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Chapter 1 

Abstract  
A LiDAR sensor is a non-contact optical device that measures the distance to an object in a 

scanning field using the TOF technique. It has a high operation range, being able to perform 

accurate measurements under hostile environmental conditions such as fog, dust, or smoke. 

Thus, LiDAR seems to be a reliable sensor that allows a transversal application to various 

agricultural needs, such as: estimation of the volumes of a crop, assessment during its 

development, its location, as well as to reduce the risks arising from the mobility of agricultural 

vehicles, especially if we consider the role that robotics and automation can play. 

The personal challenge of the author and therefore the main motivation for the 

development of this thesis is to demonstrate the successful transversal use of a LiDAR sensor. 

Thereby, and considering the above exposed the thesis objectives could be stated as: 

1. Implementation of the LiDAR to ensure safe movement of an autonomous tractor unit 

and within a multi-agent environment. 

2. Evaluate different options in order to reduce the manpower demand suffered by the 

researcher when performing tree characterization through the use of a LiDAR. 

3. Compare, under same conditions, the performance of a LiDAR sensor in contrast to 

other optical sensors for tree characterization. 

4. Conduct an accurate and temporal crop characterization by the use of a LiDAR. 

Each of the agricultural LiDAR applications carried out was grouped into separate chapters, 

in which the experiments performed and the methodologies developed for each one of them are 

explained. 

Finally, this document offers a general discussion and conclusions of all the works 

performed for the four LiDAR applications in the frame of this Ph.D. thesis (three peer reviewed 

journals (two published, and one in progress), three international and national congresses, and 

one international workshop). 
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LiDAR as part of a safety system: 

The safety system was designed following the current safety standards. The generic safety 

system developed, which can be applied to any multi-agent fleet, was integrated at each 

autonomous vehicle of the European RHEA project for detecting the obstacles in the driving lane. 

The safety system was formed by several subsystems (Obstacle Detector, Safety Controller 

and Mission Manager) hierarchically interconnected for the obstacle detection at an Individual 

Unit Level as well as for avoiding possible collisions at a Fleet Level. 

The field validation of these subsystems has required considering specific aspects. Regarding 

the obstacle detection subsystem by the LiDAR: (1) the adaptation of the dynamic protection field 

to the operating conditions, (2) the effect of vibrations and (3) the sensitivity to dust. Also, the 

braking distance is evaluated in relation to the vehicle controller subsystem. 

As a result, the LiDAR integrated in the safety system was able to avoid any collision (with 

other machines, objects or people) during a final demo (in three fields) held on May 21, 2014, at 

the facilities of the CSIC-ICA (Arganda del Rey, Madrid). The success rate was 100% of 18 risk 

situations with 0 false positives. 

Simulated LiDAR: 

LiDAR data used during this study were obtained through the use of a tree and LiDAR 

simulator software "SimLiDAR", which allowed the development of processed data without the 

necessity of any field trial, reducing the high demand for labor when it comes to validate the use 

of LiDAR for the tree characterization during the field tests. 

By the development of a proposed methodology it was possible to estimate the one-side 

tree canopy area and volume, creating spraying applications maps, where the properties of the 

spray system have been considered. Results showed a high correlation value (R2=0.85) between 

the estimated area and the number of leaves of the tree, given by the simulator software. 

LiDAR for tree characterization vs. other optical sensors: 

Regarding real tree characterization, different comparisons were performed between the 

LiDAR and other optical sensors. Initially, it was shown that LiDAR has a greater utility within 

agricultural applications compared with the Kinect depth camera. 

Later, LiDAR was evaluated with a light curtain sensor by mounting them on a mobile 

platform to detect, localize and classify trees. Through these tests and subsequent data 

processing, each sensor was individually evaluated to characterize their reliability as well as their 

advantages and disadvantages for the proposed task. Test results indicated that 95.7% and 99.48% 

of the trees were successfully detected with the LIDAR and light curtain sensors, respectively. 

LiDAR correctly classified, between alive or dead tree states at a 93.75% success rate compared to 

94.16% for the light curtain sensor. 
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These results can help system designers to select the most reliable sensor for the accurate 

detection and localization of each tree in a nursery, which might allow labor-intensive tasks, such 

as weeding, to be automated without damaging crops. 

LiDAR for 3-D crop reconstruction: 

A new georeferenced 3-D reconstruction of maize plant structure was developed. With this 

objective, a total station, an IMU and several 2-D LiDARs with different orientations were mounted 

on an autonomous vehicle. 

By the multistep methodology presented, based on the application of the ICP algorithm for 

point cloud fusion, it was possible to perform the georeferenced point clouds’ overlapping. The 

merging algorithm showed that the aerial points (corresponding mainly to plant parts) were 

reduced to 1.5 - 9% of the total registered data. The remaining were redundant or ground points. 

Through the inclusion of different LiDAR point of views of the scene, a more realistic 

representation of the surrounding is obtained by the incorporation of new useful information but 

also of noise. The use of georeferenced 3-D maize plant reconstruction at different growth stages, 

combined with the total station accuracy could be highly useful when performing precision 

agriculture at crop plant level. 

Resumen  
El sensor óptico LiDAR permite determinar la distancia a un objeto mediante el empleo de la 

técnica de medición TOF. Este sensor tiene un alto rango de alcance, siendo capaz de realizar 

mediciones precisas en condiciones ambientales hostiles como bajo niebla, polvo o humo. 

Por ello, y gracias a su fiabilidad, es posible realizar una aplicación transversal del sensor 

LiDAR a diversas necesidades agrícolas, tales como: la estimación del volumen de un cultivo, su 

evaluación durante el desarrollo, su localización, así como para reducir los riesgos derivados de la 

movilidad de vehículos agrícolas, sobre todo si tenemos en cuenta el papel que la robótica y la 

automatización pueden jugar. 

La principal motivación del autor para el desarrollo de esta tesis radica en demostrar dicha 

aplicación trasversal. Por ello, y teniendo en cuenta lo expuesto, los objetivos de la tesis son: 

1. Implementación del LiDAR para garantizar una movilidad segura de un vehículo 

agrícola autónomo dentro de un entorno multi-agente. 

2. Evaluar la posibilidad de reducir la demanda de mano de obra requerida cuando se 

realiza una caracterización arbórea a través del uso del LiDAR. 

3. Comparar, bajo las mismas condiciones, el funcionamiento de un sensor LIDAR con 

otros sensores ópticos con el objetivo de realizar una caracterización arbórea. 

4. Llevar a cabo una caracterización precisa y temporal del cultivo. 
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Cada una de las aplicaciones agrícolas llevadas a cabo por el LiDAR fue agrupada en 

capítulos independientes, en donde se explican los experimentos realizados y las metodologías 

desarrolladas para cada uno de ellos. 

Al final del documento se presentan las discusiones y conclusiones, de modo conjunto, 

obtenidas dentro del marco de esta Tesis (tres publicaciones SCI: dos publicadas, y una en curso; 

tres congresos internacionales y nacionales; y un taller internacional). 

LiDAR como parte de un sistema de seguridad: 

El sistema de seguridad fue diseñado siguiendo las normativas de seguridad vigente. El 

sistema de seguridad genérico desarrollado, el cual puede ser empleado en cualquier flota mutli-

agente, fue integrado en cada uno de los vehículos autónomos del proyecto europeo RHEA para 

detectar los posibles obstáculos dentro de su espacio de circulación. 

El sistema de seguridad estaba formado por varios subsistemas (detector de obstáculos; 

controlador del vehículo y administrador de la misión) interconectados jerárquicamente para la 

detección de obstáculos a nivel individual, así como la prevención de posibles colisiones entre los 

vehículos a nivel de flota. 

La validación de estos subsistemas requirió la consideración de algunos aspectos 

específicos. En lo que respecta al subsistema de detección de obstáculos mediante LiDAR se 

consideró: (1) la adaptación dinámica del campo de protección a las condiciones del 

funcionamiento, (2) el efecto de las vibraciones y (3) la sensibilidad al polvo. Además fue evaluada 

la distancia de frenado en relación con el subsistema del controlador de vehículo. 

Como resultado, el LiDAR integrado en el sistema de seguridad fue capaz de evitar cualquier 

colisión durante la demostración final del proyecto europeo, celebrada el 21 de mayo de 2014, en 

las instalaciones del CSIC-ICA (Arganda del Rey, Madrid). En ella, un 100% de las 18 situaciones de 

riesgo fueron detectadas y prevenidas por el LiDAR, no obteniéndose ningún falso positivo. 

LiDAR simulado: 

Los datos del LiDAR utilizados durante este estudio se obtuvieron mediante el empleo de un 

software de simulación de árboles y LiDAR "SimLiDAR", lo que permitió la obtención y procesado 

de los datos sin la necesidad de realizar ningún ensayo en campo, reduciéndose así la alta 

demanda de mano de obra a la hora de validar el uso del LiDAR para la caracterización arbórea 

durante los ensayos en campo. 

Mediante el desarrollo de la metodología propuesta fue posible estimar el área y el volumen 

del dosel de los árboles simulados a través de la creación de mapas de aplicación, donde las 

propiedades del sistema de pulverización fueron consideradas. Los resultados mostraron una alta 

correlación (R2 = 0.85) entre el área estimada y el número de hojas del árbol obtenida por el 

software de simulación. 
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LiDAR para la caracterización arbórea frente a otros sensores ópticos: 

Para realizar una caracterización real de los árboles, se comparó el sensor LiDAR con 

diversos sensores ópticos. Inicialmente, se demostró una mayor utilidad del LiDAR en comparación 

con la cámara de profundidad “Kinect” en aplicaciones agrícolas. 

A continuación se llevó a cabo una comparación del LiDAR con un sensor fotoeléctrico con el 

propósito de detectar, localizar y clasificar arboles de un año de vida en vivero. De este modo, la 

fiabilidad de cada sensor se evaluó individualmente, así como sus ventajas y desventajas. Los 

resultados del ensayo mostraron que un 95,7% y un 99,48% de los árboles fueron 

satisfactoriamente detectados con el sensor LIDAR y con la cortina de luces, respectivamente. Un 

93.75% de los arboles fueron clasificados correctamente por el LiDAR entre vivos y muertos, frente 

al 94.16% obtenido con la cortina de luces.  

Los resultados mostrados son de gran utilidad con el fin de seleccionar el sensor más fiable 

que garantice una precisa detección y localización de cada árbol del vivero, lo que podría permitir 

la automatización, sin dañar el cultivo, de tareas laboriosas como es el caso de las labores de 

escarda. 

LiDAR para la reconstrucción de los cultivos 3-D:  

Se ha desarrollado una nueva metodología para la reconstrucción tridimensional 

georreferenciada de plantas de maíz. Con este propósito, una estación total, una IMU y varios 

sensores LiDAR con diferentes orientaciones fueron montados sobre un vehículo autónomo. 

Mediante la metodología de múltiples fases creada, basada en la aplicación del algoritmo 

ICP para la fusión de las nubes de puntos, fue posible llevar a cabo una superposición 

georreferenciada de las nubes de puntos. El algoritmo empleado para la superposición de puntos 

mostró que los puntos aéreos (correspondientes principalmente a la planta) se redujeron al 1.5 - 

9% del total de los datos registrados, siendo los restantes puntos redundantes o correspondientes 

al terreno. 

A través de la incorporación de diferentes puntos de vista del LiDAR, se obtuvo una 

representación más realista del entorno, incluyéndose nueva información útil, pero también ruido. 

La combinación de una reconstrucción tridimensional georreferenciada de la planta de maíz a lo 

largo de sus diferentes etapas de crecimiento, junto con la precisión aportada a través del empleo 

de una estación total resulta de gran utilidad cuando se quiere llevar a cabo una agricultura de 

precisión a nivel de planta. 
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Chapter 2 

Author’s Motivation 
During the last two decades of the last century and coinciding with the advancement of the 

information society, agriculture has accused a tremendous change in its framework: social, 

economic, policy and especially technological. So, with different approaches and justifying 

different purposes, a new advanced agriculture - called precision agriculture (PA) - is evolving 

trying to cover the current need of a differential management of agricultural crops. 

Since the nineties, technological advances and interest on environment have increased the 

importance of defining small management units to implement in them the inputs according to the 

individual characteristics and variables of each one. This is known as intra-field variability, a 

fundamental concept and basic pillar on which the PA is based. 

In order to carry out such intra-field differentiation, PA requires the use of reliable and 

robust sensors that allow them to be used to detect a wide variety of inputs, an under harsh and 

variable field conditions. In this framework, the use of a LiDAR (Light Detection And Ranging) has 

proven to be a robust and reliable sensor for conducting agricultural applications, especially when 

compared with other sensors such a camera by its dependence to the ambient light, the fuzziness 

in the images, the difficulty of image analysis…  

The uses of a LiDAR device, as shown by its profound development in recent years, can be 

expanded to different environments and applications, and this represents an important challenge 

for engineers and researchers. As it will be show in the Literature Review, LiDAR has been used for 

a wide range of different purposes. On the other hand, the delivery of the LiDAR data to logging 

systems is simple, being able to reach high recording frequencies and measurement ranges, which 

increases the integration possibilities of this device. 

Thus, LiDAR seems to be a reliable sensor that allows a transversal application to various 

agricultural needs, such as: estimation of the volumes of a crop, assessment during its 

development, its location, as well as to reduce the risks arising from the mobility of agricultural 

vehicles, especially if we consider the role that robotics and automation can play. 
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In view of the aforementioned, the personal challenge of the author and therefore the main 

motivation for the development of this thesis is to demonstrate the successful transversal use of a 

LiDAR sensor for ensuring the safety mobility of the agricultural vehicles in the field as well as their 

use for other tasks of great agronomic interest related with tree and crop characterization. 
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Chapter 3 

Author & Thesis Background 
During his last degree year at the School of Agricultural Engineering (ETSIA), belonging to 

the Technical University of Madrid (UPM), the author of this thesis was awarded an Erasmus 

student grant in the Faculty of Life Sciences in Copenhagen (Denmark). This stay allowed him to 

have his first contact within Precision Agriculture (PA), by describing a new strategy for weed 

control, based on the selection and treatment of ”noxious” weeds present in the field, with the 

aim of maintaining biodiversity. This new strategy called “selective weeding” applies artificial 

vision procedures, identification of work areas, weeding treatment and mapping. The results were 

reflected in his final degree project, titled: “Selective weed control: a new strategy to weeds 

control”, being published in the technical magazine “Vida Rural” (Garrido Izard et al., 2010a). 

In 2010, the Ph.D. student coursed a Master’s Degree in Agro-engineering at the specialty in 

“Automation, Robotics and Quality Control”, becoming also a member of the research group 

“LPF_TAGRALIA”. Inside its mechatronic’s working area, the student conducted different studies: 

evolution of monitors and virtual terminals (Garrido Izard et al., 2010b); safety mechatronics for 

agricultural robots (Garrido Izard et al., 2011b); common causes of failure of pneumatic 

distribution in high precision pneumatics seeders (Barreiro Elorza et al., 2011b); as well as 

collaborating in the drafting of the document within the IDAE (Instituto para la Diversificacion y 

Ahorro de Energía) editorial series about energy savings and efficiency using PA technologies 

(Valero Ubierna et al., 2010a; Valero Ubierna et al., 2010b). 

For the final master project, the Ph.D. student initiated a new research line by developing an 

active depth-control system for direct seeding. In order to proceed with its evaluation, a LVDT 

(Linear Variable Differential Transformer), a load cell, a photocell, an angular sensor, and a GPS 

(Global Positioning Systems) were installed on one mechanical seeder arm. The evaluation results 

were presented at the European Conference on Precision Agriculture (ECPA) 2011 (Garrido Izard et 

al., 2011a). This new research line was continued as the core for another thesis by the Ph.D. 

student Luis Alcino Conceiçao (Conceição et al., 2010; Conceição et al., 2013; Conceição et al., 

2015; Conceição et al., 2012a; Conceição et al., 2012b). 
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During the development of this thesis and in a contemporary and complementary way, the 

Ph.D. student has participated in twenty three field tests performed on different innovative 

agricultural machineries under an agreement with the technical magazine “Vida Rural”, in which 

all the results were published. In these tests the Ph.D. student has installed, acquired, processed 

and interpreted data from different technologies: DGPS; thermal cameras; accelerometers; Pitot 

tube; temperature monitoring cards… This work has provided a background of real in-field sensor 

usage, machine performance, test planning and the agricultural extension activity with a 

dissemination orientation. 

As mentioned at the Author’s Motivation chapter, the present Thesis is focused on the 

evaluation of different transversal applications of the LiDAR sensor in agriculture. In this way, the 

Ph.D. student has studied the use of a LiDAR for tree and crop characterization, as well as for 

ensuring the safe mobility of agricultural vehicles. 

In order to carry out this last safety-related use, it is important to mention the opportunity 

that was given to the student to participate in the starting European project “RHEA” (‘Robot Fleets 

for Highly Effective Agriculture and Forestry Management’). In this way, and being the present 

Ph.D. thesis co-funded by EU-UPM, part of the document was under the framework of the RHEA 

project. 

The European RHEA project was formed by a consortium of 19 participants, from 15 

institution/companies along 8 European countries (http://www.rhea-project.eu; 

https://www.youtube.com/channel/UC9Ds6KZDLdydFdpp6qTgDNQ). Specifically, RHEA has joined 

four European Universities (Università degli Studi di Florenze (UF), Italy; Università di Pisa (UP), 

Italy; Complutense University of Madrid (UCM), Spain; and Technical University of Madrid (UPM), 

Spain), three research centers (Telecommunications Research Center Vienna (FTW), Austria; 

Spanish National Research Council (CSIC), Spain; and Irstea (IRS), France), seven SMEs (AirRobot 

GmbH & Co. KG (AR), Germany; Cyberbotics Ltd. (CY), Switzerland; Bluebotics S.A. (BL), 

Switzerland; CogVis GmbH (CV), Austria ; Precision Farming Solutions S. L. (SAP), Spain; CM Srl 

(CM), Italy; and Tropical S.A. (TRO), Greece) and one large industry (Case New Holland, Belgium 

and France (CNH)). 

The main objectives of this project were to detect up to 90% of the weed patches by 

developing new perception systems, eradicate up to 90% of the weed detected by developing 

innovative agricultural implements based on physical and chemical features, and reduce the use of 

agricultural inputs by about 75%. These objectives have been achieved with the development of a 

heterogeneous fleet (See Figure 1) made up of two aerial mobile units (AMU) and three ground 

mobile units (GMU) capable of carrying perception and actuation systems (RHEA, 2015).  

http://www.rhea-project.eu/
https://www.youtube.com/channel/UC9Ds6KZDLdydFdpp6qTgDNQ
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Figure 1. The RHEA fleet: three GMUs and the two AMUs. 

Some specific technical and scientific objectives were defined at the project initial proposal, 

and refined during the first semester of the project development. Thus, the RHEA consortium has 

focused its activity in the development of:  

1. Advanced systems and algorithms for weed mapping based on computer vision in two 

modes: remote sensing and ground sensing.  

2. Innovative algorithms for decision-making modules, including behaviors such as 

coordination, cooperation and collaboration. 

3. Enhanced actuators for precise, real-time spraying, to reduce chemicals by about 75% 

(see Figure 2).  

4. Improved end effectors to destroy weeds based on physical systems aimed to destruct 

up to 90% of the detected weeds (see Figure 2).  

5. A fleet of mobile robots –ground and aerial vehicles– capable of acquiring images of the 

task field and either applying mechanical or chemical processes for crop and weed 

management.  

(a) 

 
(b) 

 

(c) 

 

Figure 2. (a)Patch sprayer, (b) canopy sprayer, and (c) physical implements used during RHEA project. 
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6. Robot guidance devices and algorithms based on computer vision (a forward-looking 

view of the crop rows and obstacle avoidance). The ground robots will follow the rows 

at a speed of about 6 km h-1 with a positioning accuracy of about ±2 cm. 

7. Human-machine interfaces for monitoring/controlling autonomous outdoor vehicles. 

8. New strategies for planning missions with teams of robots and re-planning them after 

the failure of a number of robots. An overall scanning of the terrain of up to 95% is 

expected. 

9. Develop a safety system for the fleet of mobile robots. 

10. Make use of new-energy powered systems. 

Specifically, and within this project, the present Ph.D. thesis was related with the 

development and integration of a LiDAR as a safety sensor for each ground mobile unit, as well as 

to perform the ground mobile unit risk assessment. However, the author participated actively in 

all the working packages in which LPF_TAGRALIA was involved, helping with the design, 

development and testing of many technologies and subsystems. 
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Chapter 4 

LiDAR within Agriculture: Literature Review 
As mentioned before, the present Literature Review demonstrates the exponential growth 

of the different agricultural uses of the LiDAR (see Figure 3). For this Literature Review 181 

publications were used, half of them published during the past six years. In this way, the author’s 

motivations are ratified, noting the high robustness of the LiDAR sensor as well as its transversal 

potential uses in agriculture environments. 

