 1x20)

( )

( )

(String)

(array 1x20)

(cell)
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3.1.2 Definition of the function “associatePlot” 

This function is used to associate a plot to a certain track, this means that the plot to 
associate is added to the list of plots already associated to the track (in the figure it is 
represented having the new plot in a different color).  

The values updated of infoTrack are: 
• Gap: it is stablished back to 0. 

• nPlotsTotal: it is incremented in 1. 

• nPlotsReal: it is incremented in 1. 

• cubeFin: it is updated to the number of cube of the associated plot. 

Additionally, if the state of the track was tentative it is changed to open. Applying this way, 
the N association in M instants of time criteria with N set to 1. 

Fig. 21 Description of the function associatePlot 

The inputs of this function are: 
• plotn: plot to associate to the track. 

• track: track that we want to associate with plotn. 

The output is: 
• track: updated track, with plotn associated to it and its parameters updated. 

3.1.3 Definition of the function “inventPlot” 

The function inventPlot is used to update the track when a track has not been updated by a 
real plot. It is then updated using the prediction as new information. It also updates some 
parameters of infoTrack. 

The values updated of infoTrack are: 
• Gap: it is incremented in 1. 

• nPlotsTotal: it is incremented in 1. 

• nPlotsInvented: it is incremented in 1. 

associatePlot(…)

Concatenates plotn in the track 
and updates its values.

• plotn
• track

(array 1x20)

(cell)

Rcent

binRcent

binVcent

Nbins

Pave Pmax RpmaxVcent Vpmax

binRpmax

binVpmax

monopulso

Θ x y hora min seg dec

Nº cubo

track (cell)

infoTrack (struct)

• state 
• gap
• …
• dt

(array Nx20)

( )

( )

(String)

(cell)

infoTrack (struct)

• state 
• gap
• …
• dt

(array (N+1)x20)

( )

( )

(String)

(cell)
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• cubeFin: it is updated with the number of cube of the new plot. 

Fig. 22 Description of the function inventPlot 

The inputs of this function are: 
• track: track that we want to update using the predicted information. 

The output is: 
• track: updated track, with plotn associated to it and its parameters updated. 

3.1.4 Definition of the function “propagateTrack” 

This function is used to update the predicted values of range, speed and azimuth of each 
tentative or open track. The general description of the function can be seen in the following 
figure. 

Fig. 23 Description of the function propagateTrack 

The inputs are: 
• Method: it is a string with the kind of algorithm use in the prediction. Currently only 

the ‘simple’ algorithm is implemented, though different algorithms could be added, 
such as filtering. 

• track: the track for which the prediction is made. 

• dt: value of the time interval used to compute the prediction. 

The output is: 
• track: the track offered as an input with the predicted values of range, speed and 

azimuth is updated. 

The algorithm used in the prediction is a very simple one. In the predictions constant speed 
and azimuth are guessed and the range is calculated using the previous value considering 
the speed and time interval, therefore the expression used are: 

𝜃𝑝𝑟𝑒𝑑 = 𝜃 (3.1) 

𝑣𝑝𝑟𝑒𝑑 = 𝑣 (3.2) 

InventPlot(…)
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track
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𝑅𝑝𝑟𝑒𝑑 = 𝑅 + 𝑣 ∙ 𝑑𝑡 (3.3) 

3.2 Additions to the algorithm  

In this part, the different additions made to the original tracker are described, including the 
functions defined in order to perform them. The list of improvements performed is: 

• Use of different values of the time interval between cubes. 

• Consideration of ambiguous speeds. 

• The study of complex situations (two plots fall in the association window of one 
track or two tracks compete to be updated by a plot). 

3.2.1 Calculation of real time between cubes 

Before this improvement, the value used was fixed at 0.5 seconds, but in certain field 
scenarios, different values were observed. Therefore, in order to adjust the performance of 
the tracker to the scenario. As in the plot structure four of the columns contain information 
about the time of the measurement, a function is implemented to calculate an array of the 
instantaneous values between each cube and the average value. 

Therefore, we have two possibilities for obtaining a more precise tracking algorithm. As 
mentioned before, a variable allows us to select the amount we want to use, the variable is 
flag_time_interval. If it is 1, the value is 0.5 seconds, if it is 2 the value used is the average of 
the real time intervals between cubes and finally, if it is 3 the value is the instantaneous time 
interval between cubes. 

In order to calculate both, the instantaneous and the average values a new function has been 
developed, “dtCalculation”.  

3.2.1.1 Definition of the function “dtCalculation” 

 

Fig. 24 Description of the function dtCalculation 

Where the inputs are: 
• plots: set of data used to calculate the instantaneous and average time interval of 

the studied scenario. 

• posHour: position of the hour information in plots. 

• posMin: position of the minute information in plots. 

• posSec: position of the second information in plots. 

• posCent: position of the hundredth of a second information in plots. 

And the outputs obtained are: 
• dt: average value of the time interval in the scene. 

• dts: array of instantaneous values of time interval between measurements. 

This function obtains the values as: 

𝑡𝑖𝑚𝑒 = (ℎ𝑜𝑢𝑟 ∙ 3600 +𝑚𝑖𝑛𝑢𝑡𝑒 ∙ 60 + 𝑠𝑒𝑐𝑜𝑛𝑑) ∙ 100 + ℎ𝑢𝑛𝑑 (3.4) 

dtCalculation

Calculates the 
instantaneous and the 

average of the time 
interval

Plots
posHour
posMin
posSec
posCent

dt
dts
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Where hour, minute, second and hund are the columns with the time information in plots. 
Once we have obtained the vector time, we can easily obtain dts as: 

𝑑𝑡𝑠 =
(𝑡𝑖𝑚𝑒(2: 𝑒𝑛𝑑) − 𝑡𝑖𝑚𝑒(1: 𝑒𝑛𝑑 − 1))

100
 (3.5) 

 

𝑑𝑡 = 𝐸(𝑑𝑡𝑠) (3.6) 

Finally, in order for dts to be as long as plot, one value must be added, therefore dt is added 
as the last value of dts. 

3.2.2 Ambiguous speeds 

The radar system is limited to calculating a maximum speed of 88.1 km/h. This maximum 
speed exists because of there is a maximum frequency that we can obtain using the FFT, 
therefore if a higher frequency is to be measured, it is miscalculated as a different, lower 
frequency. This value is obtained for half the frequency of the waveform used, according to 
the following expression:  

𝑣𝑚𝑎𝑥 =

𝑓𝑚
2
⁄ ∙ 𝜆

2
= 88,1 (𝑘𝑚 ℎ⁄ ) (3.7) 

Where 𝑓𝑚  is the frequency of the modulated signal (the period is 350µs) and 𝜆  is the 
wavelength used to transmit the signal. 

Therefore, in order to be able to measure higher values of speed the basic solution is not 
enough. This implementation is particularly important since the goal of this project is to use 
the tracker in a scenario with cars in a highway with speeds around 120km/h. 

This problem has been solved creating a variable called nLevelSpeed that indicates the 
number of speeds considered when trying to associate plots with tracks. For example, when 
its value is 0 only the measured value is considered. When it is 1, the speed considered is 
the measured one ∓ Δv, where Δv is: 

𝑣𝑚𝑎𝑥 =
𝑓𝑚 ∙ 𝜆

2
= 176,2 (𝑘𝑚 ℎ⁄ ) (3.8) 

In order to consider the value of speed among the possible values that falls in the association 
window, a vector is defined: 

𝑖𝑛𝑑𝑒𝑥𝑆𝑝𝑒𝑒𝑑𝑠 = −𝑛𝐿𝑒𝑣𝑒𝑙𝑆𝑝𝑒𝑒𝑑: 𝑛𝐿𝑒𝑣𝑒𝑙𝑆𝑝𝑒𝑒𝑑 (3.9) 

 Therefore, the comparison of speed in the association algorithm to check if the the plot is 
within the association window is made with vectors as shown in the expression 3.8 to try 
to associate the plots with a track.  

𝑝𝑟𝑒𝑑𝑉 + 𝑠𝑖𝑔𝑚𝑎𝑅 > 𝑣 + ∆𝑣 ∙ 𝑖𝑛𝑑𝑒𝑥𝑆𝑝𝑒𝑒𝑑 
(3.10) 

𝑝𝑟𝑒𝑑𝑉 − 𝑠𝑖𝑔𝑚𝑎𝑅 < 𝑣 + ∆𝑣 ∙ 𝑖𝑛𝑑𝑒𝑥𝑆𝑝𝑒𝑒𝑑 

Another difference is that when a plot is used to create a new track, the number of tracks 
created is the same as the number of speeds considered (2nLevelSpeed+1). Additionally, in 
the associationMatrix the value of speed that might be associated is included as well. 
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3.2.3 Complex cases 

In this section the complex situations in the association are considered. First, the simplest 
case possible, with only one plots in the association window of just one track is directly 
assigned. In order to find these cases, first a function called uniqueValues is used to find the 
rows of non-repeated plots and tracks in associationMatrix. And then find its intersection, 
which defines the simplest case, only one plot trying to associate to only one track. 

 

Fig. 25 Most simple asssociation case. 

The initial idea for the rest of the cases was in each case:  
• Multiple plots competing to update a track: use the closest plot to the prediction. 

 

Fig. 26 Example of multiple plots compiting to update a track. 

 
• One plot that could update multiple tracks: update the oldest track. 

 

Fig. 27 Example of one plot fallig within the association windows of two tracks. 

• Multiple plots with multiple tracks: Try to update using the plot closest to the 
prediction in each case. 
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Fig. 28 Remaining case, multiple plots and multiple tracks 

In the final implementation, a function available in the Computer Vision System Toolbox is 
used. The function used is assignDetectionsToTracks.m that implements James Munkres’s 
variant of the Hungarian assignment algorithm (global nearest neighbor) developed in 
1957. This function allows to find the solution that minimizes the total distance of the 
assignments found. 

3.2.3.1 Definition of the function uniqueValues 

This function finds the non-repeated values in a vector. It is based in the already available 
matlab function unique.m: 

 

Fig. 29 Description of the function uniqueValues 

Where the input is: 
• vector: the vector in which it is needed to find the non-repeated values. 

And the outputs are: 
• values: A vector with the non-repeated values in the input vector. 

• positions: A vector with the positions of the non-repeated values in the input vector. 

This function is used to generate the two groups of associations that we differ from one 
another to use the association algorithms. First the easiest cases are found finding the non-
repeated values of plot and track in the association matrix. The intersection of these two 
represent the simplest case, which is directly assigned. 

The rest of the positions in the association matrix are studied and associated using the 
functions described in the next two sections. 

3.2.3.2 Description of the function assignDetectionToTracks 

As mentioned before, it is an existing function [7] that offers the assignment solution that 
minimizes the total distance for the problem according to James Munkres’s variation of the 
Hungarian algorithm. 

uniqueValues

Finds the non-
repeated vales in 
the input vector

vector Values
positions
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Fig. 30 Description of the Matlab function assignDetectionToTracks 

Where the inputs represent: 
• costMatrix: represents a matrix with the costs of assigning each track to each plot 

or detection. It is a M⨯N matrix, where M is the number of tracks considered and N 
is the number of plots considered. Each element cij represents the cost of assigning 
track i to plot j. The lower the cost the more likely that a detection is assigned to a 
track. The padded rows represent detections not assigned to any tracks. The padded 
columns represent tracks not associated with any detections. The function applies 
the Hungarian assignment algorithm to the padded matrix. 

 

 
• costOfNonAssignment: Cost of not assigning detection to any track or track to 

detection. You can specify this value as a scalar value representing the cost of a track 
or a detection remaining unassigned. An unassigned detection may become the start 
of a new track. If a track is unassigned, the object does not appear. The higher the 
costOfNonAssignment value, the higher the likelihood that every track will be 
assigned a detection. 

assignDetectionsToTracks

Assign detections to 
tracks for multiobject

tracking

costMatrix
costOfNonAssignment

assignments
unassignedTracks
unassignedDetections

Fig. 31 Description of the input matrix costMatrix in the algorithm. 
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Fig. 32 Description of the extra rows and columns in the matrix added in case any track or detection is not 
assigned (because the cost surpasses the costOfNotAssignment) 

And the outputs are: 
• assignments: Matrix of size L⨯2, where the first column contains the index of the 

track and the second column the index of the plot or detection corresponding to each 
assignment. 

• unassignedTracks: Vector with the index of the tracks that were not assigned with 
any plot or detection. 

• unassignedPlots: Vector with index of the plots that were not assigned to any 
existing track. 

An example of the results obtained is, if the prediction of two tracks are the points (
1
1
)  and 

(
2
2
) and there are three detections in the points:(

1.1
1.1
), (
2.1
2.1
) and(

1.5
3
). Therefore, the cost 

matrix is a 2⨯3 matrix with values the distance between the points: 

𝑐𝑜𝑠𝑡𝑀𝑎𝑡𝑟𝑖𝑥 = (
0.14 1.56 2.06
1.27 0.14 1.12

) 

Therefore, if the cost of non-assigning is set to 0.2, detection 1 is assigned to track 1, 
detection 2 is assigned to track 2 and detection 3 remains unassigned obtaining the 
following result: 

𝑎𝑠𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡𝑠 = (
1 1
2 2

) 

𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑃𝑙𝑜𝑡𝑠 = 3 
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Fig. 33 Representation of the result from the example defined. 

 

Munkres’ variant of the Hungarian association algorithm 

In the original paper [8], it is presented as a solution to the personnel-assignment problem 
of the optimal assignment of n men to n jobs. Assuming that numerical ratings are given for 
each man´s performance at each job. The optimal assignment achieves a maximum in the 
sum of the assigned job ratings. 

A set of elements of a matrix are said to be independent if no two of them lie in the same 
row or column of a matrix. In this problem we want to choose a set of n independent 

elements of the matrix (𝑟𝑖𝑗) so that the sum of these elements is maximum. Let 𝑟 = max
𝑖,𝑗
𝑟𝑖𝑗 

and let 𝑥𝑖𝑗 = 𝑟 − 𝑟𝑖𝑗. An equivalent problem is to choose a set of n independent elements of 

the matrix 𝐴 = (𝑥𝑖𝑗)  such that the sum of these elements is minimum. 

Two remarks to consider are in the algorithm are: 
• König theorem: If A is a matrix, and m is the maximum number of independent zero 

elements of A, then there are m lines which contain all the zero elements of A. 

• The solution of the problem does not change if matrix (𝑥𝑖𝑗)   is replaced by (𝑦𝑖𝑗), 

where  (𝑦𝑖𝑗) = (𝑥𝑖𝑗) − 𝑢𝑖 − 𝑣𝑗 with 𝑢𝑖 𝑎𝑛𝑑 𝑣𝑗arbitrary constants. 

After these concepts have been introduced, the algorithm consists in; 
• Preliminaries: Considering the matrix A, first the smallest element in each row is 

subtracted from all the elements in its row. Then the same process is done with the 
columns of the resulting matrix. 
Consider a zero Z of the matrix, if there is no starred zero in its row or column, star 
Z. Repeat considering each zero in the matrix, then cover every column containing a 
starred zero. 

• Step 1: This step allows us to make sure that all the zeroes are covered. All the non-
covered zeroes are primed, if no zero is starred in the row of the primed zeroes, step 
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2 starts. If there is a starred zero in any of the rows, uncover that row and cover the 
column instead. Repeat until all zeroes are covered. Go to Step 3. 