 

Figure 3. References used at Literature Review considering the year of its publication 

As a conclusion, this Literature Review offers insight into the interest points on which the 

LiDAR has not been developed enough, being these applications carried out by the student at the 

present Ph.D document. 
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4.1 LiDAR BASIC PRINCIPLES  
A LiDAR (Light Detection And Ranging), which is also called laser radar, laser scanner or laser 

range finder, is a non-contact optical device that measures the distance to an object in a scanning 

field using a pulsed laser beam. LiDARs currently available on the market use varied measuring 

principles: light time-of-flight, phase modulation, interferometry, and triangulation. In many cases 

the first three principles are combined into the technique known as Time-of-Flight (TOF) 

measurement. Triangulation sensors measure short ranges (maximum a few meters) with high 

accuracy, while TOF sensors are suitable for both short and far ranges (Ehlert et al., 2009b). 

What differentiates a LiDAR from other light sources is that a laser beam has a single 

wavelength, unique phase, and high energy density. Thus, a laser beam can travel to quite a long 

distance in a straight line, maintaining a narrow beam, and providing stable accurate 

measurements under hostile environmental conditions such as fog, dust, or smoke by the 

introduction of the “last pulse measuring” technique, which guarantees that the range of the 

target is returned instead of the range produced by the scattering from the medium. LiDAR 

measurement range is longer than other range sensing technologies used in robotics, being able to 

reach for some models magnitudes of kilometers (Hebert, 2000).  

If a laser beam is incident on an object, part of the beam is reflected back to the LiDAR, 

being registered by its receiver. The time between transmission and reception of the pulsed signal 

is directly proportional to the distance between the LiDAR and the object (see Figure 4a). Laser 

pulse is diverted sequentially with a specific angular interval using an internal rotating mirror, 

achieving a fan-shaped two-dimensional polar coordinates scan of the surrounding area (see 

Figure 4b).  

 

 

 

 

 

 

Figure 4. (a) Principle of operation for pulse propagation time measurement. From Waldkirch, 2012. (b) Principal 
internal LiDAR components. From Sanz-Cortiella et al., 2011a. (c) Beam expansion. From Waldkirch, 2012.  

(a) (b) 

(c) 
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Pulse cross-sectional sizes increase as it moves away from the sensor, being this effect 

different for each LiDAR system. The size of the cross-sectional laser pulse area is typically 

quantified using the mean diameter, also called ‘diameter of the laser footprint’. LiDAR sensors 

typically provide two values used to determine the size of the laser cross-section as a function of 

the detection distance, varying significantly between brands and LiDAR models: the initial cross-

section size when the pulse leaves the sensor; and the beam divergence describing the increase in 

size with distance (see Figure 4c). 

About this topic, Sanz-Cortiella et al., 2011b evaluated empirically the behavior of the laser 

beam emitted by a particular LiDAR model (LMS-200, SICK AG, Waldkirch, Germany). It was 

observed that the laser beam cross-section was rectangular shaped (unlike circular as 

manufacturer said), turning at the same time as the inertial rotating sensor mirror, and with a non- 

homogenous irradiance profile (see Figure 5). 

 

Figure 5. Photograph of the cross-sections of the beams emitted at 0°, 45°, 90°, 135° and 180°. From Sanz-Cortiella, et 
al., 2011b. 

Regarding the beam divergence, results have shown that its growth was different for each 

axis, being higher for the larger side, which coincided with the information provided by the 

manufacturer (see Figure 6). The circular spot defined in the technical specifications therefore 

circumscribes the actual rectangular section beam emitted. 

 

Figure 6. Photographs of the laser beam cross-section at distances of between 1 and 8 m from the sensor. The 
smallest subdivisions were 1 mm. From Sanz-Cortiella, et al., 2011b. 
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The active nature of LiDAR sensors provides two valuable pieces of information not readily 

available to passive methods. The first is a measure of range between the sensor and the material 

which intercepted the emitted light which is used to estimate the distance (explained previously), 

and the second is a measure of the intensity, which was provides a value known as the reflectivity. 

After the laser beam hits the object, it is reflected and travels back to the LIDAR photoreceptor, 

incurring an energy loss. The reflection value returned by the sensor depends on the material of 

the scanned surface, on the hitting distance and on the angle of incidence. The signal received 

from a perfectly diffuse reflecting white surface corresponds to a reflection of 100%. 

Consequently, surfaces that reflect the light massively (mirrored surfaces, reflectors) can be 

assigned a reflection value higher than 100% (Waldkirch, 2012). 

During the development of this thesis, this second information provided by the LiDAR, the 

intensity value, was evaluated within the tests conducted by the Ph.D. student, being rejected its 

use due to the great complexity for understanding the provided information. Its variations are 

affected by the material of the scanned object (reflectiveness), distance of the object, angle of 

incidence and object sun exposure. First commercial LiDARs, or low cost LiDARs, allowed to record 

the range of the first/last reflected pulse (Figure 7a), a weighting of both, or both of them (Figure 

7b). On the other hand, current LiDARs allow the possibility of discriminating multiple echoes, by 

simultaneous storage, up to five signals (Figure 7c). More advanced systems even allow the 

recording of the full waveform by a continuous signal echo storage (Figure 7d), improving the 

information that is gathered about the target objects (Dassot et al., 2011). Considering the 

applications that the author would develop through this thesis, the data storage type of the LiDAR 

had great importance. For those purposes, it would be advisable to search for a LiDAR which at 

least has the possibility of record two echoes, reducing the problem of detection small objects, but 

not being necessary the recording of the full waveform, which makes more complicated the data 

analysis and raise its price.  

  

Figure 7. Types of LiDAR recording modes: (a) first reflected pulse, (b) first and last reflected pulse, (c) multiple 
echoes, and (d) the entire waveform of the returning signal. From Dassot, et al., 2011. 

The above mentioned event, detecting objects with smaller size than the footprint of the 

laser beam, is a regular event that the author has suffered along this Thesis, but other authors do 
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not devote much emphasis usually in solving. In these cases, instead of registering a clear 

detection, in which the entire beam hits the object, the reflected pulse received at the LiDAR will 

belong partially (depending on the shutter percentage) to the desired object, as well as to the 

unwished second target, which is behind the first one. 

In this regard, one research by Sanz-Cortiella, et al., 2011b also evaluated the effect of 

partial blockages of the beam on the distance measured by the LiDAR. As a first conclusion it was 

deduced that distance value depends more on the blocked radiant power than on the blocked 

surface area of the beam (see Figure 8a). Also, there was an area of influence which was 

dependent on the shutter percentage (Po). This varied from 1.5 to 2.5 m with respect to the 

foreground target, so if the second impact of the laser beam occurred within that range it would 

affect the measurement given by the sensor. However, when the second target was outside this 

area of influence, the sensor ignored this second target and gave the distance to the first impact 

target (see Figure 8b). 

(a) 

 

(b) 

  

Figure 8. (a) Evolution of the distance measurement given by the sensor when the laser beam was incrementally 
blocked (from top to bottom) at a distance of 5 m from the sensor and the unblocked part of the beam was captured 
at a distance of 5.3 m. (b) Representation of the interpolated distance values (Dlaser) in mm, with the shutter template 
at a distance (D1) of 5,000 mm from the sensor, with different values of distance between objects (Den) ranging 
between 0 and 3,000 mm. From Sanz-Cortiella, et al., 2011b. 
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4.2 TERRESTRIAL LiDAR APPLICATION WITHIN FORESTRY AND 

AGRICULTURE  
There is a variety of LiDAR systems, depending on where they are installed. Several types 

can be found: spaceborne LiDAR systems for detecting wide swaths from satellites, airborne LiDAR 

systems (ALS) for detecting medium ranged areas from aircrafts (500-1,000 m) and helicopters 

(200-300 m). These are very costly technologies (>500,000 €), used mainly for mapping sea ice 

roughness (Ketchum, 1971); measuring land topography (Krabill et al., 1984); forest road 

alignment (Akay et al., 2014); estimating vegetation characteristics (Nelson et al., 1988); water 

depth measurement (Penny et al., 1989); measuring the distances from points on earth to 

satellites; as well as in military applications for target recognition systems (Hecht, 2001).  

Although the majority of these measurements were conducted by the use of a LiDAR 

sensors mounted on aircraft or satellites, measurements can be based on terrestrial or ground-

based LIDAR sensors. Terrestrial LiDAR systems (TLS) are e.g. suitable for surveying purposes, 

cultural heritage, city modelling or architectural applications, for mobile road mapping systems 

and for the determination of forest inventory parameters. Buildings, the surface of landscapes and 

also trees have normally large dimensions and show marginal changes over long periods, but 

agricultural crops have high growth dynamics and a short life cycle on the order of months, so with 

the aim to manage agricultural crop production, current information is needed - sometimes within 

hours or seconds. Therefore, many agricultural vehicles should be equipped with their own low 

cost sensor to perform real-time operations, being in this mode unacceptable the use of ALS for 

agricultural purpose (Ehlert, et al., 2009b). 

Many different applications have been performed by TLS, being only mentioned in this 

document those related to agriculture and forestry environment. Initially, general LiDAR 

applications carried out in these environments are mentioned, deepening a posteriori in the 

applications directly related to the doctoral thesis subject: safety; tree crop characterization; and 

crop characterization. 

Regarding forestry environment, most of the TLS applications performed were related with 

tree reconstruction, normally by employing 3-D LiDARs. TLS has been applied to forest inventory 

measurements (plot cartography, species recognition, diameter at breast height, tree height, stem 

density, basal area and plot-level wood volume estimates) but also canopy characterization 

(virtual projections, gap fraction and three-dimensional foliage distribution). These techniques 

have been extended to stand density (stocking of a stand of trees based on the number of trees 

per unit area and diameter at breast height of the tree of average basal area) and wood quality 

assessment. TLS also provides new support for ecological applications such as the assessment of 

the physical properties of leaves, transpiration processes and microhabitat diversity (Dassot, et al., 

2011). Some of these studies will be mentioned in depth in section Tree Crop Characterization. 

As an exception of these uses, the work about the smoke-plume detection should be 

mentioned conducted by Fernandes et al., 2006; Utkin et al., 2009, who demonstrated 
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experimentally the possibility of its detection by evaluating the variation of signal-to-noise ratio 

(SNR) with distance calculated (see Figure 9).  

 

Figure 9. LiDAR curve with smoke signature at 6.1 km. From Fernandes, et al., 2006. 

In relation to agricultural environments, nowadays, it tends toward more precision and 

automation of the performed tasks, with a reduced environmental impact. PA is one of the top ten 

revolutions in agriculture (Crookston, 2006), although it has only been practiced commercially 

since the 1990's. PA generally involves better management of farm inputs such as fertilizers, 

herbicides, seed, fuel (used during tillage, planting, spraying, etc.) by doing the right management 

practice at the right place and time. Whereas large farm fields under conventional management 

receive uniform applications of fertilizers, irrigation, seed, etc., with PA these fields can be divided 

into management zones each receiving customized management inputs based on varying soil 

types, landscape position, and management history. PA offers to improve crop productivity and 

farm profitability through improved management of farm inputs, leading to better environmental 

quality (Mulla, 2013) by integrating information gathered by multiple types of sensors and 

sources. 

Therefore, progresses are required in sensor development to take advantage of the 

potential detection objects in agriculture for supporting field processes in crop production (Figure 

10), being the TLS already established for industrial purposes and remote sensing.  

 

Figure 10. Detection objects and their agricultural applications. Modified figure from Ehlert et al., 2010a. 
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One of the most popular agricultural applications of the TLS is as an assistance device for 

navigation / auto-guidance, which increases the machinery performance by reducing the workload 

for the driver. This reputation is due in part to the fact that LiDAR has a relatively longer range and 

higher resolution than other distance sensors as machine vision, GPS and dead-reckoning. 

Furthermore, it is an insensitive system to environmental conditions, e.g., strong light change for 

machine vision and microwave shadowing for GPS, which will affect such systems. But, on the 

other hand, LiDAR sensor systems have a disadvantage when noisy LiDAR measurements are 

obtained due to an uneven ground (Li et al., 2009).  

A vehicle undergoing orchard and nursery navigation does not need to know its exact 

latitude and longitude, but simply needs to sense the surrounding. Under this premise it is possible 

to provide reliable vehicle driving and accurate localization by the use of a low-cost navigation 

system such as the LiDAR, without relying on GPS (Figure 11a). By knowing the distance travelled 

by the vehicle as well as the open space detected at the end of the row, changing the vehicle state 

from row following mode to turning mode is feasible, repeating the process once that the vehicle 

detects and enters the next row (Hamner et al., 2010). 

Under this approach, various studies have been conducted. Some of them solely evaluated 

the use of a LiDAR sensor (seeFigure 11b and c) (Ahamed et al., 2004; Hiremath et al., 2014; 

Holmqvist, 1993; Junya et al., 2003; Thanpattranon et al., 2015; Yoshida, 1996), while others 

compare the results obtained by the LiDAR with a machine vision (Subramanian et al., 2006), or 

their integration (Hiremath, et al., 2014; Subramanian et al., 2009; Yukumoto and Matsuo, 1997). 

Also other studies should be mentioned that developed a complex guidance autonomous tractor 

system by integrating a GPS (Ahamed et al., 2006; Barawid et al., 2007). 

Besides the guidance applications mentioned above, exclusively implemented on tractors 

and robots during tillage/navigation, LiDAR has been also used for implement, combine harvester 

or trailer’s guidance (Backman et al., 2012; Choi et al., 2014; Shen et al., 2008).  

(a) 

 

(b) 

 

(c) 

 

Figure 11. (a) Autonomous Prime Mover (APM) with a LiDAR on the front corners. From Hamner, et al., 2010 (b) LiDAR 
navigation on maize test field. From Hiremath, et al., 2014. (c) LiDAR at the front of an experimental tractor. From 
Thanpattranon, et al., 2015. 
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In order to review some of these studies, Table 1 summarizes the applications, detection 

systems used, test speeds and errors obtained. 

Table 1. Errors obtained by using LiDAR as a navigation assistance sensor. 

Application 
Surrounding Detection 

System 
Speed (m 

s
-1

) 
Average 

error (cm) 
Heading 
error (°) 

Reference 

Row-type tree plantation 
navigation of an 

autonomous tractor 

LiDAR (LMS551, SICK AG, 
Waldkirch, Germany) 

0.18 26.4-54.2 3.13-5.22 
Thanpattranon, et 
al., 2015 

Citrus grove navigation of 
an autonomous Tractor  

Machine vision Vs. LiDAR 
(LMS 200, SICK AG, 

Waldkirch, Germany) 
3.1 

2.5 (LiDAR) 

2.8 (Vision) 
- 

Subramanian, et 
al., 2006 

Autonomous vehicle 
guidance In citrus groves 

Machine vision and 
LiDAR (LMS 200, SICK 

AG, Waldkirch, 
Germany) 

1.8 - 3.1 9.1 - 7.6  
Subramanian, et 
al., 2009 

Maize field navigation of a 
robot 

Machine vision and 
LiDAR (LMS-111, SICK 

AG, Waldkirch, 
Germany) 

- 4 2.4 
Hiremath, et al., 
2014 

Orchard navigation of an 
autonomous tractor  

RTK-GPS, gyroscope and 
LiDAR (LMS 219, SICK 

AG, Waldkirch, 
Germany). 

0.36 11 1.5 
Barawid, et al., 
2007 

Covered grasses field 
navigation of an 

autonomous tractor 

RTK-GPS, gyroscope and 
LiDAR (LMS551, SICK AG, 

Waldkirch, Germany) 
- 2 1 

Ahamed, et al., 
2006 

Path tracking method of an 
autonomous tractor–trailer 

system 

GPS, IMU and LiDAR 
(LMS221, SICK AG, 

Waldkirch, Germany) 
3.33 10  

Backman, et al., 
2012 

Crop row guidance of an 
autonomous tractor-
mounted Implements 

LiDAR (LK-500, Keyence, 
Mechelen, Belgium) 

0.5-1.5 1.7-2.9  Shen, et al., 2008 

Soybean harvesting 
guidance of an 

autonomous combine 
harvester 

LiDAR (UTM-30LX, 
Hokuyo, Japan) 

0.97 7 3 Choi, et al., 2014 

In order to speak in business terms, we must go back to 1989, when an automatic guided 

vehicle system was patented by Eberhardt, 1989. The patented idea was based on the use of an 

active optical navigation section for determining vehicle position / bearing by scanning plural 

beacons distributed within the travel zone of the vehicle, and by a passive ground navigation 

section including a gyrocompass for measuring changes in vehicle bearing and a wheel encoder for 

measuring the displacement of the vehicle's steering wheel.  

Most recently, in the agricultural machinery sector, LiDARs were installed onto a few 

market-available combine harvesters, mostly for guiding assistance. CLAAS company offers the 

“Laserpilot” (Figure 12a) for the Lexion series to detect the edge of crop stands for auto-guidance. 

This results in optimum cutting width and threshing performance. A similar solution "SmartSteer" 
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(Figure 12b) can be found on CX combine harvesters from CASE-NEW HOLLAND. However, these 

sensors are not able to detect specific crop stand parameters like crop biomass and swath volume 

for controlled ground speed and obstacles to avoid crashes (Ehlert, et al., 2010a). 

 (a) 

 

(b) 

 

Figure 12. (a) Laser Pilot™ by CLAAS. (b) Laser-based Smartsteer™ by CNH. 

From here on, some general uses of the LiDAR are explained not being related with guiding 

assistance, but to detect elements related with the crop. Continuing with the commercial issue, 

the “LaserLoad” from Krone should be mentioned (Figure 13). It consists of a controlled LiDAR 

which identifies the truck-trailer train driving behind the forage harvester and controls the throw 

curve, avoiding feed losses at the start of chopping. This system determines the top frame of the 

collection vehicle and adjusts the throw curve accordingly. With a similar purpose, but within the 

research field, Cho et al., 2015 evaluated this LiDAR use but helped by a global navigation satellite 

system (GNSS) for autonomous positioning of the unloading auger of a combine harvester. 

(a) 

 

(b) 

 

Figure 13. (a) “LaserLoad” by Krone and (b) LiDAR truck-trailer identification. 

Other examples that have been conducted were focused on swath detection by a LiDAR 

which can be used for controlling the vehicle speed and obstacle detection (Coen et al., 2008), or 

for adjusting the machine settings which improves the straw quality by the swath height detection 

(see Figure 14a) (Lenaerts et al., 2012).  

In a similar way, and considering the strong correlation between sward surface height (SSH) 

and standing crop biomass, Radtke et al., 2010 used the LiDAR to estimate forage dry matter (see 

Figure 14b). Volume change was calculated based on differences in SSH before and after plucking 

with a strong relationships between volume change and dry weights of removals (R2 = 0.965). 
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Andújar et al., 2013a; Andújar et al., 2013c; Hamouz et al., 2014 evaluated the potential 

uses of the LiDAR (see Figure 14c) for weed controlling, based on the assumption that weed 

populations are irregularly distributed within agricultural fields (Andújar et al., 2013b), on the 

importance of applying herbicides exclusively where weed density is above an economic threshold 

(Weis et al., 2008), and on the hypothesis that weed species have different heights. 

Later, Koenig et al., 2015, confirmed its potential by the combination of derived geometric 

and radiometric information for the detection of post-harvest growth patches. This new research 

certified the possibility to separate between the two target classes ‘post-harvest growth’ and 

‘ground’ with a derived post-harvest growth coverage values of ∼7% for LiDAR, compared to 

coverage of 5% by RGB image classification. 

(a) 

 

(b) 

 

(c) 

 

Figure 14. (a) Swath detection by a LiDAR. From Lenaerts, et al., 2012. (b) Forage dry matter estimation by LiDAR. 
From Radtke, et al., 2010. (c) Weed controlling by LiDAR height detection in the inter-row area of a maize field. From 
Andújar, et al., 2013a. 

Other agricultural task successfully conducted by a LiDAR was developed by Wang et al., 

2009 for deep tillage control, ensuring the same conditions for crop growth.  

4.2.1 Safety on Autonomous Agricultural Robots 

There are several unresolved issues for automated agriculture using robots. One is the issue 

of how to ensure safety, both for the operator and in the space around the robot. Nowadays 

standard tractors are equipped with a safety mechanism that prevents the vehicle from moving 

unless the operator is sitting in the seat. Naturally, a higher level of safety assurance is required for 

a robot that works without an operator (Zhang and Pierce, 2013). 

Autonomous agricultural vehicles create a new challenge for operation safety. Although an 

autonomous agricultural vehicle improves operator safety by removing the human operator from 

the vehicle, it creates a safety concern without providing a safety watch to prevent collision with 

humans or other vehicles in the vicinity of the operating vehicle. Therefore, it is essential to 

furnish autonomous vehicles with some safety assurance means, including obstacle detection and 

collision avoidance, before the autonomous vehicle can be deployed for commercial applications 

(Kise et al., 2005). Collision avoidance belongs to the most difficult tasks in the development of 
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robotic systems. This especially applies to navigation in highly unstructured, harsh, and dangerous 

environments, which make great demands on a vehicle’s software and hardware, presenting the 

possibility of conducting sophisticated manoeuvres on different types of terrain, detection of a 

large variety of hazards, and being able to deal with complex, possibly dangerous situations 

(Armbrust et al., 2011; Zhou et al., 2014).  

At the beginning, only few research projects with a military background deal with the 

problem of autonomous robot navigation (Shoemaker and Bornstein, 1998). A contemporary 

example would be the assistance demining robot (see Figure 15a) developed under the EU FP7 

TIRAMISU Project (Portugal et al., 2015). 