• Step 2: There is a sequence of alternating starred and primed zeros. Let 𝑍0 denote 
the uncovered 0’. Let 𝑍1 denote the 0* in 𝑍0’s column. Let 𝑍2 denote the 0’ in 𝑍1’s 
row. Let 𝑍3 denote the 0* in 𝑍2’s column. Similarly continue until the sequence stops 
at a 0’, 𝑍2𝑘 which has no 0* in its column. 
Unstar each starred zero of the sequence and star instead each primed zero in the 
sequence (the resulting set of starred zeroes is independent and larger by one than 
the previous set). All primes are erased, every row is uncovered and every column 
containing a 0* is covered. If all columns are covered, the starred zeroes form the 
independent set. Otherwise, return to Step 1. 

• Step 3: At this point all the zeroes of the matrix are covered, and each 0* is covered 
by just one line. According to König theorem, the number of lines covering all zeroes 
is the same as the number of independent (starred) zeroes. 
Let h denote the smallest non-covered element of the matrix; it is positive. It is 
added to each covered row; then subtracted from each uncovered column. 
Then the algorithm returns to Step 1 without altering any asterisks, primes or 
covered lines. 

Step 3 decreases the sum of the elements of the matrix, so that the algorithm has a finite 
number of steps. The iterations end when we reach a point with  𝑛𝑘+1 = 𝑛𝑘 , then after 
applying Step 1, Step 2 will not take place. Step 3 will begin with more horizontal covered 
lines than in the previous iteration (every horizontal covered line of the previous iteration 
a covered line in the current iteration). A zero appears in this transformation Z in some 
uncovered position. Z must have a 0* in its row (or Step 2 would apply and 𝑛𝑘+1 > 𝑛𝑘 would 
be true). 

This shows that the algorithm has a limited number of steps. At most after n iterations the 
maximal number of zeros in the matrix must increase. 

In the worst-case scenario, the maximum number of operations is: 

(11 ∙ 𝑛3 + 12 ∙ 𝑛2 + 31 ∙ 𝑛)

6
 

Therefore, the complexity of this algorithm is  𝑂(𝑛3) , much smaller than the original 
Hungarian algorithm which is 𝑂(𝑛!). 

3.2.3.3 Definition of the function associationAlgorithm 

This function is called in the tracker to build the inputs required to use the previous function. It 
is used to decide the associations in all the cases except the simplest ones (just one plot trying 
to associate with just one track). 

 

Fig. 34 Description of the function associationAlgorithm. 

 

associationAlgorithm

Function that prepares the data to 
call the function 

“assignDetectionsToTracks” in order 
to decide the associations in the 

complex cases (multiple plots with 
multiple tracks).

asssociations
plotsCubeK
method

assignments
unassignedDetections
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The inputs are: 

• associations: This matrix corresponds to certain rows of the association matrix that is 

used to register all the possible associations and decide. The rows studied correspond 

to all the cases without non-repeated plots and tracks in the association matrix. 

• method: this is a string that indicates the method used to study the assigning problem. 

Currently only one method is implemented, “hungarian”. The method “hungarian” uses 

the function described in the previous point. 

The outputs are: 

• assignments: Matrix of size L⨯2, where the first column contains the index of the 

track (its position in the cell array tracks) and the second column the index of the 
plot or detection (its position in the matrix plotsCubeK) corresponding to each 
assignment. 

• unassignedDetections: Vector with index of the plots (its position in the matrix 

plotsCubeK) that were not assigned to any existing track. 

After this function is used, the only step left is using the assignments matrix to associate 
each plot to the corresponding track. As the indexes are already referred to tracks and 
plotsCubeK, the association is very simple.  

The second task left is to create a new track using the unassigned detections, as in the 
previous case, as the indexes are referred to the positions in plotsCubeK, this also results in 
a simple task. 

Finally, the other output offered by the function assignDetectionToTracks is not used 
because the algorithm already checks which tracks have not been updated to invent a 
measurement and propagate it. 

This function also builds the cost matrix, it is started as a matrix with as many rows as tracks 
and as many columns as plots in associations. This matrix is created as a matrix filled of 
infinite values and the matrix is filled with the distance in the cases contained in association. 

First, we obtain a list of all the tracks and plots in association. Then for each track we search 
for the plots that might be used to update it and obtain the distance between the track and 
each plot. The values are stored in the corresponding position in the cost matrix. After this 
is done for all the tracks, the cost matrix is successfully build. 

The expression used to calculate the distance is [6]: 

𝑑 = √(
𝑅 − 𝑝𝑟𝑒𝑑𝑅

𝜎𝑅
)
2

+ (
𝑣 − 𝑝𝑟𝑒𝑑𝑉

𝜎𝑣
)
2

+ (
𝜃 − 𝑝𝑟𝑒𝑑𝑇

𝜎𝜃
)
2

 (3.11) 

Where R, v and θ are the value of range, speed and azimuth respectively obtained from the 
plot. The parameters predR, predV and predT are the predictions of range, speed and 
azimuth of the track considered. The last three parameters, 𝜎𝑅, 𝜎𝑣 and 𝜎𝜃 are the estimation 
of the measurement error made by the radar demonstrator. 

Therefore, the other input of the algorithm, the cost of non-assignment is set to the 
maximum value possible of the distance. The maximum is obtained when 𝑅 − 𝑝𝑟𝑒𝑑𝑅 = 𝛿𝑅 
for all three parameters (the size of the association window). Then the maximum value 
possible is: 
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𝑑𝑚𝑎𝑥 = √(
𝑅 − 𝑝𝑟𝑒𝑑𝑅

𝜎𝑅
)
2

+ (
𝑣 − 𝑝𝑟𝑒𝑑𝑉

𝜎𝑣
)
2

+ (
𝜃 − 𝑝𝑟𝑒𝑑𝜃

𝜎𝜃
)
2

= √(
𝛿𝑅
𝜎𝑅
)
2

+ (
𝛿𝑣
𝜎𝑣
)
2

+ (
𝛿𝜃
𝜎𝜃
)
2

 

(3.12) 

As the size of the window depends on the scene, this value cannot be established previously. 
Therefore, initially we want to get as many associations as possible, hence a very high value 
is used (e.g. 1e5). 
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4. Test scenarios 

In this section, the test scenarios used are introduced and explained. First a brief 
explanation of the simulated scenarios generated with a brief description of the parameters 
used in its generation. Finally, a brief explanation of the test cases performed using real data 
from field test scenarios. 

The results obtained from these tests for the tracker are shown, analysed and explained in 
the next section. 

4.1 Simulated test scenarios 

The scenarios generated using the target simulator are presented, dividing them in the three 
kinds of trajectories developed. Using scenes with different configurations of straight path 
simulations (one target and two targets following parallel trajectories and crossing their 
paths). 

For the circular and racecourse trajectories, more simple scenarios are generated and used 
to test the performance of the tracking algorithm. 

4.1.1 Straight path 

For this test several situations have been considered. Starting with scenarios with only one 
target, dividing the scenes created according to the direction, being either radial or non-
radial. A second division is depending on the speed, within the range or outside of the range. 
For the first case, targets at a speed of 30km/h are simulated and for the second one the 
speed used is 120km/h. 

This division is interesting because in the radial case, the measured speed (radial speed) is 
the same as the real speed of the target. Whereas in the non-radial scenes, the measured 
speed is lower than the real one. 

The scenarios with two targets consist in scenes with two targets crossing their paths and 
two targets travelling along parallel paths. Two scenes are considered in each one of these 
cases, a normal case in which there is a difference between them in the R-v representation 
and a more complex case, in which both targets leave the same trace in the R-v 
representation.  

The following parameters are included in every scene. In 4.1 the performance in terms of 
probability of detection and false alarm is set. Additionally, in 4.2 an estimated value of the 
measurement error of the radar demonstrator is used. 

𝑃𝑑 = 0,9 𝑃𝑓𝑎 = 10
−6 (4.1) 

𝜎𝑅 = 0,88 (𝑚) 𝜎𝑣 = 0,2 (𝑘𝑚/ℎ) 𝜎𝜃 = 0,8 (˚) (4.2) 

The representations of the different scenes are shown from this point. In the scenes two 
representations are made, first of the trajectory simulated and a second one including the 
error. In the representations that include the measurement error simulated, the resulting 
points are represented as individual points. 

One target following a radial trajectory 

The parameters used in each case of one target in radial trajectory one in which the target 
moves at 30 km/h and a second scene with the target moving at 120 km/h. The parameters 
that have to be set have been specified in Chapter 2. 
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TABLE 4.1 Summary of parameters used in simulation of one target on a radial trajectory. 

Only one target radial straight path 
Scenario1: v=30  Scenario2: v=120 

x0 (km) 0,5  x0 (km) 0,5 

y0 (km) 0,866025  y0 (km) 0,866025 

v(km/h) 30  v(km/h) 120 

theta(°) 60  theta(°) 60 

dist(km) 1  dist(km) 1 

For the case of target at a speed of 30km/h the resulting scenes is the following one. In the 
following figures. In them, the fact that it is a radial straight path trajectory is clear since in 
both the R-v and the R-azimuth representation the obtained representation is a line with 
constant speed and azimuth respectively. 

 

(a) 

 

(b) 

 

(c) 

Fig. 35 one target following a radial straight path trajectory at 30km/h 
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The second scene considered in the table with a target moving in a straight path in a radial 
path at a speed that causes ambiguous value in the radar measurements corresponds with 
the following figures: 

 

(a) 

 

(b) 

 

(c) 

Fig. 36 one target following a radial straight path trajectory at 120km/h 

As the scene is the same with a different speed, the x-y and R-azimuth representation is the 
same as before, but with fewer red points (as the speed is higher, it takes less time or points 
to run the same distance).  

Another fact to highlight is the fact that as the speed of 120 km/h. This speed is higher than 
88,1 km/h (maximum unambiguous speed), therefore in the R-v representation, the speed 
of the measurements (red dots) are represented in the ambiguous value of the speed. 

The next two scenes considered are the non-radial straight path with just one target. The 
parameters are shown in the following table. 

One target following a non-radial trajectory 

In this case, the scenes are: 
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TABLE 4.2 Summary of parameters used in simulation of one target on a radial trajectory. 

Only one target non-radial straight path 

Scenario 1: v=30  Scenario 2: v=120 

x0 (km) -0,5  x0 (km) -0,5 

y0 (km) 1  y0 (km) 1 

v(km/h) 30  v(km/h) 120 

theta(°) 60  theta(°) 60 

Distance (km) 1  Distance (km) 1 

The scene with a single target following a non-radial straight path trajectory. As expected, 
the curves obtained in the R-v and the R-azimuth representations of the targets are not 
constant in speed and azimuth respectively (as they were in the radial case). 

 

(a) 

 

(b) 

 

(c) 

Fig. 37 one target following a non-radial straight path trajectory at 30km/h 
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Finally, the last straight path scene with just one target is presented, it is the same trajectory 
as in the previous scene but at a higher speed (120 km/h). The resulting scene is 
represented in the following figures. 

In this case the high value in speed does not cause ambiguous values to happen. This is 
because the radar measures radial speed and the radial component of the speed does not 
surpass the maximum unambiguous value in the scene. 

  

 

(a) 

 

(b) 

 

(c) 

Fig. 38 one target following a non-radial straight path trajectory at 120km/h 

Two targets crossing path: 

As explained before, in this case we have two situations, a first one in which the targets are 
simulated so that they are distinguishable. In the second case, the targets are simulated so 
that the R-v representation is the same for both, being harder to differ them. 

For the first case the parameters used to create the simulation are: 
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In this first scene, the two targets are not ambiguous in the R-v representation. Therefore, 
it is a good situation for the association of the plots differing the two targets. 

TABLE 4.3 Parameters used in the two targets crossing easy scenario 

 

(a) 

 

(b) 

 

(c) 

Fig. 39 scenario generated of two targets crossing their straight paths at 30 km/h 

Two crossing targets easy case 
Scenario 1: v=30  Scenario 2: v=120 

x1 (km) 0,9  x1 (km) 0,9 

y1 (km) 1  y1 (km) 1 

theta1(°) 10  theta1(°) 10 

x2 (km) 1,1  x2 (km) 1,1 

y2 (km) 1  y2 (km) 1 

theta2(°) -10  theta2(°) -10 

v(km/h) 30  v(km/h) 120 
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The second scene is the same situation as before, but the speed is 120 km/h in this case. It 
is seen in the R-v representation, because in yellow the targets are represented. But the blue 
and red dots represent the speeds measured. In this case some ambiguous speeds appear 
in the scene, that explains the negative vales in speed.  

 

(a) 

 

(b) 

 

(c) 

Fig. 40 scene generated with two targets crossing their straight path at 120 km/h 

The other two scenes with crossing targets so that the R-v representation of both targets 
overlap. The values used to generate it is: 

TABLE 4.4 Parameters used to generate an ambiguous situation on the radar with two targets crossing their paths 

Two crossing targets tough case 
Scenario 3: v=30  Scenario 4: v=120 

x1 (km) -0,1  x1 (km) -0,1 

y1 (km) 1  y1 (km) 1 

theta1(°) 10  theta1(°) 10 

x2 (km) 0,1  x2 (km) 0,1 

y2 (km) 1  y2 (km) 1 
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The resulting scenes are represented in the following figures. Where, in the R-v 
representation, both targets overlap, therefore it is a harder scenario for the tracker to 
differ both targets. 

 

(a) 

 

(b) 

 

(c) 

Fig. 41 generated scene with two targets crossing their paths at 30 km/h with ambiguous measurements in R-v 

Finally, the last scene of 2 crossing targets is the same kind of harder decision situation with 
ambiguous value of speed. In this case, exactly like in the previous test, the R-v 
representation for both targets is the same, being able to figure out what happens in this 
situation with the tracker. 

theta2(°) -10  theta2(°) -10 

v(km/h) 30  v(km/h) 120 

Distance (km) 1  Distance (km) 1 
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(a) 

 

(b) 

 

(c) 

Fig. 42 generated scene with two targets crossing their paths at 120 km/h with ambiguous measurements in R-v 

Two targets parallel paths 

The last scenes that have been generated using straight path with two targets moving 
parallel the one to the other. As has been introduced for the scenes with two targets 
crossing. Two scenes are considered, one with a normal case of two parallel targets at the 
same speed and a second case selected so that the R-v representation of both targets is the 
same. 

First the normal case in which in the R-v representation, the tracker can differ both targets. 
Two cases are considered, as in every scene, in one with an unambiguous speed and a 
second case with speeds that can cause ambiguous measurements of speed in the radar. 

In the following table a summary of the parameters used to generate the scene. In both cases 
all the parameters are common except for the speed as can be seen. 
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TABLE 4.5 Parameters used to generate the scene with two parallel targets 

Two parallel targets easy case 
Scenario1: v=30  Scenario 2: v=120 

x1 (km) -0,5  x1 (km) -0,5 

y1 (km) 0,866025404  y1 (km) 0,866025 

theta1(°) 40  theta1(°) 40 

x2 (km) 0,505  x2 (km) 0,505 

y2 (km) 0,874685658  y2 (km) 0,874686 

theta2(°) 40  theta2(°) 40 

v(km/h) 30  v(km/h) 120 

The first scenario is presented in the following figures. 

 

(a) 

 

(b) 

 

(c) 

Fig. 43 Scene with two targets following parallel paths at 30 km/h 
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The second scene, with the targets moving at 120km/h following the same trajectories as in 
the previous case. Therefore, the range-azimuth and x-y representations are the same as in 
the previous scene. The difference is in the range-speed representation. 

 

(a) 

 

(b) 

 

(c) 

Fig. 44 Scene with two targets folowing parallel paths at 120 km/h 

For the tougher case, selected so that it is hard for the tracker to differ both targets, the 
parameters used to create the scene are shown in the following table: 

TABLE 4.6 Parameters used to generate the tough scenes with two parallel targets 

Two parallel targets tough case 
Scenario 3: v=30  Scenario 4: v=120 

x1 (km) -0,03  x1 (km) -0,03 

y1 (km) 2  y1 (km) 2 

theta1(°) 0  theta1(°) 0 

x2 (km) 0,03  x2 (km) 0,03 
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y2 (km) 2  y2 (km) 2 

theta2(°) 0  theta2(°) 0 

v(km/h) 30  v(km/h) 120 

Distance (km) 1  Distance (km) 1 

The resulting scenario from the simulation with the information in the table is presented. First 
for the case in which the target is traveling at a speed of 30 km/h. As expected, in the R-v 
representation both targets share the same area. 

 

(a) 

 

(b) 

 

(c) 

Fig. 45 Scene with two targets on parallel trajectories at 30km/h ambiguous in R-v 

And finally, the same scene with a speed of 120 km/h. Therefore, the representation in the 
range-azimuth and x-y spaces are the same as for the previous case. And the difference is in the 
range-speed representation, where the speed is higher than in the previous case, reaching a 
value that becomes ambiguous for the radar system. 
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This explains why there are two representations separated in the range-speed figure. The one 
close to 120km/h corresponds to the real speed of the target, and another value of speed at a 
negative value of speed. This negative value is the ambiguous speed measured by the radar. 

 

(a) 

 

(b) 

 

(c) 

Fig. 46 Scene with two targets on parallel trajectories at 120km/h ambiguous in R-v 

4.1.2 Circular path 

In this test, two different scenarios are considered, a circular trajectory at 30 km/h and a 
second one at 120km/h. This way the capabilities in the association in circular trajectories 
in function of the size of the association window plus the performance of the ambiguous 
speeds can be shown. 

The first scenario is described with the parameters in the following table. 

TABLE 4.7 Parameters used in the circular path at 30km/h 

Scenario1: v=30 

x0 (km) -0,3 
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y0 (km) 1,3 

v(km/h) 30 

theta(°) 0 

interval 1 

rot_direc clockwise 

radius(km) 0,3 

 

In the following figure, the resulting scene can be seen with a target doing a circular motion 
at a distance ranging 1 km and 1,6 km. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 47 Scene of the circular trajectory at 30km/h 

The second scene is described by the next table. It is a case in which the target moves at a 
speed of 120 km/h. Once again, the possible ambiguous values of speeds might appear. 
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TABLE 4.8 Parameters used in the circular path at 120km/h 

Scenario 2: v=120 

x0 (km) -0,3 

y0 (km) 1,3 

v(km/h) 120 

theta(°) 0 

interval 1 

rot_direc clockwise 

radius(km) 0,3 

 

In the R-v representation of the resulting scene the ambiguous speeds can be seen since in 
blue, the real data from the target is represented, and in red the measurements made. The 
part of the R-v representation where both don´t match is the part of the trajectory with 
ambiguous speeds. 

 

(a) 

 

(b) 

 

(c) 

Fig. 48 Scene of the circular trajectory at 120km/h 
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4.1.3 Racecourse path 

Now the two racecourse scenes are simulated. Two situations depending on the speed, be it 
unambiguous or ambiguous. The first case is an unambiguous speed of 30 km/h, and the 
rest of the parameters that describe the testing scene are in the following table.  

TABLE 4.9 Parameters used in the racecourse path at 30km/h 

Scenario 1: v=30 

x0 (km) -0,5 

y0 (km) 1,5 

v(km/h) 30 

theta(°) 90 

Distance (km) 1 

rot_direc clockwise 

radius(km) 0,25 

The resulting racecourse shaped trajectory can be seen in the following figure of the three 
representations. 

 

(a) 

 

(b) 

 

(c) 

Fig. 49 Scene of the racecourse trajectory at 30km/h 
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The last scene generated using the plots simulator is a racecourse trajectory at a high speed 
that may cause ambiguous speeds to appear in certain parts of the trajectory. It is a similar 
case to the one in the previous scene but a bit further. The following table presents the 
values of the main parameters used in the scene. 

TABLE 4.10 Parameters used in the trajectory path at 120km/h 

Scenario 2: v=120 

x0 (km) -0,5 

y0 (km) 2,5 

v(km/h) 120 

theta(°) 90 

Distance (km) 1 

rot_direc clockwise 

radius(km) 0,25 

Very similar representations to the ones before, but with the main difference of  the value 
of the speed. I R-v, the areas of ambiguous speeds is represented by the difference between 
the real plot (in blue) and the measurements made (in red). 

 

(a) 

 

 

(b) 
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(c) 

Fig. 50 Scene of the racecourse trajectory at 120km/h 

4.2 Field test scenarios 

In this part the test scenarios considered using plots obtained in field test scenarios with 
the radar demonstrator. Three scenarios are considered. Two consist in the flight of a drone, 
moving away and towards the radar demonstrator following radial straight path 
trajectories. The third scene considered is a scene with the radar demonstrator measuring 
cars moving on a highway that is 2 km away from the radar. 

In the scenes with the drone, GPS data of the drone is available in order to compare it with 
the obtained trajectory with the tracker. And be able to analyze its performance. 

4.2.1 Drone 

The selected scenario for the field tests is a farm located at a village in the province of Ávila, 
Spain. Its geographical coordinates are 40°49'47.3"N 4°48'00.4"W [9]. The demonstrator 
was installed over an emplacement with entirely unobstructed line of sight extended up to 
5 km. 

 

Fig. 51 Field test scenario with the drones 

As Fig. 51 Field test scenario with the drones shows, the drone described a round trip for the 
test presented in this article. The outward flight was driven by a pilot, by means of the 
manual mode of the drone remote control. The return flight was carried out in automatic 
“Go to home” mode. The maximum range achieved by the drone was 3 km.  

      

Fig. 52 Situation of the field test with the drone 
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The relationship between the detected-target range, R, and the SNR after coherent 
integration is described by the Radar Range Equation (RRE) [10], 

𝑆𝑁𝑅 =
𝑃𝑚 · 𝐺𝑡 · 𝐺𝑟 · 𝑇𝑑 · 𝜆

2 · 𝜎

(4𝜋)3 · 𝑅4 · 𝑘 · 𝑇0 · 𝐹 · 𝐿𝑠
 (4.3) 

where Pm is the radar transmitter average output power, Gt and Gr are the transmitter and 
receiver antenna gain respectively, Td is the dwell time, λ is the wavelength, σ is the target 
Radar Cross Section (RCS), k is the Boltzmann constant, T0 is the standard temperature, F 
is the noise figure of the receiver, and Ls are the system losses. 

Equation (4.1) is useful to know the available echoes SNR depending on the target range, 
and SNR is directly related to the Detection Probability (PD) and False Alarm Probability 
(PFA) [10]. For example, it is known that an SNR of 21.35 dB is required to detect a Swerling 
1 target (scan-to-scan decorrelation), by means of a square-law detector, with PD = 0.9 and 
PFA = 10-6.  

A number of theoretical studies have been carried out to evaluate the radar performance in 
terms of target detection probability. Fig. 53 Detection probability as a function of false alarm 
probability and range represents the Probability of Detection for a target modeled as 
Swerling 1, with RCS = 0.02m2, and False Alarm Probability of 10-3, 10-6 and 10-9 
respectively. This figure predicts the potential detection capability for a drone at a range of 
2 km. 

 

Fig. 53 Detection probability as a function of false alarm probability and range 

4.2.2 Cars on a highway 

The selected scenario for this field tests is located at ETSIT-UPM. The demonstrator was 
installed over an emplacement with direct line of sight of a highway, 2.5 km away from the 
radar, with moving vehicles in both directions. The situation of the radar can be seen in Fig. 
55 Emplacement of the radar during the field test 

Additionally, the results of the capture of 4 cubes from the first test carried out in this 
scenario are painted on an orthophoto in Fig. 54 Scenario used to capture the data in this 
scenario 
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Fig. 54 Scenario used to capture the data in this scenario 

 

Fig. 55 Emplacement of the radar during the field test 

A number of studies have been carried out to evaluate its performance in terms of target 
detection probability. Fig. 9 represents the expected values of SCR (Signal-to-Clutter Ratio) 
and SNR (Signal-to-Noise Ratio) for two Swerling 5 [10] targets with RCS (Radar Cross 
Section) of 0.1 m2 (a human crawler) and 1 m2 (a car, [11]) moving slowly (4.17 m/s, 1.5 
km/h) in a high-grass environment with Doppler spread 𝜎𝑣.=0.05 m/s. SNR and SCR are 
represented as function of the target range to the radar. The green dashed line in Fig. 56(14.1 
dB) represents the limit, established by Shnidman Equation [10], to achieve a detection 
probability of 0.9 with a false alarm probability of 10-8. It can be noted that, even with RCS 
= 0.1 m2, the radar maximum range is limited by SNR (to a distance of 2.3 km) rather than 
SCR. With RSC = 1 m2, the system range is above the maximum unambiguous range. Fig. 57 
represents the estimated detection probability as function of the target range and its RCS in 
dBm2. 
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Fig. 56 SCR and SNR vs Range 

 

 

Fig. 57 Pd vs Range and RCS 
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5. Analysis of the results 

In this section, the results for the scenes presented in section 4 are presented, analysed and 
discussed. Additionally, a discussion for the optimum size of the window is included. 

5.1 Selection of the size of the association window 

The size of the association window in range and azimuth is calculated depending on the size 
of the measurement error and the targets dynamics. Therefore, in this point both terms are 
estimated. 

The estimation of the measurement error is obtained from experiments with controlled 
targets and environment. If not available, it is obtained from theoretical values (resolution). 

∆𝑅 = 0,878 (𝑚) ∆𝑣 = 0,34 (𝑘𝑚/ℎ) (5.1) 

Considering uniform random distribution of the error, in order to contain 99,7% of the 
errors in the value considered, it is obtained as follows: 

𝜎𝑅 =
∆𝑅

√12
∙ 3 = 0,7604 (𝑚) 𝜎𝑣 =

∆𝑣

√12
∙ 3 = 0,2944 (𝑘𝑚/ℎ) (5.2) 

In azimuth the measurement error has been obtained in previous studies to be 𝜎𝜃 = 1
∘ . 

These values are also used to obtain the normalize distance between a plot (measurement) 
and a prediction.  

In order to set the size of the window, the first task is to estimate the error committed in the 
prediction of the following point of the track. Currently, the prediction that is made bases 
on a very stable dynamics of the target. Using a value of dt of approximately 0,53 seconds, 
the estimation is: 

𝑅𝑒 = 𝑅𝑚 + 𝑣𝑚 ∙ 𝑑𝑡 
(5.3) 

𝑣𝑒 = 𝑣𝑚 

Where (𝑅𝑒 , 𝑣𝑒) is the prediction, (𝑅𝑚, 𝑣𝑚) is the point of the plot in number of cube m 
(instant of time) and dt is the time between consecutive cubes. 

Centred in this estimation (𝑅𝑒 , 𝑣𝑒) the association window is deployed. Inside this window, 
if any plot falls within the association window, it is considered as a possible association (it 
is registered in the asssociationMatrix). This window has a size of δR and δv respectively. 

The estimation of the error made in the prediction of constant speed is computed. In order 
to make this estimation, a reasonable value of the acceleration is estimated from the scenes 
recorded. In order to do this, the GPS data from the scenes with drones are used. Using the 

vector of radial speeds and times the estimation of accelerations is estimated (
∆𝑣

∆𝑡
),  

The size of the association window is calculated using the average value of the estimated 
acceleration (𝐸(𝐴𝐺𝑃𝑆)) and its standard deviation (𝜎𝐴𝐺𝑃𝑆). Guessing that these data behave 
following a normal distribution (Central Limit Theorem). Therefore, a reasonable 
estimation that covers 99,7% of the values is: 

𝐴𝑒 = 𝐸(𝐴𝐺𝑃𝑆) + 3 ∙ 𝜎𝐴𝐺𝑃𝑆 (5.4) 
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Making this calculation for existing scenes the value obtained is 𝐴𝑒 = 4,7692
𝑚

𝑠2
=

2,3846
𝑚

𝑠∙𝑐𝑢𝑏𝑒
= 8,58

𝑘𝑚

ℎ∙𝑐𝑢𝑏𝑒
 . 

𝑣𝑒
′ = 𝑣𝑒 + 𝐴𝑒 = 𝑣𝑒 + 8,58 𝑘𝑚/ℎ (5.5) 

Therefore, the optimum size of the window in speed for drones according to the GPS data is 

𝛿𝑣 = 8,58
𝑘𝑚

ℎ
. This value might be over-optimum, the estimation is repeated using the data 

of real speed extracted from the GPS data (instead of the radial speed). The resulting size of 

the window in this case is 𝛿𝑣 = 3,442
𝑘𝑚

ℎ
. 

Using this value, the estimated error in range is: 

𝑅𝑒
′ = 𝑅𝑚 + 𝑣𝑒

′ ∙ 𝑑𝑡 = 𝑅𝑚 + (𝑣𝑒 + 𝐴𝑒) ∙ 𝑑𝑡 = 𝑅𝑒 + 𝐴𝑒 ∙ 𝑑𝑡 = 𝑅𝑒 + 1,1923 𝑚 (5.6) 

The obtained value is 𝛿𝑅 = 𝐴𝑒 ∙ 𝑑𝑡 = 1,1923 𝑚 . This estimation is added to the 
measurement error of the radar demonstrator as follows: 

The size of the window obtained as optimum for drone scenes is: 

𝛿𝑅 = 𝐴𝑒 ∙ 𝑑𝑡 + 𝜎𝑅 = 1,1923 + 0,7604 = 1,9527 𝑚 

(5.7) 𝛿𝑣 = 𝐴𝑒 + 𝜎𝑣 = 3,442 + 0,2944 = 3,736
𝑘𝑚

ℎ
 

𝛿𝑣 = 𝐴𝑒 + 𝜎𝑣 = 8,58 + 0,2944 = 8,87
𝑘𝑚

ℎ
 

And the size of the association window in azimuth is 𝛿𝜃 = 10
°, the size of the beams. 

The final values of the association window derived for a drone are: 

𝛿𝑅 = 2 𝑚 𝛿𝑣 = 5
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.8) 

For scenes with other targets a similar study should be carried out. Computing the error in 
the estimation based on the dynamics of the target. In the case of the scenes with cars on a 
highway, it is considered that the variation of speeds in that scene is even lower (more 
stable dynamics) than in the study made for drones. 

5.2 Analysis of simulated scenes 

The results obtained for the simulated scenes is presented in this point for each case 
presented in the previous section. The initial size of the window used in these simulated test 
scenarios is shown in (5.9). 

𝛿𝑅 = 2 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.9) 

After the first result is presented, a study o the optimum size of the window is started in 
each scene. 

5.2.1 One target on radial straight path scenes 

Two different scenes have been generated with targets following a radial straight path. The 
difference between the two scenes is the speed of the simulated targets. One at 30 km/h and 
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a second one at 120km/h, other than that, the trajectories defined in both cases are the 
same. 

 The first scene considered is a target at 30 km/h with the following parameters in its 
generation. 

TABLE 5.1 parameters of a radial straight path at 30 km/h 

Scenario1: v=30 

x0 (km) 0,5 

y0 (km) 0,866025 

v (km/h) 30 

Theta (°) 60 

Distance (km) 1 

The result obtained for this first scene is shown in the following figure. 