A clear example of the LiDAR’s use for obstacle detection has been shown in the 2005 

DARPA (Defense Advanced Research Projects Agency) Grand Challenge, where all top finishers 

(see Figure 15b) used LiDAR sensors (Thrun et al., 2006; Urmson et al., 2006). The Grand 

Challenge, which was launched to spur innovation in unmanned ground vehicle navigation 

traversing unrehearsed off-road terrain, consisted on a 212 km race through the Mojave Desert 

(California, USA).  

As an initial way, but without taking into account such complex system, Kirchner and 

Heinrich 1998; and Kumar et al. 2013 made progresses towards a safety autonomous vehicle, 

using LiDAR for road’s boundary detection, as well as Hamner et al. 2008; Peynot et al. 2009; 

Vandapel et al. 2004; and Wellington et al. 2006 for obstacle detection and terrain modeling in off-

road environments.  

Its market potential and its impact was demonstrated already by the publication of the 

Bergholz et al., 2000 patent “Autonomous vehicle arrangement and method for controlling an 

autonomous vehicle”. This patent mentioned the need for an array of sensors including at least 

one range sensor for detecting objects and at least one range sensor for detecting the condition 

features of the route. 

(a) 

 

(b) 

 

Figure 15. (a) The FSR Husky demining robot. From Portugal, et al., 2015. (b) Stanley, the winning vehicle of the 2005 
DARPA Grand Challenge. FromThrun, et al., 2006.  



International Ph.D 
Miguel Garrido Izard                                                            LiDAR within Agriculture: Literature Review 

- 25 - 
 

Focusing on autonomous agriculture robots, Garcia-Alegre et al., 2005 said that an 

integration of safety sensors is necessary to ensure safety in environments where operators and 

vehicles work together.  

Integrated sensors should precisely measure location for autonomous navigation and 

proximity to avoid obstacles, since the working environment may have other agricultural vehicles, 

human operators and unexpected objects. Thus the integrated sensors have been classified in two 

groups: 

1. Position and orientation sensors (POSE), such as odometer, GPS and high precision 

digital compass, to obtain a continuous estimation of the robot location. 

2. Safety sensors, such as bumper, LiDAR and inclinometers (for pitch and roll), to avoid 

static/dynamic obstacles, to detect unexpected events or abrupt terrains. 

According to Griepentrog et al., 2009, a number of highly automated machine prototypes 

exist for outdoor applications (see Figure 16) , but none of them has a proper safety system 

(Bakker et al., 2011; Bayar et al., 2015; Freitas et al., 2012; Sorensen et al., 2007; Zeitzew, 2007). 

(a) 

 

(b) 

 

(c) 

 

Figure 16. (a) Hortibot. From Sorensen, et al., 2007. (b) Autonomous navigation using a robot platform in a sugar beet 
field. From Bakker, et al., 2011. (c) Autonomous Utility Mower. From Zeitzew, 2007. 

Thereby, in order to achieve a reliable safety system, it is necessary to fit the autonomous 

vehicle with a multiple-stage and redundant safety system (Caponetti et al., 2009; Chang et al., 

2011; Noguchi, 2012; Ross et al., 2014; Zhang and Pierce, 2013). These sensors integrations could 

be from something simple to high levels of complexity. 

Simple sensors integration was carried out by Noguchi, 2012 under the National Project for 

the Development of Robot Farming System, MAFF, Japan, which implements on a robot tractor 

both a bumper switch and a LiDAR sensor for obstacle detection (see Figure 17). In case that LiDAR 

sensor failed detecting the obstacle, robot stop will be activated when the obstacle displaces the 

bumper. 
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Figure 17. LiDAR and bumper switch attached to the robot tractor. From Noguchi, 2012 

Increasing the complexity level, the unmanned but not unattended autonomous tractor (see 

Figure 18a) developed by Griepentrog, et al., 2009 should be mentioned. Its development was 

based on legal safety consultancy and the Failure Modes and Effects Analysis (FMEA). A LiDAR and 

a stereo vision camera provided the necessary information to enhance the performance related to 

navigation and obstacle detection as to reduce the dependency on GPS information and 

vulnerability when it fails (Hansen et al., 2009; Hansen and Tjell, 2008). 

LiDAR data was classified by a model into three obstacle classes based on the geometrical 

features of the scan: human, tree, and other. Its integration with the stereo camera allowed 

detecting adult humans and trees in an orchard. With the aim to correctly identify children and 

possibly medium sized animals (e.g. dogs), achieving acceptable safety of the machine, a more 

sophisticated algorithm was required. In case of collision sensor fail, an additional safety circuit 

including bumper switches allowed the machine to stop. 

When sensors integration is being carried out, an important consideration at Griepentrog, et 

al., 2009, was the fault tolerant control. This control allowed isolating the sensors faults, by 

establishing a residual generator that compares the odometry, real-time-kinematic GPS position 

and LiDAR data with map information. 

Other example of complex sensors integration was developed by Chang, et al., 2011 for 

onion fields. For this purpose, an ultrasonic and a LiDAR sensor was used to detect the distance 

between obstacle and vehicle, while for position estimation the sensors used were an electronic 

compass, gyroscope, odometry, and accelerometer and GPS module. In this case, the data fusion 

method was accomplished through programmable logic decision technique and implemented on 

micro-controller board, allowing the vehicle to smoothly move on the field without collision. 

Armbrust, et al., 2011 built the RAVON (Robust Autonomous Vehicle for Off-road 

Navigation) robot (see Figure 18b). In order to be well prepared for the large variety of situations 

RAVON was equipped with different sensor systems (two LiDARs, two stereo vision cameras, and a 

spring-mounted safety bumper). Every sensor gave a defined set of “properties”, assigned to the 

observed environment. These properties were used to fill a local short-term memory implemented 

in form of a grid map with a specific resolution and range for every sensor, creating a generic data 

structure that facilitates accessing the data of various sensors. The mapping from the sensors’ 
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properties grid maps was formulated in terms of aspects and can be used to break down the 

information needed for different control aspects into a set of relevant properties of appropriate 

sensors. In that way, collision avoidance was accomplished by a large number of behaviors that 

access the sensor data in a unified and straightforward way. 

(a) 

 

(b) 

 

Figure 18. (a) Main components in relation to safety and perception system. From Griepentrog, et al., 2009. (b) The 
autonomous off-road robot RAVON. From Armbrust, et al., 2011. 

Safety sensors were always placed for the obstacle detection at the forward advance of the 

autonomous vehicle. One particular application was developed by Bosch Cooperation, using an 

unmanned factory transport vehicle as a model. In this case, the sensors covered all directions 

surrounding the robot vehicle by integrating a LiDAR, vision, and ultrasonic sensors (see Figure 

19a). The sensor unit had a function of making a decision whether it was safe to continue or there 

was a danger of collision based on multiple sensor inputs (Zhang and Pierce, 2013). 

A common particularity of the reviewed studies was that the LiDAR sensor was installed on 

the vehicles itself, being the aim to detect the obstacles around it. An exception was conducted by 

Kise, et al., 2005 (see Figure 19b), which progressively reconstructed the silhouette of the 

detected obstacle by updating the probability density function of the object in the obstacle 

template. By integrating this silhouette reconstruction function with an automatic pattern 

recognition algorithm, it was possible to form a complete obstacle avoidance system for robot 

agricultural tractors detecting and identifying obstacles in their operating field, and to avoid 

possible collisions with the detected obstacle if its shape and motion were known.  
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(a) 

 

(b) 

 

Figure 19. (a) Safety sensor for an agricultural robot vehicle. From Zhang and Pierce, 2013. (b) Sight view scanning by 
LiDAR. From Kise, et al., 2005. 

Commercialization and adoption of autonomous robots will only occur if safety aspects are 

incorporated and related problems are acceptably solved. These aspects for outdoor robots have 

still not been solved satisfactory giving legal authorities arguments for refusing operating licenses 

or even banning these systems. If the robot must take full responsibility in the unlikely event of an 

accident, it will lead to an enormous cost increase and hinder the progress of robotization. There is 

a need for discussion and consensus-building with regard to the sharing of responsibility between 

users and manufactures (Zhang and Pierce, 2013).  

Reliability and safety are a priority for adoption (Reid, 2002; Vougioukas, 2006). The 

usability is also often a restraint for adopting highly automated systems because planning and 

generating the mission often overstrains the operator. 

In addition, the problem of managing autonomous robots in unstructured environments is a 

complex one, particularly if they are to be both safe and effective in performing worthwhile tasks. 

Such challenges must be faced if autonomous mobile robots are to become a commercial reality 

(Seward et al., 2007). 

4.2.1.1 Author Synthesis 

Regarding the literature review related to safety the author conclude that, in order to 

achieve a reliable safety system, it is necessary to incorporate a signal diagnosis for isolating the 

LiDAR’s faults, as well as the consideration of integrating other sensor signals or external 

information.  

In order to develop the safety system design of an autonomous vehicle, it is important to 

considered this autonomous agricultural vehicle as unmanned, but not unattended, allowing a 

supervision of the workspace and to take control of the robot in case of malfunction or unforeseen 

situation. 
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4.2.2 Tree Crop Characterization 

4.2.2.1 Tree Canopy Structure Detection 

Canopies are complex multilayered structures comprising individual plant crowns exposing a 

multifaceted surface area to sunlight. Fruit and wood production involves the capturing and 

conversion of this sunlight into production of fruit/wood biomass. The main controlling factors are 

amount of incoming radiation, and percentage of radiation intercepted by tree canopies. Their 

productivity depends on several factors, poor management of canopy architecture being the most 

important one (Goswami et al., 2014). 

To date, ecological research based upon leaf sampling has been limited by the available 

technology, with which data acquisition becomes labor intensive and time-consuming, given the 

overwhelming number of leaves involved (Escribano-Rocafort et al., 2014). Leaf Area Density (LAD) 

can, in theory, be specified at any given spatial scale (e.g., at the sub-crown level or at the plot 

level) and can be estimated in situ using different approaches that have been classified as ‘direct’, 

‘semi-direct’, or ‘indirect’.  

Direct methods involve the counting and measuring of leaves; this application is time 

consuming, is very laborious and with the consequent of plant damage. In contrast, semi-direct 

methods include the inclined Point quadrat method that counts the number of contacts of leaves 

with probes inserted into the vegetation canopy at a known inclination and azimuth angle. LAD 

and Leaf Area Index (LAI) can then be estimated by calculating the contact frequency, which is 

defined as the mean number of contacts per insertion. However, because this method requires 

many insertions of the probe into the actual canopy, it is still very laborious. Hence the 

proliferation of numerous passive optical indirect techniques developed for LAD or LAI estimation 

(Béland et al., 2014a). 

Sensing technologies improvements and analytical tools have a direct influence in precision 

forestry, by supporting site-specific economic, environmental, and sustainable decision making. 

The discipline is highly reliant on accurate, timely and detailed forest inventory characterization 

and structural information, in that respect LiDAR point cloud has become an invaluable dataset 

utilized in precision forestry applications (Moskal et al., 2009). 

The emergence of LiDAR technology allowed simplifying the way to perform these labor 

intensive tasks, becoming one of the most used sensors for characterizing vegetation, due to their 

high speed of measurement, resolution and accuracy (Gil et al., 2014). Results obtained from 

different studies allowed to consider the LiDAR use as one of the most promising technologies for 

tree geometric characterization in forestry and agricultural environments (Dworak et al., 2011).  

At an initial stage, it was based on the use of ALS for measure the forestry canopies 

(Holmgren and Persson, 2004; Hosoi et al., 2005; Lefsky et al., 2002; Lovell et al., 2003; Omasa and 

Hosoi, 2005; Tanaka et al., 2004).  



International Ph.D 
Miguel Garrido Izard                                                            LiDAR within Agriculture: Literature Review 

- 30 - 
 

More recently, TLS opens new possibilities for studying the 3-D foliage distribution of large 

trees (see Figure 20), providing greater information about canopy structure (Moskal, et al., 2009). 

By TLS high amounts of 3-D data can be recorded quickly and automatically as 3-D point cloud 

data, being suitable for repeated measurements over time due to its efficient data collection and 

portability (Campoy et al., 2010; Llorens et al., 2011b). Thus, this technology promises to 

overcome the shortcomings of the conventional means of measuring the vertical structure of 

forestry trees. However, TLS has been used mainly for measurement of forest canopies (Henning 

and Radtke, 2006; Hosoi and Omasa, 2006; Hosoi and Omasa, 2007; Omasa et al., 2007; Omasa et 

al., 2008; Omasa et al., 2002; Parker et al., 2004; Radtke and Bolstad, 2001; Takeda et al., 2005; 

Urano and Omasa, 2003; Van der Zande et al., 2006), not being so abundant the work done on 

agricultural tree crops.  

(a) 

 

(b) 

 

Figure 20. (a) Aerial LiDAR detection of a coniferous species. (b) Terrestrial LiDAR detection of a coniferous species. All 
from Moskal, et al., 2009. 

When TLS is synchronized with their spatial coordinates obtained by geo-referencing 

systems (e.g., GPS), it is possible to map different interest parameters: canopy volumes, LAI, crop 

foliage density, 3-D crop model, etc. This will contribute to the expansion of the use for 

characterization of vegetation in many agricultural practices, being the application of pesticides 

one of which more advances and improvements may incorporate (Gil, et al., 2014). 

With the aim of organizing the different studies carried out for tree canopy structure 

detection by a LiDAR, the following study groups were created depending on the type of LiDAR 

used, characterization methodology of the tree rows, and finally by its implementation in a 

variable-rate sprayer:  

1)  studies in which 3-D LiDAR was employed;  

2) studies in which 2-D LiDAR was employed for volume estimation of one-side of the 

trees;  

3) studies in which 2-D LiDAR was employed for volume estimation considering both sides 

of the trees; and  

4) variable-rate sprayer developed with the integration of LiDAR technology.  

4.2.2.1.1 3-D TLS  

Forests are normally inaccessible areas for vehicles and also for people, unlike in agricultural 

crops. This differentiation is what determines the type of sensors that can be used for each 

scenario, explaining why the 3-D TLS are mainly used in forestry. The main advantage of using 
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these sensors is that they provide a 3-D point cloud of the measured object, creating highly 

complex representations of the tree structure which have been needed for decades, being 

unattainable without immensely labor intense field work. However, the high cost of these 

instruments limits their use (Béland et al., 2014b). 

The obtained 3-D point could data can be used to segment the canopy into small volumes 

(e.g., voxels), while the intensity of the reflected LiDAR pulse can be used to discriminate those 

signals belonging to wood from foliage material. This differentiation would only be possible if 

there is a significant difference in reflectivity between the wood and foliage material at the laser 

wavelength (Béland, et al., 2014a). 

In order to segment the canopy or define the voxel dimension, Béland, et al., 2014a said 

that one of the main issues to be addressed was to set the optimal voxel dimensions (Figure 21) as 

it can significantly influence the leaf area estimation. It should be small enough to correctly 

identify the occluded areas; large enough to satisfy the assumptions of random distribution of 

small scatters; and appropriate to pinpoint the location of those volumes within the canopy which 

were insufficiently sampled by the LiDAR instrument to derive reliable statistics (occlusion effects). 

(a) 

 

(b) 

 

(c) 

 

Figure 21. LiDAR footprint size (in gray) vs leaf size. Footprint (a) smaller than the leaf, falling within the leaf area, (b) 
falling outside the leaf area, and (c) significantly larger than the leaf. All from Béland, et al., 2014a. 

Commonly, 3-D TLS are mounted on a conventional tripod, as was the case for crown 

volume estimation by Fernández-Sarría et al., 2013, or on mobile vehicles as Zhong et al., 2013. 

But in some cases, it is replaced by a platform with a downward-viewing to provide lowest point 

observations of the trees. An example of these configurations was performed by Moorthy et al., 

2011 for the olive tree characterization, by mounting an Intelligent Laser Ranging and Imaging 

System (ILRIS-3-D) with a horizontal perspective on a platform at 12 m above the ground (see 

Figure 22). Thereby, with a similar viewpoint as the ALS, a higher number of laser pulse echoes 

were provided, being its point’s density three or four orders of magnitude higher.  

In this study, tree height, crown width / height and crown volume was accurately extracted 

by the development and testing of a slicing-based algorithm. Cross-validation between the 

horizontal and platform perspectives showed consistent retrievals, with determination coefficients 

(R2) of 0.97, 0.96, 0.86, and 0.99 for tree height, crown width, crown height and crown volume 

respectively.  
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(a) 

 

(b) 

 

Figure 22. Point cloud of an olive tree from by mounting the 3-D TLS on: (a) a tripod-mounted perspective and (b) a 
platform at 12 m above the ground. All from Moorthy, et al., 2011. 

Although it was said that this technology hardly has been applied in agricultural 

environments, due to its small canopies, Hosoi et al., 2011; Hosoi and Omasa, 2006 demonstrated 

its possibilities. In these cases different 3-D TLS (TDS-130L 3-D laser scanner; Pulstec Industrial Co., 

Ltd., Japan) positions were used, instead of recording the data by the use of 3-D TLS from one 

fixed point. 

They demonstrated that by a 3-D TLS the vertical LAD and LAI profile of small individual 

trees can be measured accurately based on the Voxel-based Canopy Profiling (VCP) method. The 

VCP method consisted on collecting sufficient amounts of evenly distributed data on each 

horizontal layer throughout the canopy by using optimally inclined laser beams and by taking 

measurements from symmetrical azimuthal measurement points. The data were converted into a 

voxel-based 3-D model which reproduced each tree precisely, including within the canopy. The 

advantages of this method were: LAD and LAI computations were based on the intercepted and 

unobstructed laser beams; voxel-based 3-D array allowed easy extraction of any sites required for 

computation by retrieving the voxel coordinates; overlapping points in the registered 3-D TLS data 

were represented as a single voxel, avoiding overestimation of LAD; and voxelized LiDAR data 

could be treated as a 3-D image for removing nonphotosynthetict issues. 

With the purpose of obtaining the structural information of tomato plants at leaf scale, 

instead of LAD and LAI estimation, Hosoi, et al., 2011 used the 3-D TLS at three different 

measurement positions (see Figure 23a and b). For this case an iterative closest-point (ICP) was 

used, which initially estimated the corresponding points between two of the three 3-D TLS data 

sets measured from different positions. Based on the corresponding points, the data are co-

registered through a rigid-body transformation, iteratively refined later by alternately choosing 

corresponding points in the 3-D TLS data and finding the best translation and rotation matrices 

that minimize an error metric based on the distance between them. Then, points corresponding to 

leaves were manually extracted and converted into polygon leaf images (Figure 23c). From the 

polygon images, leaf areas were accurately estimated. Moreover, it was proven that other detailed 

canopy information, i.e., LAD, LAI, leaf inclination angle, could be estimated from the produced 3-

D canopy image. 
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(a) 

 

(b) 

 

(c) 

 

Figure 23. (a) Photograph of tomato scanned. (b) Schematic view of the tomato canopy measurement by the 3-D TLS 
from each of the measurement positions of 1 to 3. (c). A 3-D point cloud image of tomato canopy obtained by the 3-D 
TLS and an example of polygon leaf images. All from Hosoi, et al., 2011. 

Focused on other tree crops, such as Vitis vinifera (common grape vine), Keightley and 

Bawden, 2010 studied the accuracy of wood volume derived from a 3-D TLS (ILRIS 3-D), comparing 

with analog measurements by water displacement techniques. A set of ten laser scan datasets 

were indoor collected for each vine from which volume was calculated using combinations of two, 

three, four, six and ten scans. The standard error was dropping rapidly as additional scans were 

added to the volume calculation process and stabilized at the four-view geometry. Measures by 3-

D TLS and by water displacement have shown a close correlation with biomass modeled by a 

simple linear equation. 

4.2.2.1.2 2-D TLS: One-Side of the Tree-Row 

2-D TLS performs two-dimensional scans, in order to obtain the third dimension, LiDAR 

should be moved in a direction perpendicular to the scanning plane. If a 2-D TLS is attached to an 

agricultural mobile vehicle, its 2-D scans can be interpreted as the 3-D silhouette of the trees of 

the grove and used to estimate their volume (Palleja et al., 2010). Although 2-D TLS systems are 

normally simpler and cheaper than 3-D TLS, they have a lower accuracy, and it can be laborious to 

properly control the movement of the LIDAR when collecting the data (Gil, et al., 2014). 

This section will address various experiments that have been carried out for volume 

estimation of one-side of orchard trees. By joining the scans of both sides of the trees, the 

complete volume can be obtained, but this operation is unnecessary for real-time application such 

as the optimization of the application dose of pesticides applied side by side. Also, Auat-Cheein et 

al., 2015 demonstrated the lack of need to cover all alley-ways for an accurate modeling of the 

orchard, thus saving valuable resources. 

So far, only ultrasonic sensors have been extensively used for tree volume estimation (Giles 

et al., 1988; Jeon et al., 2011; Maghsoudi et al., 2015; Schumann and Zaman, 2005; Zaman and 

Salyani, 2004). This sensor has the advantage of being simple to use and low cost; but, due to its 

divergence angle, its error increases when the distance measured increases. In addition, the 

ambient temperature, humidity and tractor ground speed can affect their accuracy (Zaman et al., 

2007). On the other hand, LiDAR, which is more expensive, has the principal advantages of a 
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higher accuracy, not being affected as much by weather and field environment as the ultrasonic 

sensors. Also, the scanning mode, rather than the single point measurement when using ultrasonic 

sensors, provides more information in a short period of time (Llorens et al., 2011a; Tumbo et al., 

2002).  