 

(a) 

 

(b) 

 

(c) 

Fig. 58 Result obtained for a radial straight path at 30 km/hwith the initial association window 
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It is a surprise that in such a simple scenario the tracker is not able to obtain a single track 
with all the plots of the target (as in the case of the following scene). The reason behind it is 
that at a certain point a plot is missing (probability of detection is 90%). The following plot 
does not fall within the association window of the opened track; therefore, a new track is 
started. Then, if the following plot does not fall within the association window, the other 
track becomes an open track and the advantage in association of the original track is lost. 

 From that point, both tracks compete to have the new plots associated. As with the current 
solution the plot is associated to minimize the global distance, the age of the track is not 
considered in the association.  

If a bigger association window in range is used, this problem is avoided, since the 
probability that the following point does not fall within the association window is further 
reduced and all the data is associated in just one track. Using a δR of 3 meters, the results 
improve a lot. 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.10) 

 

(a) 

 

(b) 

 

(c) 

Fig. 59 Result obtained for a radial straight path at 30 km/h for a bigger window 
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The second scene generated is the same as the previous one with a higher speed, being able 
to test the ability of the tracker to detect ambiguous speeds. The parameters of the scene 
are reminded in the following table. 

TABLE 5.2 parameters of a radial straight path at 120 km/h 

Scenario1: v=120 

x0 (km) 0,5 

y0 (km) 0,866025 

v (km/h) 120 

Theta (°) 60 

Distance (km) 1 

The result obtained is shown in the following figures. The ambiguous speed has been 
successfully detected obtaining a single track of the whole trajectory.  

 

(a) 

 

(b) 

 

(c) 

Fig. 60 Results obtained for a radial straight trajectory at120 km/h 
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5.2.2 One target on non-radial straight path scenes 

Now similar situations to the previous two scenes are generated, but in this case the 
trajectory is not radial. Therefore, the speed measured is not constant, it depends on the 
angle between the speed vector and the radial direction. Which in this case changes with 
time. 

First a summary of the parameters used to create the two tests developed for this scenario 
is presented, both scenes share the same parameters except for the speed. In one case the 
speed is within the unambiguous range and another one is a higher speed that can cause the 
generation of ambiguous speeds. 

TABLE 5.3 parameter of non-radial straight path at 30 km/h 

Scenario 1: v=30 

x0 (km) -0,5 

y0 (km) 1 

v(km/h) 30 

theta(°) 60 

Distance (km) 1 

The results obtained in this case are similar to the ones produced in the first test with the 
radial trajectory. The trajectory of the target is divided in two pieces in a similar situation. 
As can be seen in the figures. 

 

(a) 

 

(b) 
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(c) 

Fig. 61 Results obtained for a non-radial straight trajectory at 30 km/h with initial association window 

If instead of the initial value in the window size, we increase the size in range to 𝛿𝑅 = 3 (𝑚), 
the results improve, associating the complete scene in one track, as it happened in the first 
scenario. 

𝛿𝑅 = 2 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.11) 

 

(a) 

 

(b) 
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(c) 

Fig. 62 Results obtained for a non-radial straight trajectory at 30 km/h with bigger association window 

The second test corresponds to a scene in which the target moves at 120 km/h, with the 
rest of the parameters the same as in the previous case. The summary of the parameters of 
the scene is reminded in the following table. 

TABLE 5.4 parameters of non-radial straight trajectory at 120 km/h 

Scenario 2: v=120 

x0 (km) -0,5 

y0 (km) 1 

v (km/h) 120 

Theta (°) 60 

Distance (km) 1 

The result obtained using the initial window can be seen in the following figure. 

 

(a) 

 

(b) 
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(c) 

Fig. 63 Results of non-radial straight path at 120 km/h with the initial association window 

As can be seen, in the case when the initial size of the association window is used, the target 
is detected, but it is detected in three separated tracks. But after trying different values, the 
size of window that allows to capture the whole trajectory in one track is: 

𝛿𝑅 = 4 𝑚 𝛿𝑣 = 5
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.12) 

   

 

 

(a) 

 

(b) 



  TFM - MUIT 

84 

 

 

(c) 

Fig. 64 Result obtained for a non-radial straight path at 120 km/h with a bigger association window. 

In this case, the selected window is bigger than in the radial case. This difference is because 
in the radial case, the variations in speed are more important. The higher variations are 
caused by not just the measurement error implemented in this case (as in the radial case). 
But it is also affected by the cosine of the angle between the speed vector and the radial 
direction.  

5.2.3 Two targets crossing paths 

In this section the scenes generated with two targets crossing paths are analyzed. These are 
divided in scenes in which the targets cross, but their R-v representation is different (at 30 
and at 120 km/h) and a second scene in which the R-v representation of both is identical, 
making it harder to differ them using the tracker. 

The first scene is the scenario in which it is easier to differ both targets (different in R-v 
representation) at a speed of 30 km/h. The para meters used in the scene are reminded 
using the following table: 

TABLE 5.5 parameters used in the easy scene with two crossing targets at 30 km/h 

Scenario1: v=30 

x0 (km) -0,5 

y0 (km) 1,5 

v(km/h) 30 

theta(°) 90 

dist(km) 1 

rot_direc clockwise 

radius(km) 0,25 

 The results obtained by the tracker are shown in the following figures: 
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(a) 

 

(b) 

 

(c) 

Fig. 65 Result obtained for two crossing targets in the easy case and the initial association window 

The two targets are tracked, but the resulting tracks are divided in several pieces of the 
trajectories followed by the targets. Therefore, when the size of the window is incremented 
like in the first scenario (one target at radial speeds) the targets are perfectly differed from 
one another. As can be seen in the following figures, which use a δR=3 meters. 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.13) 
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(a) 

 

(b) 

 

(c) 

Fig. 66 Result obtained for two crossing targets in the easy case and the initial association window 

Now the same scene but with both targets moving at 120 km/h. The result obtained with 
the initial size of the association window is positive, both targets are detected with no 
problems because the association power of the algorithm is based on the high accuracy in 
the range-speed representation. In this sense, both targets are perfectly deferrable in such 
representation, as can be seen in the results obtained. 
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(a) 

 

(b) 

 

(c) 

Fig. 67 Result obtained for two crossing targets in the easy case and a bigger association window 

Both targets are perfectly detected and differed from one another, as explained before, it 
can be seen that the range-speed representation of both targets are separated clearly, 
therefore the tracker is able to separate them. 

Now the two scenes with a tougher association for the tracker is analyzed. This scene is 
more complex because it is designed so that both targets overlap in the range-speed 
representation of their trajectory. First, the summary of the two scenes generated is 
reminded. 
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TABLE 5.6 parameters used  in two crossing targets at 30 km/h tough case 

 

 

 

 

 

 

 

The expected result is to have problems in the association to differ both targets because 
both targets overlap in the R-v representation. The results for the first scene can be seen in 
the following figures: 

 

(a) 

 

(b) 

 

(c) 

Fig. 68 Result obtained for two crossing targets at 30 km/h with the initial association window 

Scenario 3: v=30 

x1 (km) -0,1 

y1 (km) 1 

theta1(°) 10 

x2 (km) 0,1 

y2 (km) 1 

theta2(°) -10 

v(km/h) 30 

Distance (km) 1 
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As in this case in the range-speed representation both targets overlap, it is in the range 
azimuth and the cartesian representations that the mistakes committed are detected. One 
problem is that one of the targets is cut in two tracks, a second problem detected is that the 
tracker does not recognize the trajectories of both targets and instead of crossing, it mixes 
them up. For example, the track painted in red, starts as the target in the right, then it is 
mixed up and continues as the target in the left and when both targets cross it continues in 
the left (when it should continue on the right). But the tracker is able to recognize both 
targets in this situation 

Another test is run with a bigger window in range is used in order to avoid one of the targets 
to be cut in two and see if that way the tracker is able to differ them better. The new size of 
window used is: 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.14) 

The result with this window is shown in the following figures.  

 

(a) 

 

(b) 

 

(c) 

Fig. 69 Result obtained for two crossing targets at 30k km/h in the tough case and a bigger assotiaon window 
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In this case still some mistakes in the association are made mixing both targets. By using a 
bigger window in range, the target that was splitted in two tracks with the original size of 
the window now is associated in just one track. 

The last scene considered with two targets in crossing paths in an ambiguous situation in 
the range-speed representation. The summary of the parameters used to generate the scene 
are shown: 

TABLE 5.7 parameters used for two crossing targets at 120 km/h in a tough case 

 

 

 

 

 

 

 

The results in this scene when the initial size of the association window is used are 
presented in the following figures: 

5.2.4 Two targets in parallel straight paths 

In this section the results obtained in the cases designed with two parallel targets are 
presented. Separating in two situations, as for two targets crossing their trajectories. There 
is a first scenario with a situation in which it might be easier to differ both targets and a 
second one designed so that in the range-speed representation, both targets overlap 
completely. Each scenario is tested with two different speeds of the targets. One within the 
unambiguous range (30km/h) and another one that can cause ambiguous speeds in the 
radar measurements. 

The first case considered is the easier case in the association with unambiguous speed. The 
summary of the parameters used to generate the scene: 

TABLE 5.8 parameters used in two parallel targets at 30 km/h in easy case 

Scenario1: v=30 

x1 (km) -0,5 

y1 (km) 0,866025404 

theta1(°) 40 

x2 (km) 0,505 

y2 (km) 0,874685658 

theta2(°) 40 

v(km/h) 30 

And the results obtained can be seen in the following figures. The Cartesian representation 
is zoomed to better show the associations made. With the initial value of the association 
window one of the targets has been captured in a single track, but the other one is missing 
a part of the trajectory and the rest is splitted into three pieces. 

Scenario 4: v=120 

x1 (km) -0,1 

y1 (km) 1 

theta1(°) 10 

x2 (km) 0,1 

y2 (km) 1 

theta2(°) -10 

v(km/h) 120 

Distance (km) 1 
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(a) 

 

(b) 

 

(c) 

Fig. 70 Result obtained for two parallel targets at 30 km/h with the initial association window 

In order to improve the caption of the data, a bigger association window has been used. The 
values used in the final capture are: 

𝛿𝑅 = 4 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.15) 

The results obtained with this size of the association window are: 
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(a) 

 

(b) 

 

(c) 

Fig. 71 Result obtained for two parallel targets at 30 km/h with the initial association window 

And in this case both targets are associated into two tracks. Still some mistakes are made in 
the association because of how close both targets are (10 meters). But the tracker is able to 
detect both targets. In a zoom of this last range-speed representation (see Fig. 72), at the 
beginning the algorithm is able to differ them since they start 10 meters away, but as they 
continue the trajectory, the radial distance to the radar decreases, making more difficult the 
association,  



  TFM - MUIT 

93 

 

 

Fig. 72 Detail of the tracks obtained from the tracker 

The second scene shares all the parameters with the previous one except the speed that is 
120 km/h in this case. The summary of the parameters in scene is represented in the 
following table. 

TABLE 5.9 parameters of two parallel targets at 120 km/h in the easy case 

Scenario 2: v=120 

x1 (km) -0,5 

y1 (km) 0,866025 

theta1(°) 40 

x2 (km) 0,505 

y2 (km) 0,874686 

theta2(°) 40 

v(km/h) 120 

In this scene the tracker is not able to associate the plots in this scene because of the size of 
the association window. In fact, some parts of the trajectory is missing. 

 

(a) 

 

(b) 
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(c) 

Fig. 73 Results obtained for two parallel targets at 120 km/h with the initial association window 

A more successful result is obtained using a bigger association window in range. The 
association window used, and the result obtained are: 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.16) 

 

 

(a) 

 

(b) 
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(c) 

Fig. 74 Results obtained for two parallel targets at 120 km/h with a bigger association window 

In this second case, the tracker successfully associates both targets in just one track, and in 
this case it can differ both targets without (in general) making mistakes. Between them. 

After this first case, is analyzed now the scenes to study also consist on parallel targets but 
selecting their trajectories so that the range-speed representation of both targets 
trajectories overlap. 

TABLE 5.10 parameters of two parallel targets at 30 km/h tough case 

Scenario 3: v=30 

x1 (km) -0,03 

y1 (km) 2 

theta1(°) 0 

x2 (km) 0,03 

y2 (km) 2 

theta2(°) 0 

v(km/h) 30 

Distance (km) 1 

In the results the first thing that can be seen is that one of the targets is divided in two tracks. 
Also the range-speed representation clearly shows that both targets overlap, hence 
problems with the association are expected. In the other two representations, it can be seen 
that the tracker cannot differ both targets. In order to avoid one of the trajectories to be 
divided in two, another tes with a bigger window is made.  
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(a) 

 

(b) 

 

(c) 

Fig. 75 Results obtained for two parallel targets at 30 km/h in the tough case with the initial association window 

The new size of the window used in the new test and the results are shown in 5.17 and Fig. 
76 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.17) 
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(a) 

 

(b) 

 

(c) 

Fig. 76 Results obtained for two parallel targets at 30 km/h in the tough case with a bigger association window 

With the new size of the window, the association works better and the track is able to differ 
that there are two tracks, but mistakes are made in the differentiation of both targets real 
trajectories as can be seen if we make zoom on the x-y representation. 

 

Fig. 77 Zoom of the tracks obtained in the tough case of parallel tracks. 
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5.2.5 One target in a circular path 

In this part, the results obtained for simulated scenarios with one target following a circular 
path are presented. Two scenes are presented, in one the target is moving at 30km/h and 
in the second one the targets moving at 120km/h. The rest of the para meters of both scenes 
are the same. 

The first case analyzed is the one at 30 km/h, a summary of the para meters is shown in the 
following table: 

TABLE 5.11 parameters used in the circular path at 30 km/h 

Scenario1: v=30 

x0 (km) -0,3 

y0 (km) 1,3 

v(km/h) 30 

theta(°) 0 

interval 1 

rot_direc clockwise 

radius(km) 0,3 

The results obtained are represented in the following figures: 

 

(a) 

 

(b) 
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(c) 

Fig. 78 Results obtained for circular path at 30 km/h with initial association window 

In the results of the tracker, the trajectory can be seen, but it has been detected in 7 different 
tracks instead of 1. This division in several tracks is caused by the use of an association 
window that is too demanding.  

If in range instead of using a size of association window of 2 meters, a bigger window is 
defined, the results obtained improve. In the following figure, using a window with size in 
range of 3 meters all of the measurements are collected in just one track, achieving a better 
behavior of the tracker. 

𝛿𝑅 = 3 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.18) 
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(a) (b) 

 

(c) 

Fig. 79 Results obtained for circular path at 30 km/h with a bigger association window 

The second case considered is the same scene, but the target is moving at a higher speed, 
which generates ambiguous measurements in speed. The summary of the parameters used 
is in the table: 

TABLE 5.12 parameters used in the circular path at 120 km/h 

Scenario1: v=120 

x0 (km) -0,3 

y0 (km) 1,3 

v(km/h) 120 

theta(°) 0 

interval 1 

rot_direc clockwise 

radius(km) 0,3 

The results obtained with the originally selected size of window are very poor, the tracker 
is barely able to capture pieces of the trajectory 
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(a) 

 

(b) 

 

(c) 

Fig. 80 Results obtained for circular path at 120 km/h with the initial association window 

Once again, this is caused by the size of the association window, as the speeds are higher, in 
the circular movement, the variations of the angle cause greater variations between cubes 
in the radial speed measured. In the following figures, the results using a bigger window are 
presented. 

The window used in this case is written in the subtitle of the figures, the size of the window 
in range has changed to 5 m and in speed has changed to 16 km/h. In this case the tracker 
is able to successfully track the target. The trajectory is captured in two tracks (it is captured 
in one with a higher value of the association window in speed). 

𝛿𝑅 = 5 𝑚 𝛿𝑣 = 16
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.18) 
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(a) 

 

(b) 

 

(c) 

Fig. 81 Results obtained for circular path at 120 km/h with a biggerl association window 

5.2.6 One target in a racecourse path 

The last simulated scenes to analyze are using the last kind of trajectory developed in the 
plot simulator. Initially the expected result is that for the initial size of the association 
window the association is not going to work for these trajectories and higher values are 
going to be required (as has been seen with the circular trajectory). 

There is a possibility that some problems in the intersection points of the circular and the 
straight path part of the racecourse trajectory some discontinuities are found and therefore 
problems in the association in those areas is possible. 

In the following table a summary of the parameters used in the generation of the scene; 
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TABLE 5.13 parameters used in reacecourse trajectory at 30 km/h 

  Scenario 1: v=30 

x0 (km) -0,5 

y0 (km) 1,5 

v(km/h) 30 

theta(°) 90 

Distance (km) 1 

rot_direc clockwise 

radius(km) 0,25 

The results obtained for this first scene are presented. The trajectory is tracked, but it is 
divided in too many different tracks. This indicates that this kind of trajectory requires the 
use of a bigger association window in order to achieve a successful result a get the whole 
trajectory in a single track.  

 

(a) 

 

(b) 

 

(c) 

Fig. 82 Result obtained for the racecourse path at 30 km/h with initial association window 



  TFM - MUIT 

104 

 

In order to achieve the desired result in which the whole trajectory is captured in a single 
track the size of the window used and the results obtained are shown inFig. 83 

𝛿𝑅 = 4 𝑚 𝛿𝑣 = 3
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.19) 

 

(a) 

 

(b) 

 

(c) 

Fig. 83 Result obtained for racecourse path at 30 km/h with a bigger association window 

Finally, the last simulated scene to analyze is a racecourse trajectory with the target 
traveling at 120km/h, adding this way the existence of ambiguous speeds in the scene, The 
parameter used to generate the scene can be seen in the following table: 
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TABLE 5.14 parameters of racecourse path at 120 km/h 

Scenario 2: v=120 

x0 (km) -0,5 

y0 (km) 2,5 

v(km/h) 120 

theta(°) 90 

Distance (km) 1 

rot_direc clockwise 

radius(km) 0,25 

In the first test, using the initial size of the window, the results are: 

 

(a) 

 

(b) 

 

(c) 

Fig. 84 Results obtained for racecourse path at 120 km/h with the initial association window 
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The tracker with the current size of the association window is not able to successfully track 
the target along the trajectory. The results show seven pieces of the trajectory with missing 
parts between them.  

Therefore, using a bigger association window, the tracker is able to associate the whole 
trajectory into one track only. The window used in the final execution is: 

𝛿𝑅 = 5 𝑚 𝛿𝑣 = 15
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.19) 

This window is similar as the one needed in the circular case at 120 km/h. The results 
obtained with this window is: 

 

(a) 

 

(b) 

 

(c) 

Fig. 85 Results obtained for racecourse trajectory at 120 km/h with a bigger window 
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5.3 Field test scenarios 

Now, in this section the scenes analysed and studied correspond to the field test scenarios 
presented in chapter 4. The scenes analysed are three scenes, two consist in flights from a 
commercial drone, in one flying away and in another one flying towards the radar. In this 
scene the advantage is the fact that GPS data is available to compare it with the 
measurements. 

The last scene studied consists in cars on a highway, moving towards and away from the 
radar. In this scene most of the measurements happen for values of speed that are higher 
that the maximum unambiguous speed of the radar. Therefore, the capacity of associating 
using ambiguous values of speed. 

5.3.1 Drone return flight 

The scene consists in a return flight of a drone from a distance of 3 km following a radial 
trajectory at a speed of 30 km/h. So the expected track is a straight path (straight line in 
thee cartesian representation and a line with constant azimuth in the range-azimuth one) 
at a measured speed of -30 km/h (since it is moving towards the radar). 

In this scene, the capture of data was carried out with a very high probability of false alarm 
(10−3). Therefore, the data captured has been limited in other to reduce the amount of data 
and allow to reduce the execution time of the file. The limits applied are: 

0,1 𝑘𝑚 < 𝑅 < 3.5 𝑘𝑚 

(5.20) 
−40

𝑘𝑚

ℎ
< 𝑣 < −30

𝑘𝑚

ℎ
 

The results obtained for the initial size of the window used in the simulated scenarios (𝛿𝑅 =
2 𝑚, 𝛿𝑣 = 3 𝑘𝑚/ℎ and 𝛿𝜃 = 10

∘) are shown in the following picture: 

 

(a) 

 

(b) 
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(c) 

Fig. 86 Result obtained for the return flight of the drone 

In this result the path of the drone is divided into several tracks, with some additional ones 
caused by false alarms. In other to better decide if the tracks successfully track the 
movements of the drone, a comparison is made with the GPS information of the drone 
during the scene. This comparison has been made for the range-speed representation. 

 

Fig. 87 Comparison between result obtained and GPS data of the drone 
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And taking a closer look at the results the tracker achieves a good representation of the 
targets movement in the scene.  

 

Fig. 88 Zoom of the comparison between result and GPS 

5.3.2 Drone flying away 

The scene consists in a drone flying away up to a distance of 3 km following a radial 
trajectory at a speed of 30 km/h. So, the expected track is a straight path (straight line in 
thee cartesian representation and a line with constant azimuth in the range-azimuth one) 
at a measured speed of 30 km/h (since it is moving away from the radar). 

In this scene, the capture of data was carried out with a very high probability of false alarm 
(10−3). Therefore, the data captured has been limited in other to reduce the amount of data 
and allow to reduce the execution time of the file. The limits applied are: 

0,1 𝑘𝑚 < 𝑅 < 3.5 𝑘𝑚 

(5.21) 
20
𝑘𝑚

ℎ
< 𝑣 < 36

𝑘𝑚

ℎ
 

The results obtained for the initial size of the window used in the simulated scenarios (𝛿𝑅 =
2 𝑚, 𝛿𝑣 = 3 𝑘𝑚/ℎ and 𝛿𝜃 = 10

∘) are shown in the following picture: 
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(a) 

 

(b) 

 

(c) 

Fig. 89 Result obtained for the drone flying away 

In this result the path of the drone is divided into several tracks, with some additional ones 
caused by false alarms. In other to better decide if the tracks successfully track the 
movements of the drone, a comparison is made with the GPS information of the drone 
during the scene. This comparison has been made for the range-speed representation. 
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Fig. 90 Comparison between the result and GPS data of the drone 

And taking a closer look at the results the tracker achieves a good representation of the 
targets movement in the scene.  

 

Fig. 91 Zoom of comparison between result and GPS 
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5.3.3 Cars on a highway 

As has been introduces, the las scene analysed consists in cars on a highway that is 2,5 m 
away. The scene captured is 100 cubes long, with an average time between cubes of 0,556 
seconds, that is a 55 seconds long scene. As it is on a highway, when the whole file is 
analysed too many tracks are generated and it is hard to evaluate the performance of the 
tracker. 

The results shown have been generated using a size of the association window of: 

𝛿𝑅 = 2 𝑚 𝛿𝑣 = 2
𝑘𝑚

ℎ
 𝛿𝜃 = 10

° (5.22) 

First with the complete scene, the result is: 

 

(a) 

 

(b) 

 

(c) 

Fig. 92 Result obtained for the complete scene 
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In order to have it easier in the comparison of results, the scene is going to be reduced to 
the first ten cubes (approximately 5,5 seconds) and it is going to be filtered, in order to study 
only the area of interest: 

𝑅 > 2 𝑘𝑚 

(5.23) 
30
𝑘𝑚

ℎ
< 𝑣 < −30

𝑘𝑚

ℎ
 

In order to decide the best result, in the struct with information about the targets some stats 
have been created that collect information about the scene. The ones considered are the 
number of tracks, the number of plots and the number of plots invented associated in the 
surviving tracks after the processing is finished. 

Different sizes of the window have been tested and the results are shown in the following 
table: 

TABLE 5.15 Comparison of different association window sizes 

 
𝛿𝑅 = 2 

𝛿𝑣 = 2 

𝛿𝑅 = 2 

𝛿𝑣 = 3 

𝛿𝑅 = 3 

𝛿𝑣 = 2 

𝛿𝑅 = 3 

𝛿𝑣 = 3 

𝛿𝑅 = 2 

𝛿𝑣 = 4 

Tracks 84 83 82 78 83 

Associated 652 650 620 607 639 

Invented 104 100 116 112 112 

 

As in the execution the data considered has been reduced to the area of interest, this result 
is considered to represent the behaviour of the tracker in the scene. Given the information 
of the previous table, the selected as the best option for this scene, is the one that uses  𝛿𝑅 =
2 and 𝛿𝑣 = 3. 

 

(a) 

 

(b) 
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(c) 

Fig. 93 Result obtained with the selected window in the reduced scene 

Finally, to show the results obtained in the complete scene, and how the algorithm seems to 
successfully track the targets along the highway in Fig. 94. 

 

(a) 

 

(b) 

Fig. 94 Detail of the results obtained in the analysis of the scene. 

5.4 Conclusion 

As a conclusion, the goal was to develop and implement a radar data processor for a radar 
demonstrator, that allows a further study of the radar performance and capacities. In order 
to put the performance of the radar in perspective, a summary of results obtained during 
each step of the processing is presented: 
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Fig. 95 Result obtained after beamforming 

In Fig. 96 Detail of the result obtained after beamformingFig. 96b a detail of the results 
obtained in the beamforming for data from the scene with cars on a highway. Therefore the 
measurements are at ambiguous values of  speed, as expected. 

 

Fig. 96 Detail of the result obtained after beamforming 

The next part of the processing consists on the CA-CFAR processing to declare the detections of 
the targets in the scene. 
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Fig. 97 Result obtained from CA-CFAR processing. 

The next step in the processing is the plot extractor, this uses the detections made by the CA-
CFAR and selects the central point of the measurement as can be seen in the following figure. 

 

Fig. 98 Result of the plot extractor. 

After all of this processing, if the false alarm probability is not very low, the scene is full of 
them and no information can be extracted from the processing as can be seen in Fig. 99. 
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Fig. 99 Result of a file without data processing 

And when the tracker is applied on this data, the result obtained has already been presented 
(Fig. 92) the different targets tracked can be seen on the scene with the cars. This allows to 
extract valuable information in order to continue with the study of the radar demonstrator 
and study different targets and clutter sources. 

5.5 Further work 

In this master thesis, a study of the tracker performance has been carried out, but in the 
plots,  there is more data (power, SNR, error compared to GPS, etc) and studies of targets 
dynamics or RCS (radar cross section). 

Another interesting study to do is to compare the performance of different association 
algorithms for example (Hungarian, nearest neighbour or other implementations). The 
comparison should consider not only the tracking performance, but a study of the efficiency 
(execution time and complexity). 

As an optimization possibility, is to implement a real time algorithm. In order to do this, 
there are several ways of optimizing the solution by parallelizing processes, program it in 
GPU, implement a simpler association algorithm or the implementation in FPGA among 
other possibilities.  
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6. Appendix: 

 

Ethical, social, economical and environmental 

 

A1) Introduction 

This project belongs to the security sector, in particular the surveillance systems. It consists 
in the development of a radar data processor for a ubiquitous radar developed in the 
department of Signals, Systems and Radiocommunications at ETSIT, UPM. The research 
project is partially funded by Spanish Comisión Interministerial de Ciencia y Tecnología 
(CICYT, project TEC2014-53815-R, RAD-DAR). 

The final goal of this data processor is to continue with a further study of the targets. Even 
being able to, for example, differ different targets depending on the characteristics in the 
measurements.   

Also, the study other targets, like crawling targets (useful in warzones and borders) is part 
of the main goal. Therefore, it is catered in research applied to the radar demonstrator and 
its possibilities. 

Regarding the life of the project, as it is the design and implementation of a data processor 
(software) so its life cycle starts when the format of the information that is an output of the 
radar demonstrator. During the development (design, production and test), a computer and 
Matlab license is required. 

The recipient of this master thesis is the university department, in order to continue with 
further research regarding the radar demonstrator. The ultimate effect will be on society in 
terms of the advance in security towards drones, terrorist attacks, etc. 

 

A2) Description of relevant impacts related to the project 

The main impact is related to the public security, many defence sector applications could 
benefit from the system such as border control, drone detection and surveillance (this 
application might grow in importance if the use of drone continues increasing at the current 
rate), traffic and airport surveillance, etc. 

This system offers great possibilities to be used in revolutionary tasks, for example the 
already mentioned drone surveillance. This would mean the installation of radar systems in 
populated areas. 

From that possibility a second impact comes to mind, privacy. If the radar is in a populated 
area and is capable of differing between several kinds of targets, it could potentially be used 
to gather data about people lives. 

Another ethical problem could be derived from its use for border control, given the current 
politics with refugees, these systems might help to detect and avoid those people from 
trying to get into a certain country. 
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A3) Detailed analysis of the most relevant impacts 

The main impact is the ongoing debate between personal privacy and public security. 
Depending on the application and the area where it is installed, the radar (and the data 
processor) could be used to register and gather information about people’s activities. 

On the other hand, the information that could be considered to vulnerate personal privacy 
is very reduced whereas the benefits derived from its use for defence purposes are very 
important.  

 

A4) Conclusion 

The project has shown a number of ethical impacts that should be considered in the 
development of the project.  Defending personal privacy is a way to maintain civil rights and the 
freedom that is currently enjoyed in most developed countries. Also, helping refugees allows to 
support human rights. 

The possibility of applying this system in war environments, border control or drone surveillance 
in cities might be key in the next generation of security systems for countries. 
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B) Economic Budget 

 

 

 

 

 

 

 

 

TABLE B.1 economic budget considered for this project 

COST OF MANPOWER (direct cost) Hours Cost/hour Total 

 900 12 € 10.800 € 
     

COST OF MATERIAL RESOURCES 
(coste directo) 

Purchase price Months of use 
Amortization 

(years) 
Total 

Personal computer  (Software included). 1.500,00 € 6 5 150,00 € 

Anual Matlab lísense 800,00 € 6  800,00 € 

Europe IEEE membership 8,15 € 6   8,15 € 
     

TOTAL COSTS OF MATERIAL RESOURCES 958,15 € 

     

GENERAL EXPENDITURES (indirect costs) 15% over CD 1763,72 € 

INDUSTRIAL BENEFITS 6% over CD+CI 811,31 € 
     

FUNGIBLE MATERIALS     

Printing 100,00 € 

Bookbinding 300,00 € 
     

SUBTOTAL BUDGET 14.333,18 € 

IVA APLICABLE 21% 3.009,97 € 
     

TOTAL BUDGET 17.343,15 € 
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C) Code implemented: 
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C1) plotSimulator.m 
function [totalSceneCentroids,droneDataGPS,plot_generated] = plotSimulator(... 

    x0,y0,vm,thetam,tcube,hour,min,sec,hund,nCubeini,path,distance,radius,... 

    rot_direction,interval,Pd,Pfa,nBeams) 

% plotSimulator - Function that returns the generated plots of the 

% trajectory simulated of the target. This includes the simulation of 

% measurement errors, ambiguous speeds modification and the inclussion of 

% detection and false alarm probabilities. 