When compared with other types of sensors (as radar, light sensors, stereovision, ultrasonic 

and photographic methods) the main disadvantages of using a 2-D TLS for the geometrical 

characterization of tree crops lies in the sensitivity of the system to some particular error sources, 

which will be explained later (Rosell-Polo and Sanz, 2012). 

Tree volume estimation could be obtained by the integration of the surface defined by the 

points of the scan and the separation between scans. Different analytical procedures can be used 

for compute the scan area from LiDAR raw data (see Table 2).  

Table 2. Different methods used for compute the LiDAR scan area. Adapted from Palacin et al., 2008. 

Scan area method Description and studies Case example 

Cartesian Surface (XYS) 

Adding the polygons created by the height difference of 
the contact points and the distance to the center of the 
trees. 

Palacin et al., 2007; Rivero and Feito, 2000  

Cylindrical surface (CS) 

As the cylindrical projection originated by the contact 
points. 

Rivero and Feito, 2000 
 

Diameter covered by the 
laser beam (DL) 

Similar to CS but only the shadow originated by the 
contact points is computed (requires a laser beam 
model). 

Hosoi and Omasa, 2006; Hosoi and Omasa, 2007; Hosoi 
and Omasa, 2009; Rivero and Feito, 2000 

 

Laser line (LL) 
Similar to DL but considering a laser beam with fixed 
amplitude. 

 

Cartesian projection (XYP) 
Adding the distance from the contact points to the center 
of the trees.  

 

For the purpose of selecting the best method, Palacin, et al., 2008; Palleja, et al., 2010 

reached different conclusions. They had in common that the correlation obtained between the 

computed volume and the foliage surface was high for all methods, but whereas for Palacin, et al., 

2008 the highest correlation was obtained by the XYP method, for Palleja, et al., 2010 was by the 

XYS method. 

Showing preference by the use of XYS method, different tree volume studies have been 

performed, listed below their main results: 
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Table 3. Correlation and error of LiDAR used for tree volume estimation by XYS Method.  

Reference Sensors used Crop used 
Volume estimation 
Correlation / Error 

Arnó et al., 2013 
LMS-200 (SICK AG, 
Waldkirch, Germany) 

Grapevines R
2
=0.81  

Lee and Ehsani, 2008 
LMS-200 (SICK AG, 
Waldkirch, Germany); 
IMU; GPS 

Citrus trees RMSE = -13.994 ± 0.998 % 

Chen, 2010 
LMS-291 (SICK AG, 
Waldkirch, Germany) 

Wooden block (artificial 
target)  

R
2
=0.985675 

Palacin, et al., 2007 
LMS-200 (SICK AG, 
Waldkirch, Germany); 
GPS 

Pear trees R
2
 = 0.81; RMSE= 6% 

WEI and Salyani, 2004; Wei 
and Salyani, 2005 

AR400-LIR (Acuity 
Research Inc, Sydeny, 
Australia) 

Citrus trees R
2
= 0.96; RMSE = 6.1% 

Llorens, et al., 2011a 
LMS-200 (SICK AG, 
Waldkirch, Germany) 

Grapevines R
2
=0.409 

An alternative for tree volume estimation was to assess the so-called pixelated leaf wall area 

(PLWA), particularly when pesticides are applied to fruit orchards, adapting the dose rates 

according to the vegetation characteristics.  

Thereby, del-Moral-Martínez et al., 2015 used a 2-D TLS (LMS-200, SICK AG, Waldkirch, 

Germany) for estimating the PLWA, in which a vertical projected area (or pixel), was assigned to 

each intercepted point at the canopy level to finally estimate the leaf wall area by adding up the 

individual pixels. Results have shown a high correlation values (R2) between LAI and PLWA of 

0.624, 0.965 and 0.995 for left PLWA, right PLWA and total PLWA.  

Normally, it is supposed that the spatial LiDAR’s trajectory is within a parallel line to an ideal 

flat ground and a plane defined by the center of the trees. Nevertheless, different error sources 

need to be considered when actual measurements are performed (see Figure 24), as they could 

influence greatly the volume estimation. Table 4 summarizes the results obtained by Palleja, et al., 

2010 for each error source.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 24. Different trajectory error sources: (a) correct scan procedure; (b) angular error; (c) distance error; and (d) 
height error. All from Palleja, et al., 2010. 
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Table 4. Different LiDAR error sources and its effect in the estimation of the tree volume. Modified from Palleja, et al., 
2010. 

Error source Measured Error Volume Estimation Error 

Speed 1% 1% 

Angle orientation of the LiDAR (see Figure 24b) 
2˚ -30% 

-2˚ 43% 

LiDAR Height (see Figure 24d) 
Positive <3.5% 

Negative Up to 10% 

Relative distance to the tree-row (see Figure 24c) 10,20 and 50 mm 5,10 and 30% 

LiDAR Height (see Figure 24d) 
Positive <3.5% 

Negative Up to 10% 

From the values shown in Table 4 it is possible to conclude that the most important errors 

to consider when tree volume is estimated by a 2-D TLS are: (1) the position estimation of the 

center of the trees, and (2) the estimation of the instantaneous orientation angle of the LIDAR. 

Thereby, deviations of the volume estimation could be generated by factors such as the roughness 

of the ground, pressure of the wheels of the carrying machine, as well as another tractor 

dynamics. Therefore and considering the suggestion by Palleja, et al., 2010, the processing of the 

sequence of scans obtained during a measurement procedure must include the 3-D location and 

orientation of the LiDAR for precise interpretation and additional georeference. 

4.2.2.1.3 2-D TLS: Both Sides of the Tree-Row 

This third group will cover those works which, having also used a tractor-mounted 2-D TLS 

system as in the previous section “2-D TLS: One-Side of the Tree”, the data acquired from both 

sides of the tree rows were registered into a single system of coordinates. 

In order to fully scan a tree row, it is necessary to scan both sides of the row and unify both 

point clouds into a single coordinate system. By the application of appropriate algorithms, these 

point clouds registered separately at each tree side can be used to digitally reconstruct and 

describe the structure of trees with high levels of precision. Thereby, the resulting 3-D point cloud 

could be highly useful in the precise application of plant protection products (PPP) (Gil, et al., 

2014).  

Different studies have been conducted for canopy characterization by identifying the 

correct and precise procedure to join the LiDAR measurements from the left and right side of the 

tree. This process required a synchronization between right and left LiDAR point clouds, which was 

addressed by the development of various proposed methodologies.  

A large number of studies have been led by researchers from the Polytechnic University of 

Catalonia and at the University of Lerida, some of them under the framework of the Research 

Group in AgroICT & Precision Agriculture (GRAP), with more than 10 years of research experience 

on the subject. Thereby, the following literature review will be focused on some of their most 

relevant studies by applying a 2-D TLS (LMS-200, SICK AG, Waldkirch, Germany) mounted on a 

tractor, which traveled at a speed from 1 to 2 km h-1 (see Figure 25).  
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(a) 

 

(b) 

 

Figure 25. (a) LIDAR 3-D Dynamic Measurement System. From Sanz et al., 2013. The LiDAR sensor and GPS receiver 
installed on the tractor for canopy measurements. From Llorens, et al., 2011b. 

At each corresponding LiDAR position a slice counter of the plant was obtained, determining 

its advance coordinate by the time between slices and from the forward tractor travel speed 

(determined by GPS measurements). Thereby, an independent point cloud in Cartesian values was 

produced, with its own origin coordinate, of the plant intersection for each side (right and left). 

In order to build 3-D models of plants in a single coordinate system, points obtained from 

one of the measured sides had to be transferred to the coordinate system of the other one. For 

this purpose, some known objects (wooden structures with flat surfaces) were placed for 

reference at the exact points where measurements began and ended (see Figure 26).  

(a) 

 

(b) 

 

(c) 

 

Figure 26. (a) Point cloud corresponding to LIDAR measurements of a crop from the left side, and (b) from the right 
side. (c) Superposition of the two clouds of points in a single system of coordinates. Red points represent the wooden 
references. All from Rosell-Polo et al., 2009a. 

This integration process was carried out by the use of an automated procedure followed by 

a manual fine adjustment of the left-hand point cloud (see Figure 27), for correcting human and 

environmental factors, such as: vertical LiDAR position and level; setting the reference planes; and 

speed and trajectory of the tractor, explained in Figure 28. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 27. Manual fine adjustment process, representing the point clouds corresponding to the left and right sides and 
the results of its visual confluence by red, green and yellow respectively. (a) Initial point. (b) Point cloud after y axis 
rotation. (c) Point cloud after displacement on the z axis. (d) Point cloud after displacement on the x axis. All from 
Rosell-Polo, et al., 2009a. 

 

Figure 28. LiDAR synchronization methodology used by Polytechnic University of Catalunya and University of Lerida. 

As it has been done in previous sections, Table 5 summarizes the results obtained by some 

of the most relevant studies conducted within these two universities (Polytechnic University of 

Catalonia and at the University of Lerida). 
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Table 5. Tree volume estimations by both sides of the trees LiDAR scanned. 

Reference Description Volume Estimation Results 

Rosell-Polo, 
et al., 2009a 

How to obtain the 3-D structure 
of pear trees in a digital format. 

Based on the intersection of two solids 
(from the points obtained from the right-
hand and left-hand side), via shadowgraph 
measurement technique (See Figure 29). 

R
2
=0.976 between manually 

measured volumes and 
LiDAR volume. 

Rosell-Polo 
et al., 2009b 

Volume estimation of tree-row 
structure in apple trees, pear 
trees and vineyards. 

Rosell-Polo, et al., 2009a 
R

2
 = 0.814 between LiDAR 

volume and the foliar area. 

Llorens, et 
al., 2011b 

Obtain a georeferenced canopy 
map of different vine varieties and 
crop stages. 

By a density map according to the 
maximum and minimum tree height (see 
Figure 30a). 

R
2
 = 0.83, between the 

impact LiDAR return and 
values of measured LAI. 

Sanz-
Cortiella, et 
al., 2011a 

Geometric characterization of 
pear trees. 

By a linear relationship between the 
number of impacts of the LiDAR sensor 
laser beam and the tree leaf surface area 
(see Figure 30b). 

R
2
 = 0.81 between the 

number LiDAR impacts and 
LAI. 

Sanz, et al., 
2013 

Geometric characterization of 
apple trees, pear trees and 
vineyards. 

Rosell-Polo, et al., 2009a 
R

2
 = 0.87, between the TRLV 

(tree row LIDAR-volume) 
and the LAD. 

Rinaldi et al., 
2013 

Characterize the canopy geometry 
of grapevine to determine BBCH 
stages. 

Sanz-Cortiella, et al., 2011a 
R

2
 = 0.802 between the 

number LiDAR impacts and 
LAI. 

Miranda-
Fuentes et 
al., 2015 

Evaluation of different manual 
canopy characterization methods 
in traditional olive trees and its 
comparison with LiDAR 
estimation. 

By applying a convex hull algorithm to the 
divided horizontal slices of the tree, 
multiplying then by the height of each 
horizontal slice (see Figure 30c). 

R
2
=0.783, 0.843 and 0.824 

for vertical projected area, 
Ellipsoid Volume and Tree 
Silhouette Volume 
respectively. 

(a1) 

 

(a2) 

 

(b1) 

 

(b2) 

 

(a3) 

 

Figure 29. (a) Side views of the solids generated by the LiDAR (a1) Solid obtained from the points generated after 
right-hand side scanning, and (a2) after left-hand side scanning. (a3) Result of the intersection (in green) of the (a1) 
and (a2) solids. (b) Solid generation results: (b1) Isometric view of the solid generated in Figure 29a3. (b2) Isometric 
view of the TRLV of a 2 m long section of vegetation. All from Sanz, et al., 2013.  
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(a)  

 

(b) 

 

(c) 

 

Figure 30. Different tree volume and density estimation process used: (a) Assignment of minimum and maximum 
height for tree map density estimation. From Llorens, et al., 2011b. (b) Photograph of the Ficus and LiDAR impacts at 
different horizontal slices (by different color). From Sanz-Cortiella, et al., 2011a. (c) Projections of the points inside the 
different slices for a height interval of 0.5 m. From Miranda-Fuentes, et al., 2015.  

As Arnó et al., 2012 demonstrated when a precise geographic positioning system is used and 

synchronized with the LiDAR sensor, obtaining georeferenced maps of canopy volume is possible 

to facilitate the subsequent zoning according to leaf surface.  

By the use of the LAI maps and unsupervised classification algorithms, different LAI zones 

could be defined at the map (see Figure 31), with the possibility of optimizing the applied pesticide 

doses according to the amount of vegetation in each area and generating benefits in product 

savings and drift reduction. 

(a) 

 

(b) 

 

(c) 

 

Figure 31. (a) Sampling points. (b) LAI raster map. (c) LAI three zone maps. From Gil, et al., 2014. 
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4.2.2.1.4 Variable–Rate Sprayer 

Once a conventional sprayer is turned on, its outflow cannot be adjusted, applying a 

constant amount of liquid regardless whether there is a target or not. In consequence, in an 

orchard or a nursery with an uneven growth stage, a significant amount of pesticide is wasted 

between trees and into open areas. This overdosing will be linked, in addition, with an increase on 

cost production and with an increase of the potential contamination risk by drift and residue in the 

fruit.  

By the use of vegetation maps, these environmental problems would be reduced by 

applying the proper dose at the desired crop place. In order to carry out a variable rate 

application, the sprayer must be updated with electronic equipment for measuring canopy 

geometry for instantaneously modification of the working parameters of the sprayer, in real-time 

case, or to develop canopy maps to be used as a decision making tool in further agronomic 

applications, in a post process way.  

Normally there are two kinds of Variable Rate Technology (VRT): (1) map based, by the 

prescription of a map generated with previous survey; and (2) sensor based, adjusting the sprayer 

by real time sensor acquisition. This second type is better suited in nurseries and orchard chemical 

applications, due to its lower price, and because it fits better with the considerable change during 

growing of these crops (Chen, 2010). 

Many of the studies that have been mentioned on previous sections (Chen et al., 2012; 

Chen et al., 2013; Escolà et al., 2013; Walklate and Cross, 2013; Walklate et al., 2002), have been 

used as bases for going further of tree volume estimation, approaching to the subject of variable-

rate application and even to developing experimental variable-rate sprayers. 

Both variable-rate sprayers developed by Escolà, et al., 2013, as by Chen, et al., 2013 (see 

Figure 32), showed great potential in their results. Results from Escolà, et al., 2013 have shown a 

strong relationship between the intended and the sprayed flow rates (R2 = 0.935) and between the 

canopy cross-sectional areas and the sprayed flow rates (R2 = 0.926). On the other hand, Chen, et 

al., 2013 showed a reduction on the ground spray losses by 68% to 92%, around tree canopies by 

70% to 92%, airborne spray drift by 70% to 100%, and the spray volume by 47% to 73%, while their 

spray deposition qualities inside canopies for these sprayers were comparable. In both cases, the 

prototypes achieved significantly closer application coefficient values to the objective than those 

obtained in conventional spraying application mode.  
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(a) 

 

(b) 

 

Figure 32. Variable-rate orchard and nursery sprayer developed by: (a) Chen, et al., 2013, and (b) Escolà, et al., 2013, 
being (1) the ultrasonic and (2) the LiDAR locations. 

Apart from using directly the LiDAR for tree volume estimation, other uses have been given 

to this sensor within sprayer applications. Osterman et al., 2014 used it for adapting an automated 

sprayer arm to the tree canopy, as well as Gil et al., 2013; Gregorio et al., 2015; Gregorio et al., 

2014 for measuring the spray drift. This new technique could be used as an alternative to the 

conventional passive collectors, with whom a high coefficient of determination has been obtained. 

4.2.2.2 Tree Stem Detection 

Juvenile trees are propagated in a tree nursery and grown to usable size before transfer to a 

permanent orchard site. Similar to other agricultural crops, nursery tree production is affected by 

temperature, drought, and economic pressures on the production practices associated with labor 

requirements and pest control needs. Most of the nursery operations remain highly labor 

intensive and utilize minimal automation of mechanized practices. Although some processes have 

been mechanized and automated, many others have not. According to estimates based on 

Yashwantrao, 2014, manpower accounts for 70 percent of the production costs of a horticultural 

nursery.  

In nearly all tree nurseries, seedlings are grafted in the spring, pruned and grown during the 

summer and fall and excavated the following winter for bare–root sale. To efficiently market these 

trees, the nursery must have a precise count of the number and size distribution of each cultivar. A 

sampling method is used by many nurseries when conducting inventories and the total number of 

trees in the field is estimated by counting a selected number of rows. An error that occurs during 

counting might cause serious marketing problems if the number of estimated trees in the sample 

is not close to the actual number of trees available in the nursery. Some nurseries count each tree 

in the field, which results in a labor–intensive operation (Delwiche and Vorhees, 2003). With this 

method, an evaluation of the feasibility of the automation of these nursery tasks compared to the 

efficiency of manual labor would be beneficial for determining if automation might lead to a lower 

cost for the nursery, which would significantly benefit the industry. 

Specialty crop producers are beginning to experience significant progress in automating 

tasks that had previously been the exclusive domain of major crops, such as wheat, soy, and rice. 
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Nearly 30 years ago, Maw et al., 1986 developed a photoelectric transducer for counting seedlings 

in containerized nursery operations. For the development of this study, they used a photo–

interrupt sensor with a near–infrared (NIR) emitter and a phototransistor detector mounted in a 

stationary comb through which the trays were conveyed. The results indicated were an accuracy 

of 98% and an imprecision of 3% with a speed of 40 plants per second. Today, vehicles are capable 

of driving autonomously along rows of fruit and nursery trees while incorporating a variety of 

sensors that increase management efficiency (Hamner, et al., 2010). 

Kranzler, 1988 developed an optoelectronic tree seedling counter for use in forestry 

nurseries with similar systems. The system was composed of a light-barrier with multiple NIR 

light–emitting diodes (LED) on one side of the seedlings for illumination and a linear array of 

photodiodes on the other side for detection. In this way, a tree was counted as long as all of the 

detectors were blocked. An optical encoder for measuring linear displacement was coupled to a 

small tractor wheel where the sensor system was mounted. The results showed a count error with 

pine seedlings ranging from 4% to 58% depending on the sensor settings and diameter 

measurement error with wooden dowels ranging from 2.5% to 40.6%. Problems caused by needle 

formation and irregular stem structure limited the field measurement of diameter to counts within 

size categories.  

Delwiche and Vorhees, 2003 developed an optoelectronic system to count and size fruit and 

nut trees in commercial nurseries. For this purpose, an optical sensor was designed using a high–

power infrared laser for illumination (see Figure 33). Similar to the study of Kranzler, 1988, a rotary 

encoder was used and was coupled to one of the wheels of the cart for displacement 

measurements. The signal processing was based on the comparison of the recorded signal with 

the background threshold; when the background threshold was exceeded, it corresponded to a 

tree trunk entering the field of view. Calibration tests showed that the system could measure the 

trunk diameter to 1.9 mm (3 times the standard error of prediction) with a sensor placed 15 to 23 

cm from the tree line. Leaves, low–level suckers, and weeds were observed as causing inaccurate 

counting and sizing. 

 

Figure 33. Functional diagram of the optical sensor for detecting tree trunks. From Delwiche and Vorhees, 2003. 

LiDAR was used as an optical sensor in a study by Kise et al., 2009, who developed a 

targeted spray system for cutworm control in grapes that hit only the targeted trunk or posts. The 

system consisted of a LiDAR sensor system (URG‐04X, Hokuyo Automatic Co., Osaka, Japan) for 
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target recognition and a single‐nozzle sprayer system, all of which were built on a small electric 

utility vehicle platform equipped with automated speed control and steering. The results showed 

trunk detection greater than 96% at operational speeds of up to 1.1 m s‐1. 

Kang et al., 2011 adapted the concepts used by Kise, et al., 2009 in their targeted sprayer 

system to a low‐cost, commercially available spray trailer. The automated trailer‐based sprayer 

system consisted of a LiDAR‐based trunk detection system (UBG‐40LX‐F01, Hokuyo Automatic Co., 

Osaka, Japan) and multi-nozzle sprayer controller installed on a modified trailer sprayer with both 

sides equipped to spray grape trunks in adjacent vineyard rows. When the LiDAR sensor 

completed one full scan, the raw data, including the distance and measurement angle, were 

obtained and conveyed to the trunk’s labeling and filtering function, which extracted the trunk 

information from the raw data. The labeling function evaluated each point's connectivity to 

adjacent points based on a fixed distance and determined the presence of an object (trunk or 

post). The tests showed that the LiDAR-based target recognition system could detect trunks and 

posts at all of the tested travel speeds. However, the detected trunk radius decreased linearly with 

increasing speed. 