% 

% Input params 

% - x0 - x component of the initial position. 

% - y0 - y component of the initial position. 

% - vm - speed of the target. 

% - thetam - angle of the speed compared to the pointing direction of the 

% radar. 

% - tcube - time intervsl between cubes, normally it is 0,5 seconds. 

% - hour - initial hour of the capture. 

% - min - initial minute of the capture. 

% - sec - initial second of the capture. 

% - hund - initialhundredth of a second of the capture. 

% - nCubeini - cube at which the target starts moving (starting at 1). 

% - path - path to generate (1 for straight path, 2 for circulr path or 3  

% for racecourse trajectory) 

% - distance - distance to run in the straight path (also applies to the  

% racecourse path). 

% - radius - radius of the circular path (also applies to the racecourse path). 

% - rot_direction - direction of the rotation ('clockwise' or 'anticlock'). 

% - interval - the portion of the circular trajectory generated. 

% - Pd - detection probability used in the scene. 

% - Pfa - false alarm probability used in the scene. 

% -nBeams - number of beams used in the beamforming (normally 5). 

%  

% Output params 

% - totalSceneCentroids - final list of plots generated after all the processing. 

% - droneDataGPS - information of the plots beffore creating ambiguous 

% speeds (if needed and adding the error. 

% - plot_generated - plots of the target generated with the error and after  

% creating ambiguous speeds (if needed). 

%  

% ---------------------------------------------------------------------- 

% @version 2.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

    Rmax=3.6;    % km 

    azimin=-90;  % º 

    azimax=90;   % º 

    xmin=-3.6;   % km 

    xmax=3.6;    % km 

    ymin=0;      % km 

    ymax=3.6;    % km 

  

    %% Parámetros velocidad 

    c = physconst('lightspeed');  % Light speed 

    f= 8.75e9;                             % Initial RAD-DAR frequency (8.75 GHz) 

    lambda = c/f;                         % Wavelength 

    Tm = 350e-6;                        % Sawteeth signal period 

    fm = 1/Tm;                            % Sawteeth signal frequency 

    vmaxmin=fm*lambda/2*3.6; % Speed difference between max and min 

    vmax = fm/2*lambda/2*3.6;  % Max Speed 

    vmin = -fm/2*lambda/2*3.6;  % Max negative speed 

  

    %% Definition of the object's position with respect of time 

  

    switch path 

        case 1 

            %% Straight path 
            distance=1;     % distance run in the linear path (km) 
            [x,y,t]=straight_path(x0,y0,vm/3600,thetam,distance,tcube); 
            theta=thetam; 
            nCubestotal=length(t); 
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        case 2 

            %% Circular path 

  

            [x,y,tc,theta]=circular_path(x0,y0,vm/3600,thetam,radius,rot_direction,interval,tcube); 

  

            t=tc; 

            nCubestotal=length(t); 

  

        case 3 

            %% Racecourse path 

  

            [x1,y1,t1]=straight_path(x0,y0,vm/3600,thetam,distance,tcube)      

[x2,y2,t2,theta;2]=circular_path(x1(end),y1(end),vm/3600,thetam,radius,rot_direction,0.5,tcube); 

            [x3,y3,t3]=straight_path(x2(end),y2(end),vm/3600,thetam+180,distance,tcube); 

   [x4,y4,t4,theta4]=circular_path(x3(end),y3(end),vm/3600,thetam+180,radius,rot_direction,0.5,tcube); 

  

            x=[x1 x2 x3 x4]; 

            y=[y1 y2 y3 y4]; 

            t=[t1 t1(end)+t2 t1(end)+t2(end)+t3 t1(end)+t2(end)+t3(end)+t4]; 

            theta=[thetam*ones(1,length(x1)) theta2 (thetam+180)*ones(1,length(x1)) theta4]; 

            nCubestotal=length(t); 

  

        otherwise 

            disp('Unknown path. Please select one of the paths listed.') 

    end 

  

    %% Definition of the position of the object in time in polar coordinates 

  

    R=sqrt((x.^2)+(y.^2)); 

    azi=atand(x./y); 

  

    phi=theta-azi; 

    vr=mod(vm*cosd(phi)-vmin,vmaxmin)+vmin; 

  

    %% Calculation of the values measured by the radar 

  

    sigmaR=0.88e-3;   % km 

    sigmav=0.2;       % km/h 

    sigmaazi=0.8;     % º 

  

    Rmed=R+sigmaR*randn(1,nCubestotal); 

    vmed=vr+sigmav*randn(1,nCubestotal); 

    azimed=azi+sigmaazi*randn(1,nCubestotal); 

  

    xmed=Rmed.*sind(azimed); 

    ymed=Rmed.*cosd(azimed); 

  

    %% Construction of the plots 

  

    fill1=zeros(10,nCubestotal);  % fill1 and fill2 are matrixes to complete the creation of the plot 

     

    nCubo=nCubeini:nCubestotal+nCubeini-1; 

 
    time=((hour*3600+min*60+sec)*100+hund)*ones(1,size(t,2)+nCubeini-1); 

    tini=0.5*(0:nCubeini-2); 

    if ~isempty(tini) 

        t=[tini t+tini(end)+0.5]; 

    end 

    time_sec=time+t*100; 

  

    hourV=floor(time_sec/(3600*100)); 

    minV=floor((time_sec-hourV*3600*100)/(60*100)); 

    secV=floor((time_sec-(hourV*3600+minV*60)*100)/100); 

    hundV=floor(time_sec-(hourV*3600+minV*60+secV)*100); 

  

    droneDataGPS=[R' (vm*cosd(phi))' fill1' azi' x' y' hourV(nCubeini:end)' minV(nCubeini:end)' ... 

        secV(nCubeini:end)' hundV(nCubeini:end)' nCubo']; 

 

    plot_generated=[Rmed' vmed' fill1' azimed' xmed' ymed' hourV(nCubeini:end)'... 
        minV(nCubeini:end)' secV(nCubeini:end)' hundV(nCubeini:end)' nCubo']; 
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C2) straight_path.m 

 

 

 

%% Considering Pd 

  

    plots_perdidos=round((1-Pd)*size(plot_generated,1)); 

    indices=randperm(nCubestotal,plots_perdidos); 

  

    plot_generated_pd=plot_generated; 

    plot_generated_pd(indices,:)=[]; 

  

    totalSceneCentroids=plot_generated_pd; 

  

    %% Considering Pfa 

    if Pfa~=0 

  

        % number of false alarms added to the plots generated. 

        fa_cube=round(4096*512*nCubestotal*Pfa*nBeams); 

  

        %Matrixes to complete the generation of the plots of the false alarms 

        fill3=zeros(10,fa_cube); 

  

        % I generate the data for each false alarm 

        R_fa=Rmax*rand(1,fa_cube); 

        v_fa=2*vmax*rand(1,fa_cube)-vmax; 

        azi_fa=2*azimax*rand(1,fa_cube)-azimax; 

        x_fa=R_fa.*cos(azi_fa); 

        y_fa=R_fa.*sin(azi_fa); 

        nCube_fa=ceil((nCubestotal+nCubeini-1)*rand(1,fa_cube)); 

        for (i=1:length(nCube_fa)) 

            time_sim(i,:)=[hourV(nCube_fa(i)) minV(nCube_fa(i)) secV(nCube_fa(i)) hundV(nCube_fa(i))]; 

        end 

        % I generate the false alarms 

        plots_fa=[R_fa' v_fa' fill3' azi_fa' x_fa' y_fa' time_sim nCube_fa']; 

  

        % Now, lastly we join the simulated plots and the false alarm random ones 

        % and order them. 

        plots_total=[plot_generated_pd; plots_fa]; 

        totalSceneCentroids=(sortrows(plots_total,20)); 

    end 

end 

 

function [ x,y,time ] = straight_path( x_inicial,y_inicial,v_target,theta_target,distance,t_cube ) 

% straight_path - function that generates the cartesian positions (x,y) 

% followed by the simulated target along the straight path trajectory or 

% the straight path part of the trajectory (also in the racecourse). 

% This function is called from the main script for target simulation  

% (plotsSimulator.m)  

% 

% Input params 

% - x_inicial - the x component of the initial position of the target when 

%   it starts the straight path. 

% - y_inicial - the y component of the initial position of the target when 

%   it starts the straight path.  

% - v_target - module of the real speed of the simulated target. 

% - theta_target - angle with respect to the y axis of the real speed of  

%   the simulated target. 

% - distance - distance run in the straight path trajectory by the 

%   simulated target. 

% - t_cube - time between measurements of the radar system. 

% 
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C3) circular_path.m 

 

function [ x,y,time,theta ] = circular_path( 

x_inicial,y_inicial,v_target,theta_target,radius,rot_direction,interval,tcube) 

% circular_path - function that generates the cartesian positions (x,y) 

% followed by the simulated target along the circular path trajectory or 

% the circular path part of the trajectory (also in the racecourse). 

% This function is called from the main script for target simulation  

% (plotsSimulator.m) 

 

% Input params 

% - x_inicial - the x component of the initial position of the target when 

%   it starts the straight path. 

% - y_inicial - the y component of the initial position of the target when 

%   it starts the straight path.  

% - v_target - module of the real speed of the simulated target. 

% - theta_target - angle with respect to the y axis of the real speed of  

%   the simulated target. 

% - radius - radius of the circular trajectory described by the target. 

% - rot_direction - direction of the rotation in the trajectory, it can be 

%   "clockwise" or "anticlockwise" 

% - interval - portion of the complete circumference run in the trajectory. 

% - distance - distance run in the straight path trajectory by the 

%   simulated target. 

% - dt_vector - time between measurements of the radar system. 

% 

% Output params 

% - x - vector of x component of the cartesian positions followed in the 

%   straight path simulated. 

% - y - vector of y component of the cartesian positions followed in the 

%   straight path simulated. 

% - time - vector of time intants related to the positions in vectors x,y. 

% - theta - angle with respect to y axis of the speed vector of the target 

%   at each position measured of the simulated trajectory. 

% 

% ---------------------------------------------------------------------- 

% @version 1.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

% Output params 

% - x - vector of x component of the cartesian positions followed in the 

%   straight path simulated. 

% - y - vector of y component of the cartesian positions followed in the 

%   straight path simulated. 

% - time - vector of time intants related to the positions in vectors x,y. 

%  

% ---------------------------------------------------------------------- 

% @version 1.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

    % first estimation of the duration in time of the selected trajectory to  

    % simulate. 

    tend=distance/v_target;   

    % creation of the time vector to complete the trajectory 

    time=0:t_cube:tend; 

    % calculation of the cartesian components of the speed vector  

    vx=v_target*sind(theta_target); 

    vy=v_target*cosd(theta_target); 

    % calculation of the vectors of x,y positions followed by the target 

    % during the trajectory. 

    x=x_inicial+vx*time; 

    y=y_inicial+vy*time; 

end 
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C4) tracker.m 

 

  

    % Definition of the angle to calculate the center of the circular trajectory according to the      

% direction of the rotation and the angle of the speed vector. 

    if(rot_direction=='clockwise') 

        phi_0=theta_target+90; 

    elseif(rot_direction=='anticlock') 

        phi_0=theta_target-90; 

        v_target=-1*v_target; 

    else  

        phi_0=theta_target+90; 

    end 

     

    % first we obtain the center of the circular trajectory. 

    x_center=x_inicial+radius*sind(phi_0); 

    y_center=y_inicial+radius*cosd(phi_0); 

     

    % calculation of the radial speed 

    w=(v_target/radius)*(180/pi); 

    % We calculate the amount of space run in the trajectory by the target 

    section=2*pi*interval*radius; 

    % and with the speed and the space run we calculate the amount of time 

    % it will take. 

    t_end=section/abs(v_target); 

     

    % Definition of the time vector of the measurements in the trajectory. 

    time=0:tcube:t_end; 

    % First we express the positions according to the angle from the center 

    % of the circumference where the target is at each moment. 

    phi=phi_0-180+w*time; 

     

% Finally knowing the center and the radius of the circumference and the angle from the center of the 

% circumference where the target is, we calculate the position vectors of the target describing the   

% trajectory. 

    x=x_center+radius*sind(phi); 

    y=y_center+radius*cosd(phi); 

% At last, we calculate the vector of angles of the speed vector at 

% each instant according to the trajectory and the vector that defines 

% the position of the target at all times. 

    if(rot_direction=='clockwise') 

        theta=phi+90; 

    elseif(rot_direction=='anticlock') 

        theta=phi-90; 

    else  

        theta=phi+90; 

    end 

end 

 

% tracker - This script is developed to carry out the data processing of 

% plots obtained with a radar system, either from the real system or the 

% simulator. 

%  

% This data processing separates the plots depending on the number of cube 

% they were generated at and tries to relate them with one of the tracks, 

% offerig preference to the tracks with state 'open' over 'tentative', if 

% the plot can not be related to either of those, a new track is created. 

%  

% After processing the whole file, the tracks with state 'tentative' or the 

% 'open' ones that don't get to the minimum conditions (minPercentReal y 

% minNPlots) are discarded. 

%  

% ---------------------------------------------------------------------- 

% @version 2.0 

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 
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clc 

clear variables 

close all 

  

%% Parámetros velocidad 

c = physconst('lightspeed');  % Light speed 

f= 8.75e9;                             % Initial RAD-DAR frequency (8.75 GHz) 

lambda = c/f;                         % Wavelength 

Tm = 350e-6;                        % Sawteeth signal period 

fm = 1/Tm;                            % Sawteeth signal frequency 

vmaxmin=fm*lambda/2*3.6; % Speed difference between max and min 

vmax = fm/2*lambda/2*3.6;  % Max Speed 

vmin = -fm/2*lambda/2*3.6;  % Max negative speed 

  

%% Initialization of variables 

  

sigmaR=0.7e-3;  % (km) 

sigmaV=0.3;  % (km/h) 

sigmaT=1;    % (º) 

  

deltaR=2e-3; % (km) 

deltaV=3;    % (km/h) 

deltaT=10;   % (º) 

  

maxGapTentative=2;    % Máximo número de plots que mantenemos una pista en tentativa sin asignar un 

plot real. 

maxGapOpen=3;         % Máximo número de plots que mantenemos una pista abierta sin asignar un plot 

real. 

minPercentReal=0.6;   % Mínimo porcentaje de plots asociados a una pista correspondientes a plots 

reales medidos por el radar. 

minNPlots=4;          % Número mínimo de Plots para no borrar una pista. 

method='simple';      % método usado para predicción. 

methodAssoc='hungarian';% método usado para asociación. 

nLevelSpeed=1;        % número de múltiplos de velocidad a considerar. 

indexSpeed=-nLevelSpeed:nLevelSpeed; 

dt=0.5; 

flag_time_interval=3; % Value of dt (1->0.5, 2->average of intervals between cubes,  

                      %              3->instant value of intervals between cubes) 

flag_GPS=0; 

  

% flags related with the information in the representation 

flag_cube_information=0; 

flag_track_number=0; 

  

% Positions of data in plots: 

posR=1; 

posV=2; 

posT=13; 

posX=14; 

posY=15; 

posHour=16; 

posMin=17; 

posSec=18; 

posCent=19; 

posCube=20; 

  

% Position of data in associationMatrix 

posPnAM=1; 

posVAM=2; 

posTnAM=3; 

posStateAM=4; 

posPredRAM=5; 

posPredVAM=6; 

posPredTAM=7; 

  

% Processing limits 

minR=0.1; 

maxR=3.5; 

minVNeg=-30; 

maxVNeg=-40; 

minVPos=20; 

maxVPos=36; 

minT=30; 

maxT=80; 
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% Representation limits 

minR_rep=0; 

maxR_rep=3.8; 

minT_rep=-90; 

maxT_rep=90; 

  

%flags de los límites 

flag_minR=0; 

flag_maxR=0; 

flag_minVNeg=0; 

flag_maxVNeg=0; 

flag_minVPos=0; 

flag_maxVPos=0; 

flag_minT=0; 

flag_maxT=0; 

  

%% Loading the file: 

  

[DatosPlots,directorio]=uigetfile('*mat','Choose the file to analyze'); 

load(cat(2,directorio,DatosPlots));  

if flag_GPS 

    [DatosPlots2,directorio2]=uigetfile('*mat','Choose the GPS file to compare'); 

    load(cat(2,directorio2,DatosPlots2)); 

end 

plots=totalSceneCentroids; 

totalSceneCentroids = []; 

% plots=plotsGPS; 

  

% Now we apply the limits depending on the flags 

if flag_minR 

    plots=plots(plots(:,posR)>minR,:); 

end 

if flag_maxR 

    plots=plots(plots(:,posR)<maxR,:); 

end 

if flag_maxVNeg 

    plots=plots(plots(:,posV)>maxVNeg,:); 

end 

if flag_minVNeg && flag_minVPos 

    plots=plots(plots(:,posV)<minVNeg | plots(:,2)>minVPos,:); 

elseif ~flag_minVNeg && flag_minVPos 

    plots=plots(plots(:,posV)>minVPos,:); 

elseif flag_minVNeg && ~flag_minVPos 

    plots=plots(plots(:,posV)<minVNeg,:); 

end 

if flag_maxVPos 

    plots=plots(plots(:,posV)<maxVPos,:); 

end 

if flag_minT 

    plots=plots(plots(:,posT)>minT,:); 

end 

if flag_maxT 

    plots=plots(plots(:,posT)<maxT,:); 

end 

  

if flag_time_interval~=1 

    [dts,dt]=dtCalculation(plots,posHour,posMin,posSec,posCent); 

end 

  

%% Initialize the structure of the tracker 

infoTracks=struct('fileName',DatosPlots,'nCubes',plots(end,end),... 

    'nTracks',0,'nPlotsAssociated',0,'nPlotsInvented',0,'nPlotsTotal',0,... 

    'nPlotsAssociatedEnd',0,'nPlotsInventedEnd',0,'deltaR',deltaR,... 

    'deltaV',deltaV,'deltaT',deltaT,'sigmaR',sigmaR,'sigmaV',sigmaV,... 

    'sigmaT',sigmaT,'dt',dt); 

  

tracks{1}=infoTracks; 
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%% Tracker code 

  

cubeIni=plots(1,posCube); 

cubeFin=plots(end,posCube); 

% I separate all the plots according to the number of cube.  

for k=cubeIni:cubeFin 

    %% In the beginnig of the tracker, we separate Cube per Cube and try to associate them with 

tracks, saving the information in the matrix associationMatrix. 

    plotsCubeK=plots(plots(:,posCube)==k,:); 

    sizeCubeK=size(plotsCubeK,1); 

    nTracks=size(tracks,2)-1; 

    nNewTracks=0; 

    associationMatrix=[]; 

    fprintf('Proceso de cubo %d de %d, con %d plots y con %d tracks\n',k,cubeFin,sizeCubeK,nTracks 

    % Now we separate each plot in this list of plots in each cube. 

    for pn=1:sizeCubeK 

        plotn=plotsCubeK(pn,:); 

        speeds=plotn(posV)*ones(size(indexSpeed))+vmaxmin*indexSpeed; 

        associated=0;   % variable which indicates if the plot has been assigned. 

         

        % First we try to relate the plot with an opened track. 

        for tn=1:nTracks                          

            track_tn=tracks{tn+1}; 

            if strcmp(track_tn{1}.state,'open') %&& ~associated 

                predictedR=track_tn{1}.nextPredictedR; 

                predictedV=track_tn{1}.nextPredictedV; 

                predictedT=track_tn{1}.nextPredictedT; 

                sR=track_tn{1}.deltaR; 

                sV=track_tn{1}.deltaV; 

                sT=track_tn{1}.deltaT; 

                prediction1=(predictedV+sV)*ones(size(indexSpeed)); 

                prediction2=(predictedV-sV)*ones(size(indexSpeed)); 

                predictionTotal=speeds<=prediction1 & speeds>=prediction2; 

                 

                if (plotn(posR)<=predictedR+sR && plotn(posR)>=predictedR-sR && ... 

                        sum(predictionTotal)==1 && plotn(posT)<=predictedT+sT ... 

                        && plotn(posT)>=predictedT-sT) 

                    associated=1;       % Marco la pista como actualizada. 

% %                     plotCubeK(k,posV)=speeds(predictionTotal); 

%                     fprintf('Registro en associationMatrix en open \n') 

                    % 1 is for the state of the track 'open'. 

                    associationMatrix=[associationMatrix; pn speeds(predictionTotal)... 

                        tn 1 predictedR predictedV predictedT sR sV sT plotn(posR) plotn(posT)]; 

                end 

            end 

            tracks{tn+1}=track_tn; 

        end 

        % Then we try to relate the plot with a tentative track. 

        if(~associated) 

            for tn=1:nTracks-1 

                track_tn=tracks{tn+1}; 

                if strcmp(track_tn{1}.state,'tentative') 

                    predictedR=track_tn{1}.nextPredictedR; 

                    predictedV=track_tn{1}.nextPredictedV; 

                    predictedT=track_tn{1}.nextPredictedT; 

                    sR=track_tn{1}.deltaR; 

                    sV=track_tn{1}.deltaV; 

                    sT=track_tn{1}.deltaT; 

                    prediction1=(predictedV+sV)*ones(size(indexSpeed)); 

                    prediction2=(predictedV-sV)*ones(size(indexSpeed)); 

                    predictionTotal=speeds<=prediction1 & speeds>=prediction2; 

                    if (plotn(posR)<=predictedR+sR && plotn(posR)>=predictedR-sR && ...  

                            sum(predictionTotal)==1 && plotn(posT)<=predictedT+sT ... 

                            && plotn(posT)>=predictedT-sT) 

                        associated=1;        % Marco la pista como actualizada. 

                        plotn(posV)=speeds(predictionTotal); 

                        % 0 is for the state of the track 'tentative'. 

                        associationMatrix=[associationMatrix; pn speeds(predictionTotal)... 

                            tn 0 predictedR predictedV predictedT sR sV sT plotn(posR) plotn(posT)]; 

                    end 

                end 

                tracks{tn+1}=track_tn; 

            end 

             

        end 
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        % Otherwise we create a new track since the plot has not been 

        % related yet. 

        if(~associated) 

%             fprintf('Creo nueva pista!! \n') 

            for l=1:length(indexSpeed) 

                plotn(2)=speeds(l); 

                newTracks=newTrack(plotn,deltaR,deltaV,deltaT,dt); 

                tracks{nTracks+nNewTracks+1+l}=newTracks; 

            end 

            nNewTracks=nNewTracks+2*nLevelSpeed+1; 

            tracks{1}.nTracks=size(tracks,2)-1; 

        end 

    end 

     

    %% In this part we seloect which associations are going to happen. 

    % In this point we analize the data gathered in associationMatrix and 

    % see which ones we are going to relate... 

    if ~isempty(associationMatrix) 

        [~,posPlotsUniques]=uniqueValues(associationMatrix(:,posPnAM)); 

        [~ ,posTracksUniques]=uniqueValues(associationMatrix(:,posTnAM)); 

        posUniques=intersect(posPlotsUniques,posTracksUniques); % Positions of non-repeated values 

that can be associated immidiately. 

        posDouble=setdiff(1:size(associationMatrix,1),posUniques); 

         

%         associationMatrix 

         

        if ~isempty(posUniques) 

            for as=1:size(posUniques,1) 

                association=associationMatrix(posUniques(as),:); 

                plotn=association(posPnAM); 

                trackn=association(posTnAM); 

                plotsCubeK(plotn,posV)=association(posVAM); 

                tracks{trackn+1}=associatePlot(plotsCubeK(plotn,:),tracks{trackn+1}); 

                tracks{1}.nPlotsAssociated=tracks{1}.nPlotsAssociated+1; 

                tracks{1}.nPlotsTotal=tracks{1}.nPlotsTotal+1;  

                if association(posStateAM)==0 

                    tracks{trackn+1}{1}.state='open'; 

                end 

            end 

        end  

         

        % Now we take care of weird cases (2 plots want to update the same 

        % track or two tracks want the same plot. 

         

        if ~isempty(posDouble) 

            association=associationMatrix(posDouble,:); 

            [assignments,unassignedPlots] = associationAlgorithm(association,... 

                methodAssoc,sigmaR,sigmaV,sigmaT); 

%             assignments=sortrows(assignments,1);            

             

            if ~isempty(unassignedPlots) 

                for j=1:size(unassignedPlots) 

                    plotn=plotsCubeK(unassignedPlots(j),:); 

                    nNewTracks=nNewTracks+1;                 

                    newTracks=newTrack(plotn,deltaR,deltaV,deltaT,dt); 

                    tracks{nTracks+nNewTracks+1}=newTracks; 

                    tracks{1}.nTracks=size(tracks,2)-1; 

                end 

            elseif ~isempty(assignments) 

                for i=1:size(assignments,1) 

                    plotn=plotsCubeK(assignments(i,2),:); 

                    trackn=assignments(i,1); 

                    tracks{trackn+1}=associatePlot(plotn,tracks{trackn+1}); 

                    tracks{1}.nPlotsAssociated=tracks{1}.nPlotsAssociated+1; 

                    tracks{1}.nPlotsTotal=tracks{1}.nPlotsTotal+1; 

                    if strcmp(tracks{trackn+1}{1}.state,'tentative') 

                        tracks{trackn+1}{1}.state='open'; 

                    end 

                     

                end 

            end 

        end 

    end 
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    %% Lastly, in eachCube k, we check the tracks that have not been updated and close them or delete 

them in case we have to. 

    % Now we search for the tracks that have not been related to any plot 

    % in orther to see if we discard it, close it or just update it. 

     

    indices=[]; 

    nTracks=size(tracks,2); 

    for tn=1:nTracks-1 

        track_tn=tracks{tn+1}; 

        if (track_tn{1}.cubeFin~=k && (strcmp(track_tn{1}.state,'tentative')... 

                || strcmp(track_tn{1}.state,'open'))) 

%             fprintf('He aumentado el gap!\n') 

            track_tn{1}.gap=track_tn{1}.gap+1; 

            if (strcmp(track_tn{1}.state,'tentative')) 

                if(track_tn{1}.gap>=maxGapTentative) 

                    indices=[indices tn+1]; 

                else 

                    track_tn=inventPlot(track_tn); 

                    tracks{1}.nPlotsInvented=tracks{1}.nPlotsInvented+1; 

                    tracks{1}.nPlotsTotal=tracks{1}.nPlotsTotal+1; 

                    if flag_time_interval==3 

                        track_tn=propagateTrack(track_tn,method,dts(k)); 

                    else 

                        track_tn=propagateTrack(track_tn,method,dt); 

                    end 

                end 

            elseif (strcmp(track_tn{1}.state,'open')) 

                if (tracks{tn+1}{1}.gap>maxGapOpen) 

                    track_tn{1}.state='closed'; 

                    if (minPercentReal>(track_tn{1}.nPlotsReal/track_tn{1}.nPlotsTotal)... 

                            || minNPlots>track_tn{1}.nPlotsTotal) 

                        indices=[indices,tn+1]; 

                    end 

                else 

                    track_tn=inventPlot(track_tn); 

                    tracks{1}.nPlotsInvented=tracks{1}.nPlotsInvented+1; 

                    tracks{1}.nPlotsTotal=tracks{1}.nPlotsTotal+1; 

                    if flag_time_interval==3 

                        track_tn=propagateTrack(track_tn,method,dts(k)); 

                    else 

                        track_tn=propagateTrack(track_tn,method,dt); 

                    end  

                end 

            end 

        else 

            if flag_time_interval==3 

                track_tn=propagateTrack(track_tn,method,dts(k)); 

            else 

                track_tn=propagateTrack(track_tn,method,dt); 

            end 

        end 

        tracks{tn+1}=track_tn; 

    end 

    tracksDeleted=length(indices); 

    tracks(indices)=[]; 

    tracks{1}.nTracks=length(tracks)-1; 

  

end 

%% Processing already finished. From now on just fixing tracks, deleting uncomplete tracks. 

  

indices2=[];  

for tn=1:size(tracks,2)-1 

    track_tn=tracks{tn+1}; 

    if strcmp(track_tn{1}.state,'tentative') 

        indices2=[indices2,tn+1]; 

    elseif ((minPercentReal>(track_tn{1}.nPlotsReal/track_tn{1}.nPlotsTotal)... 

            || minNPlots>track_tn{1}.nPlotsTotal)) 

        indices2=[indices2,tn+1]; 

    end 

end 

  

tracksDeleted=length(indices2); 

tracks(indices2)=[]; 

tracks{1}.nTracks=size(tracks,2)-1; 
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plotsAssociated=0; 

plotsInvented=0; 

  

for tn=1:size(tracks,2)-1 

    track_tn=tracks{tn+1}; 

    plotsAssociated=plotsAssociated+track_tn{1}.nPlotsReal; 

    plotsInvented=plotsInvented+track_tn{1}.nPlotsInvented; 

end 

tracks{1}.nPlotsAssociatedEnd=plotsAssociated; 

tracks{1}.nPlotsInventedEnd=plotsInvented; 

  

%% Representation of data. 

% R-v 

if flag_GPS 

    figure(1) 

    plot(averageFilter(droneGPSData(:,10),20),averageFilter(droneGPSData(:,7)/1000,20),'k-') 

    hold on 

    for j=1:6 

        plot(tracks{j+1}{2}(:,posV),tracks{j+1}{2}(:,posR),'.-') 

        if flag_cube_information 

            text(tracks{j+1}{2}(1,posV),tracks{j+1}{2}(1,posR),num2str(tracks{j+1}{1}.cubeIni)) 

            text(tracks{j+1}{2}(end,posV),tracks{j+1}{2}(end,posR),num2str(tracks{j+1}{1}.cubeFin)) 

        elseif flag_track_number 

            text(tracks{j+1}{2}(1,posV),tracks{j+1}{2}(1,posR),num2str(j)) 

        end 

    end 

    titleTxt = ['Tracks'];  

    subtitleTxt1 = ['\delta_R = ' num2str(deltaR*1000) ' m     \delta_V = ' num2str(deltaV) ... 

                   ' km/h     \delta_\theta = ' num2str(deltaT) 'º'];             

    subtitleTxt2 = ['maxGTent = ' num2str(maxGapTentative) ... 

                   '     maxGOpen = ' num2str(maxGapOpen) '     min% = ' num2str(minPercentReal) ... 

                   '     minNPlots = ' num2str(minNPlots)];                        

  

    title({['\fontsize{12}' titleTxt], ... 

       ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt1], ... 

       ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt2]}, ... 