Following the same line of work one year later, Kang et al., 2012 developed a sucker 

detection system to trigger a targeted spray application for vine-specific sucker control in grape 

vineyards. The sucker detection system consisted of the same LiDAR sensor used above for vine 

detection and a color camera for imaging the suckers (see Figure 34a). Due to the specific layout of 

the vineyards, distances smaller than 1.3 m were considered for extracting the trunk geometry 

(see Figure 34b). The results from field tests showed that the developed system could identify 

more than 97% of the suckers at three travel speeds, from 1.6 to 3.2 km h-1. The average accuracy 

of the sucker dimension measurement ranged from 83% to 88%. The root mean square error 

(RMSE) of the relative position of suckers to the corresponding trunk varied from 13 to 29 mm. 

(a) 

 

(b) 

 

Figure 34. (a) Sucker detection system on an over-the-row frame. (b) Geometry of trunk extraction and position 
prediction. The black triangle indicates the position of the LiDAR, being x and y axis the LiDAR facing and travel 
direction respectively. The size (φT) of the trunk was obtained based on the distances (R1 and R2) and measurement 
angles (θ1 and θ2). The midpoint (xT, yT) was assumed to be the position of the trunk. All from Kang, et al., 2012. 
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Leaving aside the tests conducted in nurseries and vineyards, Jaeger-Hansen et al., 2012 

studied the application of a LiDAR (LMS-111, SICK AG, Waldkirch, Germany) with GNSS positioning 

(Trimble AgGPS-542 RTK-GNSS receiver) for estimating grapefruit tree positions while driving along 

the rows (see Figure 35a). Tree positions were estimated using an ellipse fitting (Direct Least 

Square Ellipse Fitting (DLS)) on point clouds after histogram evaluation of the tree borders (see 

Figure 35b), obtaining an average center point estimation of 0.2 m and 0.35 m in the long track 

direction and across track direction respectively. 

Within a more complex work environment, Wellington et al., 2012 studied an accurate tree 

count both when tree boundaries were visible and when the tree canopies blend together by the 

use of a LiDAR sensor (LMS-111, SICK AG, Waldkirch, Germany) that scans perpendicular to truck 

motion. For the first purpose, a 3-D map of the trees was created by fusing LiDAR and GPS data 

(see Figure 35c). 

(a) 

 

(b) 

 

(c) 

 

Figure 35. (a) Tractor and sensors used for estimation of grapefruit tree positions. From Jaeger-Hansen, et al., 2012. 
(b) Estimated ellipses and borders in the LiDAR data. From Jaeger-Hansen, et al., 2012. (c)Data collection truck with 
LiDAR and GPS mounted on a pole connected to the hitch. From Wellington, et al., 2012. 

For tree counting, Wellington, et al., 2012 used a probabilistic formulation (Hidden Markov 

Model (HMM) of three states: tree, boundary or gap), to combine tree LiDAR data with prior 

distributions for different state durations (Hidden Semi-Markov Model (HSMM)) to generate a 

map of tree locations and size estimates (see Figure 36). Thus, tree state was related with LiDAR 

data above the ground, while gap state was related with LiDAR data near the ground, and 

boundary state with a large height difference. The overall tree counts of the automated system 

were within 1% of the hand counts. 
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(a) 

 

(b) 

 

Figure 36. Input sensor data probabilities and HSMM detected trees and tree gaps compared with ground truth 
labeled trees for (a) Individual trees visible with a little effect by the expected tree spacing from the prior distribution, 
and (b) continuous wall of trees being dominant the expected tree spacing from the prior distribution, as the sensor 
data provides very little information. All from Wellington, et al., 2012. 

4.2.2.3 Author Synthesis 

Regarding the tree crop characterization literature review, the main conclusions obtained by 

the author are listed below: 

1. painstaking handwork required for estimation of the actual tree volume, hindering the 

work of the researcher; 

2. high dependence of the use of external reference objects for 3-D point cloud 

reconstruction, which difficulty the testing and complicates the post-processing of the 

data; and 

3. the requirement of correcting properly the oscillations of the LiDAR during the 

experiments, as well as a more accurate localization system in order to expand the 

possible applications of the LiDAR in agriculture, allowing an precise reconstruction of the 

point cloud. 
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4.2.3 Crop Characterization 

Agricultural information about crop parameters like volume, height, density, phenotyping 

and location can support the optimization of production processes. In small sized crops, it was 

expected a reduced measuring accuracy by the use of low cost LiDAR sensors due to resolution 

problems (cross-section area of the beam). Different studies have been shown that the accuracy 

was reduced, but the successful use of this sensor under field conditions have demonstrated the 

potential to meet the demands for agricultural applications (Ehlert, et al., 2009b). 

This literature review intended to give a broad overview of the different studies that have 

been conducted by the use of a LiDAR sensor, being divided according to the crop parameter 

evaluated: Biomass density, Phenotyping, and detection and localization. 

4.2.3.1 Biomass Density 

Most research has found that the productivity and efficiency of a mechanized harvesting 

system is affected by a number of factors such as crop stand characteristics, terrain variables, 

operator skill, and machinery limitations (Alam et al., 2012).  

Parameters such as crop height, leaf cover, and biomass density are relevant for the 

assessment of crop stands (e.g. crop yields; site-specific amount of fertilizers and pesticides...). In 

addition, during harvesting, process parameters on combine (e.g. ground speed or the rotation 

speed of functional units) can be adapted to crop conditions as amount of biomass entering the 

straw elevator (Ehlert, et al., 2010a). 

By the use of optical remote sensing it is possible to optimize the use of current harvesting 

systems and assist the selection of more cost-effective harvesting machinery. According to Gray, 

2002, five criteria should be taken into account when selecting an optical sensor for use in an 

agricultural environment: weather and dust resistance, robustness against varying lighting 

conditions, sufficient measurement range, short response time, and cost. When all five criteria are 

taken into account, LiDAR appear to be the most promising optical sensor technology for crop 

density measurement. 

Under this approach, Ehlert conducted various studies (Ehlert et al., 2009a; Ehlert, et al., 

2010a; Ehlert et al., 2010b) for measuring the crop biomass by the use of different LiDAR sensors 

LiDAR (ibeo-ALASCA XT, Automobile Sensor GmbH, Hamburg, Germany & ACUITY AccuRange 

4000-LIR, Schmitt Measurement Systems, Inc., USA). 

For these tests, LiDAR sensor was installed on an agricultural vehicle for measuring the 

relationship between estimated LiDAR height of different crops (oilseed rape, winter rye, winter 

wheat, grassland and maize (see Figure 37a)) and biomass density. The height crop measured by 

the LiDAR depended directly on the actual LiDAR height (see Figure 37b). Therefore, a specific 

height guiding device (see Figure 37c) was developed and used in the tests to keep the sensor at a 

constant height above the ground. This approach was also employed by Chatzinikos et al., 2013. 

For all experiments a high correlation between crop biomass and mean crop heights (R2 from 0.79 

to 0.99) was achieved. The results also showed that the ground speed of the vehicle was not 
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influencing the LiDAR's readings, while its inclination angle significantly affected it: apparently, the 

more parallel to the ground, the higher heights of the crop. 

(a) 

 

(b) 

 

(c) 

 

Figure 37. (a) Modelled crop stand from maize. From Ehlert, et al., 2010a. (b) Calculation of the height of reflection 
point (hR) depending on sensor height (hS), reflection distance (lR) and sensor inclination angle ϕ. From Ehlert, et al., 
2009a. (c) Height-guiding device with LiDAR mounted on a tool carrier. From Ehlert, et al., 2009a.  

Based on the conclusions obtained by Ehlert, Zhang and Grift, 2012 focused their research 

work on evaluating the inclination angle influence on the LiDAR (LMS-291 SICK AG, Waldkirch, 

Germany) readings when measuring the height of Miscanthus giganteus, in static and dynamic 

mode. The purpose of this study was to improve the measurement accuracy in both modes by 

developing an inclination correction algorithm that adjusted the datasets such that ground-related 

data points became horizontal (see Figure 38). 

(a) 

 

(b) 

 

Figure 38. Dataset (a) before and (b) after inclination correction algorithm. All from Zhang and Grift, 2012.  

In both modes, inclination correction algorithm increased the accuracy of height 

measurements by 0.01 m (0.1%) at a density of 74 stems m-2 to 0.34 m (11.6%) at a density of 42 

stems m-2 for static mode; and by 0.3% (0.01 m) at 0.25 and 0.26 m s-1 to 9.8% (0.31 m) at a 

velocity of 0.24 m s-1 for dynamic mode.  

A major limitation of the dynamic proposed system lies on the travel speed, since the travel 

speed is inversely proportional to the data density per unit of traveled length. However, although 

it was evaluated the accuracy of individual stem measurement, their eventual goal was to 

estimate the averages stem height across a coverage area, needing relatively few measurements 

for giving a useful average stem height and yield estimation. 
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Through the use of a low-frequency LiDAR (LMS-200, SICK AG, Waldkirch, Germany) and a 

high-frequency LiDAR (LMS-400, SICK AG, Waldkirch, Germany), which differed in their scanning 

rate and resolution, Saeys et al., 2009 studied this data density limitation and its relation to their 

usefulness for the measurement of grain stand density and crop volume (see Figure 39).  

(a) 

 

(b) 

 

(c) 

 

Figure 39. (a) Mounting of the LiDAR on the combine harvester. (b & c) Three-dimensional laser scans of the crop 

projected on a plane perpendicular to the driving direction for different crop densities: (b) 50ears m
-2

, and (c) 400 ears 

m
-2

. All from Saeys, et al., 2009. 

Crop density was estimated in two ways: by bulk parameter extraction (ratio between the 

crop peak and the ground peak in the histogram) and by field reconstruction (between the ground 

profile and the crop profile using thin plate spline fitting through the ground level and ear level 

points). 

Results showed a good crop density correlation (R2 values ranged from 0.81 to 0.96) by the 

use of bulk parameter extraction from both sensors, being better the results showed for high-

frequency LiDAR than for low-frequency LiDAR. On the other hand, field reconstruction also gave a 

good correlation (R2 values from 0.65 to 0.93) for the high-frequency LiDAR, not working well for 

the low-frequency LiDAR due to its larger laser spot and its insufficient resolution.  

Hosoi and Omasa, 2009, applied the knowledge acquired during their experiments on tree 

crop characterization by the estimation of the vertical plant area density (PAD) profiles of a crop 

canopy (see Figure 40) at different growth stages by the use of a 3-D TLS. Results showed a high 

relationship (R2=0.95) between directly measured and LiDAR-derived PAD, based on the VCP 

method.  

 

Figure 40. A 3-D image of wheat canopy measured by a 3-D TLS. From Hosoi and Omasa, 2009. 
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4.2.3.2 Phenotyping 

The systematic study of plants at their physical environment with a high temporal resolution 

can give valuable information about the growth of the plants under varying environmental 

conditions. In order to achieve that it is necessary to develop non-destructive measuring 

methodologies of plant growth. These methodologies should automate the process of plant 

phenotyping in order to assess complex plant traits. The plant responses to stress have proven to 

be strongly related with the 3-D plant structure (Omasa, et al., 2007). Plant canopy structure is 

affecting many biological plant processes like growth, evapotranspiration, and photosynthesis (Li 

et al., 2002). Consequently, plant phenotyping by using sensor-based 3-D plant structure can give 

valuable information about the plant development and the interaction of the plant genotype with 

the environment (Kjaer and Ottosen, 2015). 

An example of a high temporal resolution was performed by Kjaer and Ottosen, 2015 for 

tracking the daily changes in plant growth by a 3-D TLS (PlantEye, Phenospex B.V., Herleen, The 

Netherlands) (see Figure 41a). From each 3-D point cloud, plant height, projected leaf area and 3-

D leaf area were calculated. Plant height was obtained by considering from the point cloud’s 

histograms the points between the 80 to 90% percentiles (see Figure 41b1). The projected leaf 

area was calculated based on the segmented leaf area in relation to the subfield area; whereas the 

3-D leaf area was computed by considering the distances in 3-D taking the steepness of the leaf 

angles into account (see Figure 41b3).  

The experiment results had shown a high correlation (R2 from 0.86 to 0.97) between the 

scanning parameters (height, 3-D leaf area and projected leaf area) and destructive growth 

parameters (LAI, fresh weight, dry weight, leaf number, and leaf area).  

(a) 

 

(b1) 

 

(b2) 

 

(b3) 

 

Figure 41. The boom system in its starting position with the 3-D TLS mounted. (b1) Histogram showing the number of 
points at different distances to the scanner; (b2) the raw 3-D point cloud of two rapeseed plants and (b3) the 
segmented 3-D point cloud. All from Kjaer and Ottosen, 2015. 

Another way to do a high temporal resolution, but by the use of a 2-D TLS, instead of a 3-D 

TLS was performed by Paulus et al., 2014. This technique relied on mounting the 2-D TLS 

(ScanWorks V5, Perceptron, Hexagon Metrology Inc., Plymouth MI, USA) on an articulated 
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measuring arm, allowing the scanning from multiple positions, and the obtaining of precise and 

high-resolved 3-D spatial data of single barley plants (see Figure 42a).  

For analyzing the growth of the barley plant the development of the number and size of the 

plant organs was quantified, being separated the leaf and stem points manually, and of the whole 

plant over the course of time. Thereby, when LiDAR measurements were compared with the 

manually obtained parameters a high correlation values was obtained (R2 from 0.85 to 0.97) for 

leaf area, stem height, plant height and plant width. 

 (a) 

 

(b) 

 

Figure 42. (a) LiDAR coupled to an articulated measuring arm that allowed the position of the LiDAR to be turned at 
seven degrees of freedom. (b) 3-D LiDAR model of a complete Barley. All from Paulus, et al., 2014. 

In most cases, as shown in the above studies, the determination of plant parameters was 

based on the use of only one type of sensor and few parameters obtained from sensor data. In 

order to determinate accuracy more complex parameters, as phenotypic measurements the 

concept of sensor and data fusion has been suggested. However, multi-sensor platforms to 

measure multiple traits and the use of sensor fusion to determine complex traits are still lacking 

for small grain cereals. 

This was the starting point for Busemeyer et al., 2013, who developed a multi-sensor 

phenotyping platform for small grain cereals (see Figure 43). Between the sensors used to perform 

spectral and morphological crop acquisition, in addition to a light curtain, 3-D TOF cameras, 

hyperspectral imaging, and color imaging, two 2-D-TLS sensors were used (ODSL 96K/V66-0-S12, 

Leuze Electronic and OADM, Banner). 

(a) 

 

(b) 

 

Figure 43. (a) Sensor platform during outdoor measurements in the field. (b) Sensor platform form rear view and 
mounting layout of the used sensors. From Busemeyer, et al., 2013. 
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Within this data fusion, LiDAR data were used to extract information on: (1) plant height, by 

difference between the average of the 3% maximum and average of the 3% minimum distance 

monitored by LD1 (see Figure 44b); (2) penetration-depth as the difference between the average 

of all values and the average of the 3% minimum distances of the LiDAR distance sensor measuring 

from top by LD1; and (3) penetration-depth from the side as average of the values measured with 

the LiDAR distance sensor from the side by LD2. 

Results showed a high repeatability of all data processing results of the LiDAR sensors (R2 > 

0.83 for height; R2>0.77 for penetration-depth from top; and R2 >0.61 for penetration-depth from 

side). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 44. Information gathered per plot for (a) light curtains, (b) LiDAR distance sensor measuring from top into the 
plant cover, (c) 3-D Time-of-Flight camera measuring from top, and (d) hyperspectral imaging from top. All from 
Busemeyer, et al., 2013. 

4.2.3.3 Detection and Localization 

Individual plant detection, as suggested by Weiss and Biber, 2011, could provide 

information regarding the navigation and localization, allowing to a dramatic improvement in 

domain of agricultural operations. The first one could be used for the robot in order to follow the 

crop row without harming the plants; while the second one could be used as natural landmarks or 

for plants mapping. 

To carry out their study, Weiss and Biber, 2011 used a low resolution 3-D LiDAR (FX6, 

Nippon Signal) mounted on a agricultural robot vehicle for depth and intensity recording, allowing 

the robot to detect in real time reliably single plants in crop rows. Their experiments, carried out 

with artificial maize plants in a laboratory and on a small maize field (see Figure 45a), shown that 

the tested plants could be reliably detected and segmented from ground. 

The proposed methodology began with the ground detection, determining the plane 

equation. This plane equation was propagated using the robot velocity and a Kalman filter for 
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ground points removal. The remaining points were clustered by the use of a statistical model 

searching for plants. For each of these clusters the probability to be a plant was calculated and 

determined and stored the positions of the cluster plants into the world coordinate system (see 

Figure 45b).  

Results have shown that the proposed algorithm worked well even if the plants grow close 

to each other. The detection rate for a plant in the simulation environment was about 99%, while 

in the indoor and outdoor experiments were about 60%–70%. 

(a) 

 

(b) 

 

Figure 45. (a) Robot sensing maize plants, and (b) point cloud and detected maize plants. All from Weiss and Biber, 
2011. 

Under the assumption that a variability in the corn plant location and within-row spacing 

has a significant correlation with grain and biomass yield, Shi et al. (Shi et al., 2013; Shi et al., 2014) 

developed a prototype sensing system for corn plant location and spacing on-the-go based on 

ground LiDAR technology. 

To carry out the plant location and spacing measurement without being affected by the 

closure of canopy (when corn plants reach V8), Shi et al., 2014 proposed a lateral LiDAR (LMS291, 

SICK AG, Waldkirch, Germany) view (see Figure 46a) of the rows for improving the previously 

developed system performance (Shi, et al., 2013). 

The vehicle used was a four-wheel golf cart, where the LiDAR was mounted for detecting 

the bottom section of the plants (see Figure 46b). Considering the proposed configuration, 

multiple corn stalks within a row would appear in the field of view of the sensor. 

(a) 

 

(b) 

 

Figure 46. (a) Improved data acquisition platform: (a) system in field tests, and (b) side view. All from Shi, et al., 2014. 
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The data processing flowchart was composed on an encoder matching reading and 

eliminating the out range of LiDAR data; an automatically recognizing potential stalk clusters in 

each scan; matching the same potential stalk clusters appeared in different scans; and finally 

obtaining the location of each identified stalk (see Figure 47). 

 

Figure 47. Stalk cluster process (a and b) shows a picture of the plants detected; (c) clustering result without screening 
out the two noise clusters (#2 and 5) marked in red; the desired clusters were marked in green (1, 3, 4, 6 and 7); (d) 
clustering result of the corresponding scenes with noise clusters being screened.. All from Shi, et al., 2014. 

As results of the study conducted, a reduction (from 24.0% to 14.0%) on the false positive 

errors was obtained by implementing a delayed decision-making strategy in the scan registration 

procedure and an optimization on the variable values. The improved system performed an 

averaged 5.5% and 11.7% mean total error in plant counting; and 1.9 cm and 2.6 cm mean RMSEs 

in plant within-row spacing measurement on the data collected. 

4.2.3.4 Author Synthesis 

Regarding crop characterization, and taking into account all mentioned above, the main 

conclusions obtained by the author were: 

1. it would be advisable to conduct an assessment of different optical sensors under the 

same condition as well as for select the more favorable orientation of the LiDAR; 

2. being normally inverse the frequency and resolution selection of a LiDAR (commonly when 

the highest frequency is selected, the highest resolution is disabled, due to a data amount 

limitation), the selection of the highest resolution at the LiDAR should be prioritized, while 

the frequency effect could be compensated by reducing the travel speed of the LiDAR’s 

mounted vehicle; and 

3. as already mentioned, it should be important to reduce the effect of oscillations on the 

LiDAR as to evaluate the use of a more accurate location system. 
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Chapter 5 

Objectives & Structure 
The main idea on which the development of this thesis lies is the successful demonstration 

of the transversal use of a LiDAR sensor in agricultural environments, particularly for ensuring the 

safety mobility of the agricultural vehicles in the field as well as their use for other tasks of great 

agronomic utility more related with tree and crop characterization. 

Thereby, and considering the above exposed (author’s motivation; thesis background; and 

author synthesis at the Literature Review) the thesis objectives could be stated as: 

 Implementation of the LiDAR to ensure safe movement of an autonomous tractor unit 

and within a multi-agent environment.  

 Evaluate different options in order to reduce the manpower demand suffered by the 

researcher when performing tree characterization and its validation through the use of 

a LiDAR. 

 Compare, under same conditions, the performance of a LiDAR sensor in contrast to 

other optical sensors for tree characterization. 

 Conduct an accurate and temporal crop characterization by the use of a LiDAR. 

Along the development of this thesis, different research works have been addressed, 

related to the safety of agricultural machines, but also on the application of LiDAR to other 

agricultural tasks. The safety objective is closely related to the design of the robotic system, and 

the final evaluation in the field. Therefore, in some cases the European RHEA project's deliverables 

about “Safety of mobile units” are referred in this thesis document (annexed at the end), 

reflecting the corresponding process. However, agricultural activities require extensive 

deployment methodology, as the development of data acquisition systems, the programming of 

routines for pre-processing and statistical treatment, the use of supervisors for checking the 

working conditions in the field, or the development of simulators that facilitate, in advance, the 

agricultural applications assessment. In this regard, Table 6 indicates the related results published 

as contributions in congresses and articles that will be developed in the following sections. 
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The results subsections (Obstacles Detection by a LiDAR; Active Optical Sensors For Tree 

Stem Detection And Classification In Nurseries; and 3-D Maize Plant Reconstruction Based on 

Georeferenced Overlapping Lidar Point Clouds) refers the most relevant research works that have 

been or are absolutely in charge by the Ph.D. student: Garrido Izard et al., 2015a; Garrido Izard et 

al., 2015b; Garrido Izard et al., 2014a. The first one includes the final test field verification of the 

RHEA project, while the second and third, which support the International Ph.D.’s mention, 

present the results of both research stays: at UC Davis (California, USA) and at Hohenheim 

University (Stuttgart, Germany). 