        'FontName','Helvetica');    

    xlabel('v(km/h)') 

    ylabel('R(km)') 

    legend('GPS','tracks') 

    axis([vmin-nLevelSpeed*vmaxmin vmax+nLevelSpeed*vmaxmin minR_rep maxR_rep]) 

    hold off 

end 

figure(11) 

plot(tracks{2}{2}(:,posV),tracks{2}{2}(:,posR),'.-') 

if flag_cube_information 

    text(tracks{2}{2}(1,posV),tracks{2}{2}(1,posR),num2str(tracks{2}{1}.cubeIni)) 

    text(tracks{2}{2}(end,posV),tracks{2}{2}(end,posR),num2str(tracks{2}{1}.cubeFin)) 

elseif flag_track_number 

    text(tracks{2}{2}(1,posV),tracks{2}{2}(1,posR),num2str(1)) 

end 

hold on 

for j=2:tracks{1}.nTracks  

    plot(tracks{j+1}{2}(:,posV),tracks{j+1}{2}(:,posR),'.-') 

    if flag_cube_information 

        text(tracks{j+1}{2}(1,posV),tracks{j+1}{2}(1,posR),num2str(tracks{j+1}{1}.cubeIni)) 

        text(tracks{j+1}{2}(end,posV),tracks{j+1}{2}(end,posR),num2str(tracks{j+1}{1}.cubeFin)) 

    elseif flag_track_number 

        text(tracks{j+1}{2}(1,posV),tracks{j+1}{2}(1,posR),num2str(j)) 

    end 

end 

titleTxt = ['Tracks'];  

subtitleTxt1 = ['\delta_R = ' num2str(deltaR*1000) ' m     \delta_V = ' num2str(deltaV) ... 

               ' km/h     \delta_\theta = ' num2str(deltaT) 'º'];             

subtitleTxt2 = ['maxGTent = ' num2str(maxGapTentative) ... 

               '     maxGOpen = ' num2str(maxGapOpen) '     min% = ' num2str(minPercentReal) ... 

               '     minNPlots = ' num2str(minNPlots)];                               

title({['\fontsize{12}' titleTxt], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt1], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt2]}, ... 

    'FontName','Helvetica');    

xlabel('v(km/h)') 

ylabel('R(km)') 

axis([vmin-nLevelSpeed*vmaxmin vmax+nLevelSpeed*vmaxmin minR_rep maxR_rep]) 

hold off 
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%% R-azimuth 

  

figure(12) 

plot(tracks{2}{2}(:,posT),tracks{2}{2}(:,posR),'.-') 

if flag_cube_information 

    text(tracks{2}{2}(1,posT),tracks{2}{2}(1,posR),num2str(tracks{2}{1}.cubeIni)) 

    text(tracks{2}{2}(end,posT),tracks{2}{2}(end,posR),num2str(tracks{2}{1}.cubeFin)) 

elseif flag_track_number 

    text(tracks{2}{2}(1,posT),tracks{2}{2}(1,posR),num2str(1)) 

end 

hold on 

for j=2:tracks{1}.nTracks 

    plot(tracks{j+1}{2}(:,posT),tracks{j+1}{2}(:,posR),'.-') 

    if flag_cube_information 

        text(tracks{j+1}{2}(1,posT),tracks{j+1}{2}(1,posR),num2str(tracks{j+1}{1}.cubeIni)) 

        text(tracks{j+1}{2}(end,posT),tracks{j+1}{2}(end,posR),num2str(tracks{j+1}{1}.cubeFin)) 

    elseif flag_track_number 

        text(tracks{j+1}{2}(1,posT),tracks{j+1}{2}(1,posR),num2str(j)) 

    end 

end 

titleTxt = ['Tracks'];  

subtitleTxt1 = ['\delta_R = ' num2str(deltaR*1000) ' m     \delta_V = ' num2str(deltaV) ... 

               ' km/h     \delta_\theta = ' num2str(deltaT) 'º'];             

subtitleTxt2 = ['maxGTent = ' num2str(maxGapTentative) ... 

               '     maxGOpen = ' num2str(maxGapOpen) '     min% = ' num2str(minPercentReal) ... 

               '     minNPlots = ' num2str(minNPlots)];                        

            

title({['\fontsize{12}' titleTxt], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt1], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt2]}, ... 

    'FontName','Helvetica');    

xlabel('theta(º)') 

ylabel('R(km)') 

axis([minT_rep maxT_rep minR_rep maxR_rep]) 

hold off 

  

% x-y 

  

figure(13) 

plot(tracks{2}{2}(:,posX),tracks{2}{2}(:,posY),'.-') 

if flag_cube_information 

    text(tracks{2}{2}(1,posX),tracks{2}{2}(1,posY),num2str(tracks{2}{1}.cubeIni)) 

    text(tracks{2}{2}(end,posX),tracks{2}{2}(end,posY),num2str(tracks{2}{1}.cubeFin)) 

elseif flag_track_number 

    text(tracks{2}{2}(1,posX),tracks{2}{2}(1,posY),num2str(1)) 

end 

hold on 

for j=2:tracks{1}.nTracks 

    plot(tracks{j+1}{2}(:,posX),tracks{j+1}{2}(:,posY),'.-') 

    if flag_cube_information 

        text(tracks{j+1}{2}(1,posX),tracks{j+1}{2}(1,posY),num2str(tracks{j+1}{1}.cubeIni)) 

        text(tracks{j+1}{2}(end,posX),tracks{j+1}{2}(end,posY),num2str(tracks{j+1}{1}.cubeFin)) 

    elseif flag_track_number 

        text(tracks{j+1}{2}(1,posX),tracks{j+1}{2}(1,posY),num2str(j)) 

    end 

end 

titleTxt = ['Tracks'];  

subtitleTxt1 = ['\delta_R = ' num2str(deltaR*1000) ' m     \delta_V = ' num2str(deltaV) ... 

               ' km/h     \delta_\theta = ' num2str(deltaT) 'º'];             

subtitleTxt2 = ['maxGTent = ' num2str(maxGapTentative) ... 

               '     maxGOpen = ' num2str(maxGapOpen) '     min% = ' num2str(minPercentReal) ... 

               '     minNPlots = ' num2str(minNPlots)];                        

            

title({['\fontsize{12}' titleTxt], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt1], ... 

   ['\fontsize{9}\color[rgb]{0.5 0.5 0.5}' subtitleTxt2]}, ... 

    'FontName','Helvetica');    

xlabel('x(km)') 

ylabel('y(km)') 

axis([-maxR_rep maxR_rep minR_rep maxR_rep]) 

hold off 
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C5) associationAlgorithm.m 

 

 

function [assignments,unassignedPlots] = associationAlgorithm(association,method,sigmaR,sigmaV,sigmaT) 

% plotSimulator - Function that returns the generated plots of the 

% trajectory simulated of the target. This includes the simulation of 

% measurement errors, ambiguous speeds modification and the inclussion of 

% detection and false alarm probabilities. 

% 

% Input params 

% - association - rows of the associationMatrix considered in the association algorithm. 

% - method - method used for the association ('hungarian'). 

% - sigmaR - error in range considered in the normalized distance calculation. 

% - sigmaV - error in speed considered in the normalized distance calculation. 

% - sigmaT - error in azimuth considered in the normalized distance calculation. 

%  

% Output params 

% - assignments - list of associations of size Lx2, in the forst column the 

% index of the tracks and in the second one the index of the plot. 

% - unassignedPlots - index of the plot in plotsCubeK that have not been assigned. 

%  

% ---------------------------------------------------------------------- 

% @version 2.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

    if strcmp(method,'hungarian') 

        tracks=unique(association(:,3));  % vector of the track indexes to associate 

        tracks=sortrows(tracks,1); 

        plots=unique(association(:,1));   % vector of the track indexes to associate 

        plots=sortrows(plots,1); 

        costMatrix=inf(length(tracks),length(plots)); 

        % In this loop, the costMatrix is filled with the values according 

        % to the scene studiedto associate plots and tracks 

        for i=1:length(tracks) 

            pns=association(association(:,3)==tracks(i),1); 

            indpn=zeros(size(pns)); 

            for j=1:length(pns) 

                indpn(j)=find(plots==pns(j)); 

            end 

            R=association(association(:,3)==tracks(i),11); 

            v=association(association(:,3)==tracks(i),2); 

            Theta=association(association(:,3)==tracks(i),12); 

            predR=association(association(:,3)==tracks(i),5); 

            predV=association(association(:,3)==tracks(i),6); 

            predT=association(association(:,3)==tracks(i),7); 

                         

            % calculation of the distance between the tracks and the 

            % plots that are within the association window of the tracks. 

            dist=sqrt((((R-predR)/sigmaR).^2)+(((v-predV)/sigmaV).^2)... 

                +(((Theta-predT)/sigmaT).^2)); 

            costMatrix(i,indpn)=dist; 

        end 

         

        % The function used to associate using the hungarian algorithm is 

        % called 

        [assignments,~,unassignedPlots] = assignDetectionsToTracks(costMatrix,1e5); 

  

        % The outputs is prepared so that the indexes of the plots and 

        % tracks are related to plotsCubeK and tracks. 

        assignments(:,2)=plots(assignments(:,2)); 

        assignments(:,1)=tracks(assignments(:,1)); 

        unassignedPlots=plots(unassignedPlots); 

         

    else 

        fprintf('Wrong method, the method implemented is: hungarian') 

    end 

end 
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C6) dtCalculation.m 

C7) uniqueValues.m 

 

 

 

function [dts,dt] = dtCalculation(plots,posHour,posMin,posSec,posCent) 

% dtCalculation - Function that calculates the mean time between cubes in  

% the file considered.  

% 

% Input params 

% - plots - Matrix with the information of the plots to be analyzed 

% - posHour - position in a row of plots where we have the information of 

% the hour. 

% - posMin - position in a row of plots where we have the information of 

% the minunte. 

% - posSec - position in a row of plots where we have the information of 

% the second. 

% - posCent - position in a row of plots where we have the information of 

% the hundreth of a second. 

% 

% Output params 

% - dt - average value of the diference between cubes in the file analyzed. 

%  

% ---------------------------------------------------------------------- 

% @version 1.1  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

% time=plots(:,posHour)*3600+plots(:,posMin)*60+plots(:,posSec)+plots(:,posCent)/100; 

time=(plots(:,posHour)*3600+plots(:,posMin)*60+plots(:,posSec))*100+plots(:,posCent); 

[time,pos]=unique(time); 

dt=mean(time(2:end)-time(1:end-1))/100; 

dts=(time(2:end)-time(1:end-1))/100; 

dts=[dts;dt]; 

end 

function [values,positions] = uniqueValues(vector) 

% uniqueValues - Function that returns the nonrepeated values in a given vector 

% and their positions in such vector. 

%  

% 

% Input params 

% - vector - vector used to find the non-repeated values. 

%  

% Output params 

% - values - Non-repeated values in veclltor. 

% - positions - Positions of the non-repeated values in vector. 

%  

% ---------------------------------------------------------------------- 

% @version 2.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

[valuesPrev,positionLast]=unique(vector,'last'); 

[~,positionFirst]=unique(vector,'first'); 

values=valuesPrev(positionFirst==positionLast); 

positions=positionFirst(positionFirst==positionLast); 

  

end 
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C8) newTrack.m 

C9) associatePlot.m 

 

 

 

function [ track ] = newTrack( plotn,deltaR,deltaV,deltaT,dt ) 

  

% newTrack - Function for the creation of a new track. This function initializes  

% the cell array corresponding to the new track, with the data that describes  

% the new track (infotrack) and the plot that starts the track (plotn).  

% 

% Input params 

% - plotn - row of data obtained from the analyzed file that initializes the track. 

% - deltaR - Size of the distance window. Related to the radar's error (km). 

% - deltaV - Size of the velocity window. Related to the radar's error (km/h). 

% - deltaT - Size of the azimuth window. Related to the radar's error (º). 

% - dt - Value of time to be considered 

% 

% Output params 

% - track - Cell array that contains the information of the new track and 

% the first plot asociated. 

%  

% ---------------------------------------------------------------------- 

% @version 1.1  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

    infoTrack=struct('state','tentative','gap',0,'nPlotsTotal',1,'nPlotsReal',1,... 

        'nPlotsInvented',0,'cubeIni',plotn(end),'cubeFin',plotn(end),'nextPredictedR',NaN,... 

        'nextPredictedV',NaN,'nextPredictedT',NaN,'deltaR',deltaR,'deltaV',deltaV,... 

        'deltaT',deltaT,'dt',dt); 

    track{1}=infoTrack; 

    track{2}=plotn; 

end 

function [ track ] = associatePlot( plotn,track ) 

  

% associatePlot - Function for associating new plots to an existing track, it  

% updates the information about the track (stored in an struct in track{1})  

% and adds the new plot (plotn) to the list of plots associated with the current 

% track (track{2}) 

% 

% Input params 

% - plotn - row of data obtained from the analyzed file that initializes the track. 

% - track - Cell array corresponding to the track we want to update with the new plot. 

% 

% Output params 

% - track - Cell array corresponding to the track updated with the new plot (plotn) 

%  

% ---------------------------------------------------------------------- 

% @version 1.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

  

    track{1}.gap=0; 

    track{1}.nPlotsTotal=track{1}.nPlotsTotal+1; 

    track{1}.nPlotsReal=track{1}.nPlotsReal+1; 

    track{1}.cubeFin=plotn(end); 

    track{2}=[track{2};plotn]; 

end 
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C10) inventPlot.m 

C11) propagateTrack.m 

 

 

function [ track ] = inventPlot( track ) 

% inventPlot - Function for updating a track that has not been associated 

% with a plot in the current number of cube. The predicted value is used to 

% create a fake new plot and update the track with it. 

% 

% Input params 

% - track - Cell array corresponding to the track we want to update with the invented plot. 

%  

% Output params 

% - track - Cell array corresponding to the track updated with the new (invented) plot 

%  

% ---------------------------------------------------------------------- 

% @version 1.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

    plotnew=nan(size(track{2}(end,:))); 

    plotnew(1)=track{1}.nextPredictedR; 

    plotnew(2)=track{1}.nextPredictedV; 

    plotnew(13)=track{1}.nextPredictedT; 

    plotnew(14)=track{1}.nextPredictedR*sind(track{1}.nextPredictedT); 

    plotnew(15)=track{1}.nextPredictedR*cosd(track{1}.nextPredictedT); 

    plotnew(end)=track{2}(end,end)+1; 

     

    track{1}.nPlotsTotal=track{1}.nPlotsTotal+1; 

    track{1}.nPlotsInvented=track{1}.nPlotsInvented+1; 

    track{1}.cubeFin=track{1}.cubeFin+1; 

     

    track{2}=[track{2};plotnew]; 

end 

function [ track ] = propagateTrack( track,method,dts) 

% propagateTrack - Function for updating the prediction associated to the 

% track following the indicated method. 

%  

% 

% Input params 

% - track - Cell array corresponding to the track we want to update with the new prediction. 

% - method - Indicates the method used to carry out the prediction: 'simple',... 

% - dts - valor de dt a usar(puede ser el medio o el tiempo entre cubbos de datos) 

%  

% Output params 

% - track - Cell array corresponding to the track updated with the new prediction 

%  

% ---------------------------------------------------------------------- 

% @version 1.0  

% @author Rubén García Martín 

% 

% Copyright: GMR, 2018 

% ---------------------------------------------------------------------- 

    if(strcmp(method,'simple')) 

        plotn=track{2}(end,:); 

        track{1}.nextPredictedT=plotn(13); 

        track{1}.nextPredictedV=plotn(2): 

        track{1}.nextPredictedR=plotn(1)+((plotn(2)/3600)*dts); 

    end 

end 
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