Table 6. European project deliverables, contributions in congresses and articles by the Ph.D. student developed in the 
different thesis’s sections . 

Chapter Titles Subsection Titles References 

Safety System Design 

Previous Steps for Design of a Safety 
System 

Barreiro Elorza et al., 2011a; Debilde et al., 2013; 
Garrido Izard et al., 2012b; Sanz et al., 2011 

Obstacle Detection by a LiDAR Garrido Izard, et al., 2015a 

LiDAR Simulation 

Materials and Methods 

Garrido Izard et al., 2012a Results and Discussion 

Conclusions 

Tree Characterization 
by a LiDAR vs. 
Alternative Optical 
Sensors 

Preliminary Trials Correa Farias et al., 2013 

Active Optical Sensors for Tree Stem 
Detection and Classification in Nurseries 

Garrido Izard et al., 2014b; Perez-Ruiz et al., 

2015;Garrido Izard, et al., 2014a.  

3-D Maize Plant 
Reconstruction Based 
on Georeferenced 
Overlapping Lidar Point 
Clouds 

Materials and Methods 

Reiser et al., 2015;Garrido Izard, et al., 2015b Results and Discussion 

Conclusions 
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Chapter 6 

Safety System Design 
Safety system design section collects all the work conducted by the author in relation with 

safety in agriculture, in particular for ground autonomous vehicles, addressed as follows:  

1. Indication of the previous steps when designing a safety system on autonomous 

agricultural vehicles by the establishment of the safety specification of agricultural 

robots based on current state of the art of safety standards and scientific knowledge, as 

well as the detail of the specific risk assessment of the RHEA GMU.  

2. Implementation of the LiDAR to ensure safe movement of the RHEA GMU.  

6.1 PREVIOUS STEPS FOR THE DESIGN OF A SAFETY SYSTEM 
Most of the documentation elaborated by the author and related with the previous steps 

when designing a safety system were included as appendixes (Appendix 1: Requirements of a 

Safety functional System; Appendix 2: Safety Adoption within RHEA’s Autonomous Mobile 

Vehicles; Appendix 3: Rhea Design Requirements / AgPL of the SRP/CS) in this thesis, in order to 

provide a more detailed document to interested readers. 

6.1.1 Requirements of a safety functional system 

In order to achieve a successful prototype of an unmanned ground vehicle for agricultural 

purposes, a number of steps should be addressed dealing with the requirements needed for the 

design of a safety system (Barreiro Elorza, et al., 2011a): 

 the typification of actual hazard levels of operated machinery in a given environment; 

 a review of the safety standards;  

 the concept of life cycle assessment in the safety of agricultural machines;  

 the assessment of risk;  

 the concept of safety-related control systems for machines;  

 hardware and software specifications;  

 the recommendations towards the elimination of systematic faults and the definition of 

safety functions; and finally 

 a review of the safety verification level when designing an agricultural machine. 
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These steps are explained in detail in “Appendix 1: Requirements of a Safety functional 

System”, where a compilation of documents is presented following the analogous process 

undergone for the RHEA GMU safety system design. 

6.1.2 Safety Adoption within RHEA’s Autonomous Mobile Vehicles 

The outcome of the previous process was the definition of the requirements of all parts 

involved in the safety system. Then, it is possible to define the guidelines of the design in the case 

of the RHEA vehicles, and to detail how to perform the risk assessment of the RHEA mobile units 

(considering only the autonomous tractor) as it is explained thoroughly at the “Appendix 2: Safety 

Adoption within RHEA’s Autonomous Mobile Vehicles”. 

Once the hazard identification list is developed as well as their required performance levels 

(PL; AgPLr), next step will be to evaluate the system design, by the calculation of the PL reached 

from the different SRP/CS. This information is compiled at the “Appendix 3: Rhea Design 

Requirements / AgPL of the SRP/CS” of this document.  

These documents should provide the guidelines for the development of the RHEA GMUs, as 

well as any autonomous agricultural robot, in order to develop a system as close as possible to 

homologation. In the same way, these documents should be used as an example by other partners 

in a consortium (manufacturing different autonomous machines) to develop their own system risk 

assessment. 

  



International Ph.D 
Miguel Garrido Izard                                                                                                      Safety System Design 

- 59 - 
 

6.2 OBSTACLE DETECTION BY A LiDAR  
As it was mentioned previously, the objective proposed by the author focuses on the 

implementation of the LiDAR to ensure safe movement of an autonomous tractor unit and within 

a multi-agent environment. 

This section presents, according with Garrido Izard, et al., 2015a, a safety system designed 

for the detection of person or objects ahead the driving lane, developed for a fleet of ground 

autonomous robots. The safety subsystem is formed by several subsystems hierarchically 

interconnected. At an Individual Unit Level the obstacles associated with a potential risk are 

detected (Obstacle Detector subsystem), activating the braking system of the robots, in a reactive 

mode, when required (Vehicle Controller subsystem). Lastly, at a Fleet Level the Mission Manager 

subsystem is in charge of avoiding possible collisions when path-planning.  

6.2.1 Material and Methods 

6.2.1.1 Safety System Network 

Safety system purpose is to prevent eventual collisions of GMUs with any obstacle, including 

humans or other GMUs, during field autonomous operation. Collision prevention at fleet level 

(Figure 48a), is conducted by the Mission Manager, making use of field mapping and GMUs 

positioning information. Mission Manager (developed by other partners in the consortium: CSIC-

CAR) is expected to prevent any collision between GMUs or static obstacles present in the field by 

means of path planning and by pausing individual units when necessary. However, at unit level, 

obstacle detection is based on LiDAR. All three GMUs were equipped with a front LiDAR for 

obstacle detection. A dynamic protection field (adapted to implement wide and varying length 

with GMU speed) was configured, and, when invaded, LiDAR triggers a vehicle emergency stop 

commanded by the safety controller (Figure 48b). Communications between LiDAR and safety 

controller are guaranteed by means of a duplicated wired connection that alternates the status 

and the detection signals (absence of status signal will trigger an emergency stop at any time). 
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(a) 

 
 

(b) 

 

Figure 48. (a) Interaction at Individual Unit Level. (b) Interaction at the Fleet Level. 

Field validation of these subsystems has required evaluation of braking distance and effect 

of vibrations and dust on system operation for the adaptation of the dynamic protection field to 

the real operating conditions. 

6.2.1.2 Obstacle Detection Subsystem 

Requirements for this system were established based on the draft international standard 

ISO 18497: Safety of highly automated agricultural machines (ISO, 2015). An important 
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consideration for this subsystem is that reverse movements are not allowed for the GMUs, and 

thus dynamic protection field covers only the front area of the vehicles. 

Obstacle detection subsystem is based on the use of an outdoor LiDAR sensor; model LMS 

111 (SICK AG, Waldkirch, Germany). LiDAR characteristics are detailed at Table 7. 

Table 7. LMS 111 technical data (Waldkirch, 2012). 

Features Interfaces / mechanics / electronics 

Operating range: 0.5 to 20 m 

Angular resolution: 0.25˚ 

Light source: Infrared (905 nm) 

Field of view/Scanning angle: 270˚ 

LiDAR Class: 1 (EN/IEC 60825-1) 

Scanning Frequency: 25 Hz 

Data interface: Ethernet (10/100 Mbit/s) 

Supply voltage: 24 V DC (20 W) 

Enclose Rating: IP 67 

Temperature Range: -30 ˚C…+50 ˚C 

Vibration resistance - as per EN 60 068J2J6 (1995J04): 

Frequency range 10 Hz - 150 Hz 

Amplitude 5 g RMS 

Divergence of the collimated beam (solid angle): 15 mrad 

Light spot size at the optics cover: 8 mm…300 mm at 18 m 

Switching inputs: 2 

Digital switching outputs: 3 

Performance 

Systematic error: ± 30 mm 

Statistical error: ± 12 mm 

Temperature drift: 

0 mm/°C-0.32 mm/°C 

Standard obstacle was constructed according to ISO 18497 specifications (Figure 49). This 

standard obstacle represents a small human seated (torso and head) and was used for 

demonstrating a high detection rate of the system during controlled environment as well as 

normal operation while stationary and moving (up to and including max permissible speed). 

(a) 

 

(b) 

 

Figure 49. (a) Obstacle dimensions (ISO, 2015). (b) Similarity of the obstacle with a person seated. 

LiDAR sensor was installed on the middle of the vehicle's front and with a push–broom 

configuration (4° of inclination) for the detection of obstacles along the vehicle trajectory with a 

ground clearance of 70 cm (see Figure 50).  
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Figure 50. RHEA’s GMU. 

Proper operation of the LiDAR requires the definition of a Test Field Area. This area 

consisted of static segmented field where a post attached at the front of the vehicle (emergency 

stop button) must be permanently detected for obtaining a status signal sent continuously to the 

safety controller (see Figure 50). Protection Field Area was defined for detecting any obstacle 

along the vehicle trajectory. This area was represented by a dynamic field that covers a rectangle 

in front of the vehicle with fixed width and variable length (Figure 51). Protection field dimensions 

were defined based on implement width, headland turns, and the time or distance traveled by the 

GMU once emergency stop was commanded, this one related with speed. Test Field Area and 

Protection Field Area were defined and configured using the SOPAS (SICK AG, Waldkirch, 

Germany) software interface. Regarding the intrusion evaluation method by the SOPAS software 

(SICK AG, Waldkirch, Germany), a blanking evaluation was used as strategy for avoiding false 

positives, detecting only objects that were larger than 50mm. 

Thereby, three outputs from the LiDAR were connected to the safety controller. Output 1 

was used to detect if the LiDAR was connected and powered on. Outputs 2 & 3 represented the 

state of the Protection and Test Field Areas, switching between them to assure integrity of the 

communication channel in case of detection in the Protection Field. Without obstacle and fault, 

one output should always be on (Test Field) and the other off (Protection Field). In this way, the 

safety controller will activate the brakes of the vehicle if: (1) obstacle is detected in the Protection 

Field area; (2) test target was no longer detected (no detection in Test Field area); or (3) digital I/O 

of the LiDAR was not working (output 1 off). 
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Figure 51. Detections fields configured in the LiDAR. In green/red, the dynamic Protection Field where green zone 
corresponds to 0 km h

-1
 zone and red zone to the maximal speed zone. The yellow zone is the Test Field which looks 

for the emergency stop button post. 

6.2.1.2.1 Vibrations influence 

To evaluate the influence of vibrations on the obstacle detection subsystem, specific tests 

were performed with an IMU (model EM-IMU350CA-300, MEMSIC Inc., MA, USA); and a triaxial 

accelerometer (model 65-10,Meggitt’s Endevco Corporation, CA, USA) installed and synchronized 

on the LMS-111 (Figure 52).  

The IMU recorded vibrations through forward GMU (x axis); right-left (y axis); and up-down 

(z axis) directions. It was directly connected to a computer via RS-232 cable, being its data 

recorded through company's own software. Accelerometer was connected to an acquisition card 

(NI 9234, National Instruments Co., Austin, Texas, USA), which was linked on a Chasis (NI cDAQ-

9174, National Instruments Co., Austin, Texas, USA). Accelerometer data was recorded using the 

Labview software program (National Instruments Co., Austin, Texas, USA).  

(a) 

 

(b) 

 

Figure 52. (a) IMU and triaxial accelerometer used and their locations. (b) Overview of the system. 

During the test, LiDAR record frequency was set to 25 Hz with 0.25º of angular resolution; 

three different soil types were evaluated for static measurements (asphalt; plowed maize; and 

rocky fallow, Figure 53); and two speeds on dynamic asphalt tests (1.69 km h-1 and 5.63 km h-1). In 

order to get stable signals from the LiDAR, a series of wooden boards were placed on the ground, 

at constant height and repeated intervals, with the hope of registering clear longitudinal 

detections along the GMU movement direction. 
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(a) 

 

(b) 

 

(c) 

 

Figure 53. Vibration tests (a) on asphalt, (b) Plowed maize, and (c) Rocky fallow. 

6.2.1.2.2 Dust influence 

Particles of dust (Figure 54), rain drops, snowflakes, etc. (called contamination), have a 

direct effect on the environment distances measured by the LiDAR. For this reason the 

contamination is measured continuously while the device is in operation. For a certain level of 

contamination, first a contamination warning is output; if the contamination becomes worse, a 

contamination error is output and the LiDAR stops taking measurements. 

 

Figure 54. Dust particles affecting the LiDAR detections. 

Different filters provided by the LiDAR manufacturer were tested in order to obtain a more 

robust system facing adverse weather conditions. Filtering options was limited to the ones 

provided by the manufacturer, not being possible to perform a post-processing of data, as the 

LiDAR signal was directly connected to the safety controller, minimizing the number of 

intermediate systems. The use of available filters comprises: 

1. N-pulse-to-1-pulse: If two pulses are reflected by two objects during a measurement 

(drops of rain or edges etc.), the filter initially filters out the first reflected pulse. 

2. Particle: The filter compares each measured value with the measured value at the same 

angle in the previous scan and the measured values for the neighboring angles in the 

previous scan. If the difference between the measured value measured and the 

measured values used for the comparison exceeds a certain threshold, the measured 

value is evaluated as interference and is not taken into account. 

3. Fog: The fog filter suppresses possible glare due to fog, becoming the LiDAR less 

sensitive in the near range (up to approx. 4 m).  
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6.2.1.3 Vehicle Controller Subsystem (Behavior under Obstacles) 

The purpose of the Vehicle controller subsystem, which was developed through the 

interaction by the author and the RHEA project participant “Case New Holland”, is to be the safety 

actuator at an Individual Unit Level. As mentioned above, this subsystem will work jointly with the 

obstacle detection subsystem, performing an emergency brake when it receives a Protection Field 

violation signal from the LiDAR. 

The modular safety controller is composed of one safety processor (FX3-CPU0, SICK AG, 

Waldkirch, Germany); one CAN open gateway (FX0-GCAN); two I/O module (FX3-XTIO84002); and 

one safety relay (UE10-2FG). Its programming is done with the license-free Flexi Soft Designer 

(SICK AG, Waldkirch, Germany) configuration software. 

Other components included are, a safety remote emergency stop button; safety emergency 

stop buttons placed strategically on the GMUs; and a fail-safe braking system to ensure a parallel 

safety loop guarantying the possibility of stop the vehicle in case of problem (Figure 55). 

(a) 

 

(b) 

 

Figure 55. (a) Concept of a parallel safety loop ensuring the possibility to stop the vehicle using safety certified 
modules in case of failure. Blue: non safety module. Yellow: safety module. From Waldkirch, 2014. (b) Overview of all 
systems connected to the safety controller. 

The safety relay is connected to the fuel injection system. The UE10-2FG is a safety relay 

with two safety capable outputs with contacts (normally open) as well as one feedback current 

path (normally closed). The two outputs are used for redundancy. The two normally open outputs 

need to be closed to allow fuel supply to the diesel engine of the vehicle. If this relay is opened, it 

is not possible to start the engine. If the relay is opened while the engine is running, the engine 

will shut down by lack of fuel after consuming the fuel remaining in the pipe behind the fuel pump 

(2-3s). Those 2-3 seconds before engine stops allow the use of the braking power of the CVT in 

order to stop the vehicle while still supplying oil to the transmission. 

The safety relay has a feedback path for External Device Monitoring (EDM). The status of 

the safety relay is monitored by the safety controller that verifies that the safety relay is still 
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working properly and that it is switching in the configured time. If an error is detected, the relay is 

de-energized. 

The safety controller communicates with the brake controller by CAN. The brake actuator is 

a normally braking system and is a fail-safe braking system meaning that in case of loss or error in 

the CAN communication between the two modules, the brakes are automatically activated. Two 

CAN messages are exchanged between the two modules, one from the safety controller to the 

brake controller and one in the opposite direction. Each message has its own incremental counter 

used to verify that every message is correctly received. For the primary command and status 

signals sent in those messages, the bitwise negations of the signals are also sent in the same 

message to check the integrity of the signals. Also if messages are not received for 180ms, the 

brakes are automatically applied. 

The three dual-channel emergency stop buttons installed on the vehicle are connected to 

the safety controller. Those two channels of the stop buttons are powered by test pulse outputs of 

the safety controller I/O module allowing to detect a channel short-circuited to high (that could 

prevent the switch off of the channel if not connected to test pulse outputs). A test pulse of 1ms is 

sent every 200ms. A push on one of those emergency buttons or a channel short-circuited to high 

would activate the brakes and shut down the engine if running or otherwise prevent its start-up.  

A remote emergency stop button is also connected to the safety controller to be able to 

safely stop the vehicle and shut down the engine from a distance if needed. The system is 

composed of a remote controller and a receiver installed on-board. The receiver has two safety 

relays that close when the remote emergency stop button of the remote is released and there is 

communication between the remote and the receiver. The wireless communication is constantly 

monitored. The stop function that controls the stop relays from the remote emergency stop 

button complies with the requirements for SIL3. The two safety relays of the receiver are 

connected to the safety controller via test pulse outputs like the emergency stop buttons to detect 

a relay short-circuited to high.  

The remote controller can lose communication with the receiver or be out of range which 

also switches off the two safety relays of the receiver. To discriminate between a loss of 

communication and a push of the remote emergency stop button, the safety controller read the 

CAN messages sent by the receiver. In case of loss of communication, the vehicle is stopped and 

the brakes activated until the communication between the remote controller and the receiver is 

re-established. In case of a push of the remote emergency stop button, the vehicle is stopped, the 

brakes activated and the engine shut down. 

The safety controller is connected to the CAN bus of the tractor. In normal operation, the 

safety controller receives the braking command from the other on-board controllers and acts as a 

gateway to forward the information to the brake controller. The communication with the brake 

controller is in charge of the safety controller to isolate the brake controller from errors of other 

non-safety certified on-board controllers.  
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To be able to start the vehicle: 

- The remote emergency stop button needs to be released, the remote control receiver 

safety relays closed and not short-circuited to high and the wireless communication 

between the remote and the receiver working, 

- The three emergency stop buttons need to be released and their dual-channel relays 

not short-circuited to high,  

- The communication between the safety controller and the brake controller needs to be 

active and correct,  

- The LiDAR Protection Field needs to be free of obstacles and the test target detected 

meaning the two outputs of the LiDAR (one representing the protection field and one 

representing the test target field) are complementary (one high and one low). 

If the engine is running and one of the listed start-up conditions above is not met the brakes 

are activated and the vehicle is stopped. If the condition not met is the activation of the remote 

emergency stop button or of one of the emergency stop buttons, next to the stopping of the 

vehicle and activation of the brakes, the engine is shut down. 

6.2.1.3.1 Braking Distance Test 

The safety controller activates the GMU braking system if an emergency stop is triggered 

either by pushing any emergency button or protection field invasion occurs. Braking distance tests 

were performed to determine the distance required by the GMU once that stopping signal is 

activated until the unit completely stops.  

These tests were performed for different GMU implements (Physical weed control and Olive 

tree sprayer); soil types (asphalt and field ground, see Figure 56) and braking mode activation 

(remote and on-board, see Figure 56). GMU speed was fixed at the maximal GMU speed of 6 km h-

1. Three repetitions were performed for each factor combination. 

(a) 

 

(b) 

 

 

(c) 

 

Figure 56. (a) Reference line for activating the emergency stopping button. In the nearest part, the evaluation area on 
asphalt, and in the farthest on field ground. (b) Remote controller. (c) On-board emergency button. 
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6.2.1.4 Mission Manager Subsystem (Integration of the LiDAR) 

The Mission Manager (MM), which was developed within the PhD Thesis of Jesús Conesa 

(Conesa-Muñoz, 2015), is the highest level system in charge of dealing with the mission at a Fleet 

Level. It is mainly composed by two modules: the Mission Planner and the Mission Supervisor. 

While the first one (Mission Planner) is in charge of generating a mission plan according to the 

mission specifications, the second one (Mission Supervisor) monitored the information provided 

by the GMUs during the mission. This module will alert the farmer, by the Graphical User Interface 

(GUI), in case of any unforeseen situation occurs.  

One of the most important aspects when performing a mission with a fleet of vehicles is to 

prevent the collisions among the vehicles. For these reasons, it is essential to have a supervisor 

constantly monitoring the vehicles trajectories as well as the distances among them and their 

speeds, to be able to foresee a collision in time for avoiding it.  

For this purpose, and by the work interaction of the author and the RHEA project participant 

CSIC-CAR (particularly Jesús Conesa), the GMU areas are defined considering the real dimensions 

of the GMUs, the LiDAR range and some extra surrounding contour for safety reasons. GMUs’ 

areas are defined to be a bit larger than the LiDAR size (Figure 57) in such way that Mission 

Supervisor should detect the collisions before the LiDAR. Note that the LiDAR is the last collision 

detection system and it is directly connected to the safety controller, so if it detects a collision, it 

directly stops the GMU in such a way that it has to be restarted manually. 

 

Figure 57. Mission Supervisor and LiDAR detection area of the GMU (Conesa-Muñoz, 2015). 
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6.2.2 Results and Discussion 

This section will address those results directly related with the safety use of the LiDAR 

obtained during the different safety subsystem tests explained previously, as well as some 

limitations or requirements regarding subsystem field validation. 

Once each subsystem was validated individually, validation of the integrated safety systems 

is explained by the results obtained during the RHEA final demo held on May 21, 2014, at the 

facilities of the CSIC-ICA (Arganda del Rey, Madrid). 

6.2.2.1 Validation of Subsystems 

6.2.2.1.1 Obstacle Detection and Vehicle Controller Subsystems 

6.2.2.1.1.1 Braking Distance Test 

Braking distance tests showed that with the heaviest implement (Physical weed control), 

braking distance was consistently 0.5 m longer than with the lightest implement (Olive tree 

sprayer). No significant differences were found for other factors as activation system mode 

(remote or on-board emergency button) or surface type used (asphalt or ground soil). Figure 58 

shows the travelled distances after an emergency stop was commanded during the physical weed 

control braking test. A maximum distance traveled of 1910 ± 86.87 mm was obtained, which was 

used later for the definition of the LiDAR protection field area.  

 

Figure 58. Distance traveled and speed during the physical weed implement braking distance tests. 

6.2.2.1.1.2 Dynamic Protection Field Test 

Protection Field length at maximum speed, as said above, was configured by addition of the 

maximum stopping distance obtained during braking test (1910 mm, Figure 58) and the distance 

travelled during the configured response time of the LiDAR (167 mm in 100 ms at 6 km h-1) and 

multiplying this value by a security factor of 2. Thereby a value of 4150 mm is obtained as the 
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length of the protection field at maximal speed. The adaptation of this area with the results 

obtained in this test allows generating a stop signal before GMU hits a person or objecting. 

Regarding the minimum length, two different options (1 m and 0.5 m) were evaluated (see 

Figure 59a). Figure 59b summarizes the free distances to obstacle obtained, as a percentage of the 

dynamic Protection Field (PF) length, at the four speeds available using the remote control to stop 

the GMU. During the experiments, the safety delay was increased for the 0.5 m configuration, with 

the aim to solve discrepancy problems. This fact was concluded by observing the free distance 

percentage obtained at maximum speed at both distances configured. Thereby, a different 

distance percentage was obtained for both distance configurations at maximal speed (6 km h-1), 

when an identical response was expected. 

(a) 

 

(b) 

 

Figure 59. (a) Dynamic protection field length for 1 m and 0.5 m at different speeds. (b) Free distance to obstacle 
related with the protection field length obtained at different speeds with the two protections field configurations. 

From the results of this experiment, a minimum length distance of 0.5 m was selected. By 

the use of this minimum length, the GMU was best adjusted to the headland turns of the fleet, 

being the initial tree of the row outside of the protection field when the GMU was turning inside 

the olive orchard field, and thereby, avoiding detection problems when maneuvering. 

Although it has been shown (Figure 59) that by the selection of this minimum distance the 

free distance length to the obstacle (once the GMU stopped) was reduced, the remaining free 

distance (0.8, 1.08, 1.6 and 2 m for 1, 1.8, 3.7 and 6 km h-1 respectively) allow us to be within the 

safety margins to the obstacle. By the security factor of 2 applied for calculating the maximal 

protection field length, it was satisfied the requirement defined at the design by leaving a safety 

distance to any person at least the same as the stopping distance. 

6.2.2.1.1.3 Vibration Test 

During the static vibration tests, a large difference in the profile of the wooden boards was 

obtained for each of the different soils used (see Figure 60).  
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 (a) 

 

(b) 

 
(c) 

 

Figure 60. Front view of the sample board during the static test for: (a) Asphalt; (b) Plowed maize; and (c) Rocky 
Fallow. 

In addition to fluctuations due to variations in soil (stone content), it is important to 

emphasize the appearance of values that seems to be below ground at the right side of the board. 

This anomaly was related with the presence of the shaded area of the table, which causes 

variations in remissions, as it was mentioned in the literature review, and therefore in the 

registered distances.  

For all static tests, the influence of the engine vibrations of the tractor on the height 

detection accuracy was evaluated (see Figure 61). From the static board height test a high 

difference on the measured height range was not observed, being the range limits that contain 

95% of the data 198.42 - 207.49 for engine off; and 196.51-207.93 for idle speed (with a vibration 

peak-to-peak amplitude of 1 g). Thereby, there was an increase in the height range of 25%, which 

may seem a high percentage, but actually means a range increase of 2.35 mm. 
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(a) 

 
(b) 

  

Figure 61. (a) Height precision range represented by solid line limits that contain 95% of the data; and (b) vibrations 
suffered by LiDAR during asphalt static test. 

Table 8 summarizes the values recorded during the static and dynamic vibration tests. For 

all tests, a loss of data between 1 and 2 % was obtained, being more related this effect with the 

LiDAR buffer overflow than with the vibrations. Standard deviations during the static test were 

increasing as the soil was more stony and more irregular, as it promotes the transmission of 

mechanical vibrations throughout the GMU.  

For dynamic tests only the asphalt scenario was considered, as it was impossible to correctly 

identify the wooden board on the other two scenarios. A greater standard deviation was obtained 

for the asphalt dynamic test compared to static, being the value of the deviation in height 

increasing with the speed (from 3.91 to 5.61 mm for speed 1 and 2 respectively compared with 

the idle speed values).  

Table 8. Values recorded during the static and dynamic vibration test. 

 Asphalt Plowed maize Rocky Fallow Asphalt 

 
Engine 

off 
Idle 

speed 
Engine off 

Idle 
speed 

Engine off 
Idle 

speed 
Speed 1 

(1.7 km h
-1

) 
Speed 2 

(5.6 km h
-1

) 

Height std 
(mm) 

1.81 2.68 2.18 2.76 3.28 3.73 6.59 8.29 

Scans 396 274 928 869 1240 404 1142 456 

Missing 
data (%) 

2.22 2.24 1.84 1.66 1.59 1.01 1.41 2.39 

From these table and considering the vibration values recorded during the asphalt dynamic 

test (Table 9), it could be concluded that height standard deviation of the LiDAR was directly 

related with the GMU speed, increasing the mean vibrations on the z-axis. 
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Table 9. Vibration values recorded during the asphalt dynamic test. 

 
Speed 1 (1.7 km h

-1
) Speed 2 (5.6 km h

-1
) 

Axis x y z x y z 

Mean 0.02 0 0.04 0.01 0.00 0.06 

Std 0.41 0.23 0.22 0.5 0.32 0.27 

As a conclusion, it could be said that vibrations effect on a LIDAR were always lower than a 

centimeter, not hindering this effect the use of a LiDAR on a moving vehicle. 

6.2.2.1.1.4 Dust Test 

In order to obtain a more robust system facing adverse weather conditions, LiDAR 

configuration was tested at the following different manufacturer adjustments (Table 10): 

Table 10. LiDAR settings during dust test. 

LiDAR Settings Initial Configuration Final Configuration 

N-pulse-to-1-pulse On On 

Particle filter On On 

Fog filter Off On 

Contamination warning 70 % 30 % 

Contamination error  30 % 15 % 

 

With the purpose of validating the initial and final configuration; dust detection was 

considered all isolated/solitary detection which activates the LiDAR output (detected by a single 

scan) while the GMU was spraying (water) in olive trees.  

Table 11 shows, under the same simulated extreme dusty conditions (by manually thrown 

dust), how the final configuration improved the robustness of the system, reducing dust 

detections by 75%, being this last one the manufacturer configuration selected during the final 

verification test of the whole system. 

Table 11. Dust detections at the initial and final configuration. 

 N
er

 of Data  Recorded time (s) N
er

 of Detections  Isolated Detections 

Initial configuration 22931 986.2 47 4 

Final configuration 26220 1120.3 78 1 

6.2.2.1.1.5 Other Limitations or Requirements 

One major limiting factor, besides the reverse movement limitation of the units (absence of 

a collision detector system for the GMU’s back area), was the variation in the slopes afforded by 

the vehicle while working. When slope reached a fixed value, depending on the GMU speed 

(smaller maximum slope for greater speeds), ground contour could be considered by the LiDAR as 

an obstacle. The effect was more important at the beginning, when the slope was rising, or at the 

end, when the slope was descending.  
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Protection field length (and minimum obstacle height to be detected) depends on the 

vehicle speed with an inverse relationship, as the maximum slope allowed for not detecting the 

ground as an obstacle (see Figure 62).  

Thereby, a solution to reduce the limitation of maximum slopes in the system may be to 

consider that the normal operating speeds of the fleet is around 2 and 3 km h-1. An important 

consideration would be to plan in advance the location of the abrupt slopes in the field, for 

slowing down, as much as possible, in those places. 

 

Figure 62. Minimal obstacle height to be detected and maximal slope allowed by the LiDAR related with the speed. 

6.2.2.2 Integrated Safety System Validation 

This section will explain the validation process of the integrated GMU safety systems with 

the results obtained during the RHEA final demo, held on May 21, 2014, at the facilities of the 

CSIC-ICA (Arganda del Rey, Madrid). 

The Final Demonstration was intended to present the overall system as a project result to 

the EC representatives and general public (press, researchers…), and to perform tests and 

measurements for the final assessment of the project. It was planned as a part of the RHEA-2014 

(Second International Conference on Robotics and associated High-technologies and Equipment 

for Agriculture and forestry) - a contractual activity in the project- with the aim of spreading the 

dissemination of the project results as much as possible and attracting as much attendees (120) as 

possible to the Final Demo.  

The Final Demonstration was carried out at CSIC-ICA Experimental Farm, located in Arganda 

del Rey, Madrid, Spain. For this demo, ICA participants prepared different scenarios consisting of: 

1. An olive grove:  

- Four olive-tree lines, 40 m long (Figure 63a)  

2. Two fields with wheat seeded in lines separated 17 cm  

- A field for preliminary tests of about 60 m × 37 m = 2250 m2  
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- A field for the final demo of about 90 m × 45 m = 4050 m2 (Figure 63c)  

3. Two fields with maize seeded in lines separated 75 cm  

- A field for preliminary tests of about 60 m × 37 m = 2250 m2  

- A field for the final demo of about 90 m × 42 m = 3780 m2 (Figure 63b) 

(a) 

 

(b) 

 
(c) 

 

Figure 63. (a) Olive grove; (b) Maize demo field and; (c) wheat demo field. 

The Obstacle detection subsystem, based on the LiDAR, was tested at the end of each 

mission. Both people and obstacle detection tests , based on ISO 3411 (ISO, 2007a) standard, were 

performed at maximum GMU speed (6 km h-1). Standard objects and people were placed 

individually in the middle of the vehicle’s working width and on the limits of the safety zone 

(Figure 64) as well as entering the obstacle on the danger zone sideways, by approaching the 

obstacle when turning the GMU. 

 

Figure 64. Safety test in maize using a standard test obstacle. 

In Figure 65 both the generated plan by the Mission Manager (left) and the actual path 

carried out by each GMU can be seen, through the GPS data recorded (right) for each scenario 

(wheat, maize and olive). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 65. Plan generated by the Mission Manager (left) and Tour (right) by the three GMUs during: (a) wheat; (b) 
maize; and (c) olive demo. (d) GMU speed legend.  

Table 12 summarizes the results obtained both by the LiDAR at each demo experiment and 

GMU.  

Obstacle detection subsystem based on the LiDAR sensor was assessed as capable of 

detecting objects in the region of interest with 100% of success. A total of 18 times the protection 

field area was invaded (by an obstacle or by a person), stopping the GMU in all of them. In no case, 
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false positives (stops without invasion of the protection field) were detected neither false 

negatives (invasion of the protection field without stopping the GMU). Considering the time since 

LiDAR output was activated (invasion of the protection field) until the GMU was completely 

stopped, as well as the speed of the GMU at the detection time, it was obtained an average 

displacement value of 0.79 ± 0.49 m (not considering a decreasing progressive speed). 

Table 12. LiDAR and GPS results during the RHEA final demo. 

 
LiDAR Protection Field Invasion Triggered Stops GPS Reliability 

Crop GMU 
PF 

invasions 
CNP

1
 FP

2
 

GMU 
stops 

Time to 
stop

3
 

(ms) 
 

Speed
4
 

(km h
-1

) 
Missing GPS data 

M
ai

ze
 1 3 0 0 3 

1720  3.5 

13.25% 1241  1.61 

1121  2.49 

2 1 0 0 1 1322  1.98 11.03% 

3 0 0 0 0 -  - 8.52% 

O
liv

e 
tr

ee
s 

1 0 0 0 0 -  - 6.04% 

2 10 0 0 10 

1319  3.09 

4.15% 

1240  1.58 

1203  3.28 

1517  2.7 

802  1.46 

601  0.15 

841  0.14 

2483  0.5 

1358  3.05 

1048  1.4 

3 1 0 0 1 1441  2.98 2.41% 

W
h

ea
t 

1 1 0 0 1 1681  3.56 4.67% 

2 0 0 0 0 -  - 1.71% 

3 2 0 0 2 
1242  2.93 

2.02% 
1120  1.55 

Losses of the data provided by the GPS were suffered (1.71 – 13.25 %), shown in the lack of 

points in some regions in Figure 65. These high values of data loss were mainly due to network 

congestions, as all sensors send their data via wireless. The highest data percentage loss was 

obtained at the maize demo, possibly because at this crop the vision system (RGB camera) was 

working at full capacity, since it was responsible for performing the GMU guidance by the row 

lines detection. It should be noted that the obstacle detection subsystem was not affected by the 

                                                           
1
 Collision not prevented 

2
 False positives 

3
 Time consider since LiDAR output was activated (invasion of the protection field) until the GMU was 

completely stopped (0 km h
-1

). 
4
 Speed of the GMU when the LiDAR output was activated. 
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network loss data, since its operation lies in a direct connection (by wire) between the LiDAR and 

the Safety Controller onboard the GMU. 

6.2.3 Conclusions 

In order to design the safety system of an autonomous agricultural vehicle an essential point 

lies in the study and analysis of the current safety standards. This knowledge will help in defining 

the most relevant hazards and how to reduce them by defining the guidelines and operating limits 

of the vehicle. 

A critical component during the development of a safe autonomous agricultural vehicle 

consists of detecting person or objects inside the driving lane, being this one of the main goals 

within the RHEA European project. For this project, a fleet of ground autonomous robots was 

developed. This goal was addressed by implementing a safety system, through the integration of 

three different safety subsystems hierarchically interconnected. 

The combination of these safety subsystems allowed the obstacle detection at an individual 

unit level, as well as to avoid possible collisions of the vehicles when path-planning. 

The selection of a LiDAR as a safety sensor has proven to be fully operational, but it needs to 

be precisely adjusted for each working scenario in terms of possible disturbances (dust, rain, 

vibrations, ground roughness and slope) and the definition of the protection field (depending on 

vehicle speed, braking capabilities and the design of the safety loop itself). 

The generic safety system, which can be applied to any multi-agent fleet, integrated at each 

RHEA autonomous vehicle and a fleet level for detecting the obstacles in the driving lane has 

proven capable of detecting and preventing 100% of the detected collisions events during the 

presentation of the overall system as a project result. 
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Chapter 7 

LiDAR Simulation 
As it has been explained in the literature review, TLS promises to overcome the 

shortcomings of the conventional means of measuring the vertical structure of crops. Thereby, the 

use of a LiDAR device is considered in order to study the vegetation cover for achieving an 

optimization of the spraying tasks. 

Being mentioned in the Objectives of the thesis, in order to solve the dependence of LiDAR 

use in field tests for tree characterization, this chapter evaluates an option in order to reduce the 

manpower demand suffered by technicians when performing and validating tree characterization 

through the use of a LiDAR.  

In this regard, this workload may be reduced by the possibility of having a software 

application capable of simulating an orchard tree as well as the LIDAR's detections on it.  

This chapter studied theoretically and simulated the LiDAR capacity for the detection of 

trees in order to perform pesticide treatments according to tree volume. The performance of the 

tree spraying according with its canopy (within the frame of PA), will allow to cover the current 

need of differential agronomy management in perennial crops. 

7.1 MATERIALS AND METHODS 

7.1.1 SimLiDAR 

SimLiDAR (acronym for LiDAR simulation) is an application developed in C++, by the 

Department of Applied Mathematics at the Polytechnic University of Madrid that generates an 

artificial orchard, simulating then the LiDAR interaction over that artificial orchard. The objective is 

to simulate a TLS when applied to different artificially created orchards and compare the 

simulated characteristics of trees with the parameters obtained with the LiDAR.  
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7.1.1.1 Tree Model 

For the generation of the virtual orchard (or canopy geometry), SimLiDAR initially used a 

Lindenmayer (L -system model), which produces a geometric description of the branching pattern 

for a typical pre-blossom tree structure (Mendez et al., 2012; Tarquis et al., 2006). 

This model consisted of an alphabetic string, where each letter of the alphabet represents 

the movement of an imaginary turtle that describes the tree, obtaining the final string by an 

iterative substitution process. The model begins with an initial axiom that represents a budding 

tree and a set of production rules to characterize the cumulative effect of m generation cycles. In 

this L-system, three active buds are used to define the sites for generating the next (see Figure 66a 

and b) (Tarquis, et al., 2006). 

As an improvement within the SimLiDAR software, it should be mentioned the possibility, 

nowadays, of simulating the trees by the more realistic Hidden Markov Tree modelling process 

(HMT). This new model reveals and characterizes homogeneous zones and transitions between 

zones within tree-structured data, leading to a clustering of the entities into classes sharing the 

same ‘hidden state’ (Mendez et al., 2013).  

Each tree was broken down into three scales of organization corresponding to the axes; 

growth units (GU); and metamers, which is the minimal unit of development. A total of four GU 

types were established: long GU >20 cm long; medium GU ≤ 20 cm but >5 cm long; short GU ≤ 5 

cm long; and a fourth GU type corresponding to the floral GU, which results from floral 

differentiation of the apical meristem. The tree is initiated with a long GU, which by succession, 

grows through the processes of elongation and branching regulated according to a stochastic 

process based on a probability matrix belonging to a first order Markov chain (Figure 66c and d).  

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 66. (a) L-system model process (Tarquis, et al., 2006) and (b) an apple tree example. (c) Hidden Markov Tree 
model process for small (S) and medium(M) states (Mendez, et al., 2013), (d) and an apple tree example. 
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In order to conduct the tree simulation by the “SimLiDAR” software, the following inputs 

need to be included: 

1. Type of fractal: Model used (L-system or Markov) for the generation of the virtual 

orchard. 

2. Type of tree: Selection of the type virtual plant model (Apple or Vineyard), directly 

related with the growth model process. 

3. Number of interactions: The maximum number (from 1 to 20) of generations or times 

that the axiom is replaced with the production rules. For a greater number, a bigger tree 

and a longer time required for processing (seconds for 5 iterations and minutes for 

more than 8 iterations). 

4. Number of trees: Number of trees (from 1 to 10) generated in the orchard. 

5. Two row orchard: Enable or disable the two tree rows simulation option. 

6. Shading ratio (%): Percentage of maximum shading (from 10 to 101) that a leaf can have 

in the model. 

7. Pruning: Enable or disable the removal of down-sloping branches. 

8. Width between trees (mm): Distance between the simulated trees. 

9. No leaves: Enable or disable the removing leaves option from the tree. 

10. Width between rows (mm): Distance between two tree rows if a two-row orchard 

option is enabled. 

7.1.1.2 LiDAR Simulation 

Once the trees were simulated, SimLiDAR allows to go further by simulating the interaction 

of a LiDAR over the artificial orchard. 

The scanner is mounted on a virtual tractor and measures the distance between the origin 

of the laser beam and the nearby plant target. This measurement is taken with an angular scan in 

a plane which is perpendicular to the route of the virtual tractor (Figure 67a). SimLiDAR 

determines the distance measured in a bi-dimensional matrix N × M (Figure 67b), where N is the 

number of angular scans and M is the number of steps in the tractor route (Mendez, et al., 2012).  

 (a) 

 

(b) 

 

Figure 67. (a) Angular advance (θ1 to θm) for a yi cross-section position. Angular sweeping (r1 to rp) for a yi cross-
section and θk angular position. (b) Bi-dimensional matrix N × M, where N is the number of angular scans and M is the 
number of steps in the tractor route. All form Mendez, et al., 2012. 
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SimLiDAR software allows to simulate the LiDAR measurements obtained from one side of 

the tree as well as form the opposite tree side. Through an internal coordinate reference, by the 

“y” advance value, both processes could be linked. But as it has mentioned in the literature 

review, the simulation of one side of the vegetation should be sufficient for estimating the leaf 

area as well as other vegetative parameters.  

In addition to the lateral angular simulation option of the LiDAR, similar to the output data 

obtained by the LMS-111 (SICK AG, Waldkirch, Germany), it is possible to perform the LiDAR 

simulation through the use of other scanning process: orthogonal scanning ; zenith position of 

LiDAR, which assumes that the LiDAR is carried out overhead at a sufficient height (simulating an 

aerial scan); and the option of scanning two rows, simulating the movement of the tractor in the 

middle of two rows (Mendez, et al., 2013).  

In order to proceed with the lateral angular scan simulation, the following variables should 

be introduced: 

1. Laser Beam Axis Position:  
1.1. X distance (mm): Distance from the LiDAR to the nearest object model plant  
1.2. Z distance (mm): Height above ground of the LiDAR. 
2. Lidar Parameters: 
2.1. Y Incr (mm): Distance traveled between the LiDAR scans or slices.  
2.2. Angle Increase (degrees): Angular difference between two consecutive beams in a 

scan (angle resolution).  
2.3. Radial Increase (mm): Displacement that the signal suffers from being emitted until 

it is received. 
2.4. Gap Parameter (mm): Allows a gap to be set in the Y Incr in which the scanner 

process is omitted. This parameter adding the Y Incr should be calculated based on 
the forward speed of the tractor and the time that the LiDAR takes to perform a full 
scan. 

2.5. Initial Angle (degrees): Initial angle of the LiDAR scans. 
2.6. Final Angle (degrees): Final angle of the LiDAR scans. 

7.1.2 Data Collection and Pre-Processing 

This section describes the steps taken in order to simulate both orchard and LiDAR data, as 

well as a first pre-processing of the data. Both data pre-processing and tree area / volume 

estimation (explained in the coming points) were based on an improvement of the methodology 

presented by the author in Garrido Izard, et al., 2012a. 

For the development of this study apple trees were chosen, selecting the Markov model for 

their simulation. The growth rate of these apples trees was determined by the number of selected 

interactions, adopting a value which gives a fair-sized tree (see Figure 68a). Table 13 shows the 

simulation parameters chosen for the trees, as well as for lateral angular LiDAR simulation (see 

Figure 68b), being the reference axes: "y" referring to tractor advance; “x” horizontal depth; and 

“z” object height. Distance traveled between the LiDAR scans was established at 11 mm (Y 

increment + Gap parameter) by considering a tractor speed of 1 km h-1 and a LiDAR frequency of 

25 Hz.  
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Table 13. Tree and LiDAR parameters selected in SimLiDAR software. 

Tree Parameters LIDAR parameters 

Type of fractal Markov X dist 1000 

Type of tree Apple Z dist 1000 

Number of iterations  10 Y increment (mm)  1 

Number of trees  3 Angle Increase (degrees)  0.25 

Two row orchard Off   

Shadow max. ratio (%) 80 Radial increase 1 

Width between trees (mm) 2000 Gap parameter 10 

Pruning On Initial angle (˚) -75 

No leaves Off Final angle (˚) 75 

 

 (a) 

 
(b) 

 

Figure 68. SimLiDAR results of the three apple trees (a) simulated and (b) scanned. 

In order to manipulate the data obtained by the simulator, the Matlab mathematical 

software (MathWorks, Massachusetts, USA) was used. The steps followed to pre-process the data 

in order to achieve our canopy detection goal were:  

1. Set the parameters used during SimLiDAR: LiDAR angles interval, resolution and scans 

interval. 

2. Transformation from polar (SimLiDAR distance matrix (N x M)) to Cartesian coordinates, 

considering for that case: "x-axes" the distance traveled by the LiDAR / tractor; "y-axes" 

the distance from the LiDAR / tractor to the apple tree and; "z-axes" the detection 

height. Thus, the dimension of the new matrix was 3 columns (x, y, and z) and a number 

of rows equal to the number of angular displacements per scan multiplied by the 

number of scans. 
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3. Removal of the simulated background, considering only those detections with a distance 

lower than 8 meters plus the minimal recorded value. Readjusting then the coordinate 

axes (being the ground the height reference instead of the LiDAR). 

4. Once the ground removed, LiDAR height lower than 5 mm, the next step is the data 

limitation /separation for each tree by selecting the valleys at the histogram's point 

cloud referenced to tractor advance, obtaining fewer detections between trees (Figure 

69a). 

5. In order to perform canopy detection, the parts of the tree (trunk and canopy) must be 
differentiated. At each tree data (without ground) and considering the points with a 

lower height than 300 mm, the trunk delimitation in x and y was performed (used to 

determine the canopy that lies between the trunk and the LiDAR – one-side spray 

application). Trunk height was obtained by the evaluation of that delimited trunk data in 

height steps of 30mm, selecting from the step values the lowest height in with the trunk 

width increase “branching” (see Figure 69b). 

(a) 

 
 

(b) 

 

Figure 69. (a) Delimitation of the tree data and (b) differentiation of the tree parts: ground (blue), trunk (brown) and 
tree canopy (green the one-side LiDAR points considered and in red the canopy located out of the spraying width 
area). 
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7.1.3 Minimal Spraying Pixel 

In order to perform a variable dose spraying, it is important to establish the minimum area 

over which the spray system can interact. This surface will be referred as pixel, and is defined as 

the minimum surface on which the spray system may act. 

With the aim of obtaining the height of the pixel it is important to define the spraying 

system, since the range of action is defined by the number and type of nozzles. In this respect, a 

spray system of 4 nozzles was considered (see Figure 70a), with the following working heights for 

each nozzle: 0.4-1.0 m; 1.0-1.6 m; 1.6-2.2 m; 2.2-2.8 m (see Figure 70b). 

(a) 

 

(b) 

 

Figure 70. (a) Spray system considered for the simulation and (b) nozzle distribution. 

For establishing the width of the pixel, the time required for the actuation system to adapt 

to a dose change should be taken into account. For this case, a tractor speed of 1 km h -1 was 

considered, with a frequency of 1 Hz at the actuation system, resulting in a pixel width of 280 mm. 

Figure 71 shows the pixel grid established at the simulated apple tree row, representing 

with different colors the actuation areas expected for each nozzle, as well as the tree area that is 

out of the actuation range (in blue). 

 

Figure 71. Minimum actuation areas (pixel) represented by different colors each spray nozzle. 
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7.1.4 Tree Volume Detected within a Spraying Pixel 

Once the minimum actuation size of the spraying system (pixel) was defined, the next step 

aims to calculate tree area and volume present at each pixel detected by the LIDAR device. Thus, 

an application map will be obtained in relation to the nozzle spray system. 

In each minimal spraying pixel defined, as show in previous figure, a different number of 

LiDAR records were detected. By considering that each one of the LiDAR records was represented 

by a rectangle (as was shown in the literature review) defined by specific dimensions, the sum of 

all of them will give the tree area detected for each of the actuation pixels. 

The rectangle dimension that defines each LiDAR detection point was determined from: 

minimum distance between LiDAR points (selecting the minimum value between the 

trigonometric theoretical distance (see Equation 1) and its real distance to the upper and lower 

neighbor), for rectangle height; and distance between scan parameters selected on SimLiDAR 

software, for rectangle width (see Equation 2 and Figure 72). 

Points distance (mm) = 𝑠𝑖𝑛𝑢𝑠 (𝑎𝑛𝑔. 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠)) ×  𝑑𝑖𝑟𝑒𝑐𝑡 𝑑𝑖𝑠𝑡. 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑(𝑚𝑚) 

Equation 1. Theoretical point distance.  

Point area (mm 2) =  Distance between points (mm)  ×  Distance between scans (mm) 

Equation 2. Point rectangle area dimension.  

The consideration of the neighboring points for calculating the rectangle/point height, 

allowed to eliminate the possibility of point’s area overlapping. 

 

Figure 72. Pixel and point area dimensions. 

Based on the rectangles previously defined for each LiDAR detection and in a similar way to 

that explained in the literature review (Cartesian surface “XYS” method), a third dimension will be 

added (depth, from the LiDAR point of view), to obtain the prisms (voxels) that will define each of 

the LiDAR detections. 
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Knowing the trunk locations (x, y and z coordinates), voxel depth (Dcanopy in mm) was 

calculated by subtracting the distance value of the trunk (Dtrunk in mm) to the LiDAR mean distance 

value of each pixel (Dtree in mm) (see Figure 73). 

 

Figure 73. Tree voxel concept. 

As in the case of pixel tree area calculation, the pixel tree volume (mm3) was calculated as 

sum of all prism volumes obtained from each LiDAR detection (see Equation 3). 

Tree Volume / Spraying pixel =  ∑ (Point volume per spraying pixel) 

Equation 3. Tree volume per spraying pixel. 

7.2 RESULTS AND DISCUSSION 
Using the methodology presented in the previous section, as well as the Matlab 

mathematical software, it was possible to obtain the total area (1240800 mm2) and volume 

(488310000 mm3) of the one-side canopy of the simulated trees (see Figure 75 and Figure 76).  

These values obtained (area and volume) could not be compared with those LiDAR values 

obtained by the SimLiDAR software due to theoretical assumptions in the software. According to 

one of the developers of the software, with the SimLiDAR configuration used, the laser beam is 

represented by a spotlight, expanding or deforming areas in zones where the angle is increased, 

thereby obtaining largely different values from those obtained with the methodology proposed in 

this thesis and analyzed in Matlab.  

On the other hand, SimLiDAR provided the simulated characteristics of the trees, as the 

total number of leaves at different height layers by considering both-sides of the tree. By 

considering the number of leaves at both-sides and the area obtained at on-side of the canopy by 

the proposed methodology, results have shown a high correlation value (R2) of 0.827. When five 

more simulated data (from Test1 to 5) were added, the correlation remained high, with a value of 

0.85 (Table 14 and Figure 74), showing SimLiDAR as a powerful tool for estimating the number of 

leaves of a tree with this methodology. 

 

 



International Ph.D 
Miguel Garrido Izard                                                                                                              LiDAR Simulation 

- 88 - 
 

Table 14. Number of leaves (SimLiDAR) and area obtained (mm
2
) (Matlab) at each nozzle interval height for in front 

canopy. 

 
Nozzle 1 (400-1000 mm) 

Nozzle 2 (1000-1600 
mm) 

Nozzle 3 (1600-2200 
mm) 

Nozzle 4 (2200-2800 
mm) 

Data  
N

er
 

leaves 

Area 
obtained 

(mm
2
) 

N
er

 
leaves 

Area 
obtained 

(mm
2
) 

N
er

 
leaves 

Area 
obtained 

(mm
2
) 

N
er

 
leaves 

Area 
obtained 

(mm
2
) 

Original 177 40780 2440 560280 2839 598950 703 40820 

Test1 64 22340 1826 278150 2459 378020 70 22850 

Test2 101 93080 1590 457880 2406 451810 896 75580 

Test3 332 38680 2354 558140 3291 799700 321 125270 

Test4 76 23634 2804 714700 3650 710240 935 121100 

Test5 23 19850 2589 664030 3272 642180 5 210 

 

Figure 74. Number of leaves obtained at the SimLiDAR software vs the area obtained by the methodology proposed. 

Through the proposed methodology it was possible to obtain the canopy area (mm2) that 

was located, at each tractor advance, within the actuation height of each nozzle of the simulated 

sprayer (Figure 75 top). To conduct a variable dosing task, as explained in the methodology, the 

distance required by the sprayer (sprayer actuation frequency and frame rate) should be 

considered for adapting the spraying rate to a new value. Thus, the tree pixel area map (Figure 75 

middle) would be an application map directly used by the sprayer. 
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Figure 75. (above) Scan, (middle) pixel tree area and (below) LiDAR point detected. 

Figure 76 (top) shows the volume (mm3) obtained within the actuation height of each nozzle 

by considering the sprayer limitations (per pixel). A possible improvement of the spray system lies 

in the elimination or reduction of its space limitations, allowing the opening and closing of the 

nozzle when canopy is detected at each LiDAR scan (Figure 76 bottom). 

 

Figure 76. (above) Tree volume per voxel and (below) nozzle state per scan. 
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7.3 CONCLUSIONS 
The proposed tree and LiDAR simulator (SimLiDAR) showed a great potential to test 

different methodologies, in a simple and low labor-intensive way, for calculating tree canopy area, 

as it allows to obtain the simulated LiDAR tree data in the same format as with a real LiDAR. On 

the other hand, it is important to note that the simulated conditions are ideal with a completely 

even ground and no inclinations affecting during LiDAR data acquisition, not representing the 

normal working environment in the field. Furthermore, it is important to highlight the non-

consideration of the LiDAR's outlier effects, being a normal occurrence when using a LiDAR in 

agricultural applications as it will be seen in subsequent experiments. 

Through the use of the proposed methodology it was possible to estimate the one-side 

canopy area and volume of the simulated trees, creating spraying applications maps, where the 

properties of the spray system have been considered. Results showed a high correlation value 

(R2=0.85) between the estimated area and the number of leaves of the tree, given by the 

simulator software. 

The methodology used within this paper could be transferred for adjustment of different 

agricultural treatments, as it would be the case of herbicide application, considering not only the 

location of the weed patches, but also the size / volume of each of them, thereby achieving a 

greater application performance and with a more respectful use to the environment. 
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Chapter 8 

Tree Characterization by LiDAR vs. Alternative Optical Sensors 
One of the presented needs mentioned at the Objectives of the thesis consists of evaluate, 

under same conditions, the performance of a LiDAR sensor in contrast to other optical sensors for 

tree characterization to select the most reliable sensor. 

Under this premise, this chapter covers the preliminary trials performed by the author 

through comparing the LiDAR with a consumer depth camera.  

Later and in a more detailed way, a second comparison was carried out of the two most 

common and robust optical sensors used for tree characterization: a LiDAR and photoelectric 

beams. This assessment was carried out in a nursery, thanks to the opportunity that was given to 

the author for performing a research stay at the UC Davis University (California, USA). 

8.1 PRELIMINARY TRIALS  
Initially, as shown in Correa Farias, et al., 2013, a LiDAR (LMS 111, SICK AG, Waldkirch, 

Germany) sensor was compared to a consumer depth camera (Kinect depth camera, by Microsoft, 

Washington, USA). The aim of this research was to determine whether Kinect can be a low cost 

alternative to LiDAR for emerging applications in agriculture, such as spraying and characterization 

of the canopy.  

The evaluation consisted in determining their ranges of applicability, performances, 

advantages and drawbacks, when used under field experimental conditions in agricultural farms. 

Several tests were performed in the experimental field of CSIC-CAR in Arganda del Rey, Spain, by 

mounting the sensors on board of one RHEA’s GMU. 

Results from that preliminar evaluation (see Figure 77) showed that LiDAR had greater 

range (20 and 5 m for LiDAR and Kinect respectively) and accuracy (0.7 ± 1.94 and 23 ± 0.9 cm for 

LiDAR and Kinect respectively), but a lower resolution (4.2 x 4.0 cm and 0.6 x 0.6 cm for LiDAR and 

Kinect repsectively at 3 m of distance by a tractor speed of 2 km h-1) as compared with the Kinect 

sensor. 
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 (a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
Figure 77. (a) RGB image of one olives, (b) depth image generated by the Kinect and (c) static depth image generated 
by the Kinect at 18:30. (d) 3-D reconstruction of the olive trees row by the LiDAR, and (e) details of the LiDAR 3-D 
reconstruction of an olive tree. 

Additionally, the results showed that LiDAR could be operated at any time or weather 

conditions, meanwhile Kinect can’t operate outdoors, unless under low lighting conditions or 

during the night (see Figure 77), being one of the issues considered for future Kinect versions. 

During the experiments, no effect of vibrations or sudden movements was seen on both sensors, 

confirming what was said in the Safety System Design section. 

The results of this experiment showed a greater utility within agricultural application of the 

LiDAR compared with the Kinect (accuracy and operation range), being only surpassed by a higher 

resolution of the latter, which can be improved by lowering the speed of the vehicle wherein the 

LiDAR is installed.  

On top of this, the difficulty of the Kinect for working under exposed sunlight must be 

underlined, which seriously hampers its utility in agriculture. This was an important point to 

consider during the author's stay at the UC Davis (California, USA), where the performances of a 

LiDAR sensor in contrast to other optical sensor for tree characterization was evaluated. 
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8.2 ACTIVE OPTICAL SENSORS FOR TREE STEM DETECTION AND 

CLASSIFICATION IN NURSERIES  
The objective of the study mentioned here was to evaluate under the same nursery test 

conditions two of the most commonly used optical sensors (LiDAR and photoelectric) and their 

data processing software to select the most reliable sensor for the accurate detection, localization 

and classification (alive or dead) of each one-year-old tree in the nursery. The use of these sensors 

will enable automated tree counting and potentially other future tasks with the same efficiency as 

manual labor and at a lower cost to the nursery. By the incorporation of tree classification 

algorithm, this work (Garrido Izard, et al., 2014a) complements the results previously published by 

the author in Garrido Izard, et al., 2014b. 

8.2.1 Materials and Methods 

8.2.1.1 Optical Sensors and Configuration 

The optical sensors evaluated were a LiDAR sensor and a photoelectric transmission barrier 

using 4 pairs of optical light curtain transmitters and receivers to evaluate the interruption by the 

tree of the light curtain between the two devices. All of the sensors were installed on a prototype 

vehicle, and they are examined in detail below. 

8.2.1.1.1 LiDAR sensor 

The LiDAR sensor was the model LMS 221, SICK AG, Waldkirch, Germany, and its main 

characteristics are summarized in Table 15. 

Table 15. LMS 221 technical data. 

Features Performance 

Operating range: Up to 80 m Systematic error: ± 15 mm 

Angular resolution: 1˚ Statistical error: ± 5 mm 

Light source: Infrared (905 nm) Interfaces / mechanics / electronics 

Field of view/Scanning angle: 180˚ Data interface: RS 232 (38.4 kBd) 

MTBF: 50,000 h Supply voltage: 24 V DC (20 W) 

Laser Class: 1 (EN/IEC 60825-1) Enclosure Rating: IP 67 

Scanning Frequency (by the Software): 10 Hz Temperature Range: -30 ˚C to +50 ˚C 

The LiDAR was installed with a vertical orientation in the middle, right side of the prototype 

vehicle with a ground clearance of 56 cm and at a 50 cm distance from the centerline of the 

vehicle (Figure 78). The LiDAR was positioned to scan the row of trees passing through the center 

of the vehicle. At this distance from the trees, and according with to the manufacturer’s 

specification of the LiDAR, the spot diameter of the LiDAR beam was 3 cm with a distance between 

the individual measured points (spot spacing) of 1.8 cm. 
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Figure 78. (middle) Equipment mounted on the sensor platform that was used. (bottom left) Tree stems detection. 
(top right) Detail of the two sensors locations: LiDAR at the top and four light curtain emitters at the bottom. (bottom 
right) Schematic of the LiDAR and light curtain orientation. (top left) Detail of the encoder coupled by a timing chain 
to one of the wheels. 

8.2.1.1.2 Light Curtain Sensor  

The light curtain sensor was the model Mini-Beam SM 31 EL/RL (Banner Engineering Co., 

Minneapolis, MN, USA), and its main characteristics are summarized in Table 16. 

Table 16. Mini-Beam SM31 EL/RL technical data. 

Features Interfaces / mechanics / electronics 

Range: 30 m Output type: Bipolar NPN/PNP 

Light source: Infrared (880 nm) Supply voltage: 12 V DC  

Maximal frequency: 500 Hz Environmental rating: IEC IP 67 

Beam pattern distance: ≈ 35 mm Operating temperature: -20˚C to +70˚C 

Four light curtain emitters were installed vertically in the same line as the LiDAR on the 

middle right side of the prototype vehicle with a height above ground of 12.7 cm to the lowest 

emitter and a 5.1 cm vertical spacing between each emitter. The four receivers were installed in 

the middle, left side of the prototype vehicle with a distance to the transmitter of 1.1 m so that 

the light curtain covered a vertical height from 12.7 cm to 28 cm above ground level (Figure 78). 

The recording frequency of the light curtain was determined by the forward speed of the 

vehicle because the acquisitions of each pair of light curtain data (interruptions in the beam) were 

triggered by changes in the odometry encoder values (i.e. by forward travel). A horizontal slotted 

aperture of 1.0 x 6.4 mm (AP31-040H) was installed in each light curtain sensor; the use of these 

apertures allowed for a closer matching of the size and shape profile of the detected object (i.e. 

trees). 
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8.2.1.1.3 Sensor Acquisition Configuration 

As previously mentioned, the sensors were installed on a manually powered prototype 

vehicle that was composed mainly of structural framing (to provide suitable robustness), four 

bicycle wheels, and a pair of horizontal shelves as support for the computers (one for each optical 

sensor). Placement of the sensors was along a vertical line, which eliminated the need to perform 

any offset calculations to compare the results between sensors (Figure 78). 

A rotary encoder wheel was coupled by a timing chain to one of the wheels for vehicle 

odometry and used to conduct the evaluation and comparison of the different sensors (Figure 78). 

This arrangement provided a measurement of the linear displacement of the prototype vehicle 

along the row of tree seedlings and formed the spatial basis for each recorded sensor 

measurement.  

To determine the most appropriate vehicle speed for the test, the lowest frequency and 

field of view of the two sensors were considered. With a LiDAR frequency of 10 Hz and by scanning 

each tree stem (1 cm diameter) three times, it was concluded that the speed could be as high as 

0.108 km h-1 (3 cm s-1). 

For the LiDAR acquisition system, the manufacturer’s software was developed in C++, and it 

combined LiDAR, GNSS, and data received by the odometry encoder through an Arduino “UNO” 

device. For the light curtain acquisition system, the optical output signals were connected to a 

bidirectional digital module (NI 9403, National Instruments Co., Austin, Texas, USA), whereas the 

encoder signal was connected to a digital input module (NI 9411, National Instruments Co., Austin, 

Texas, USA). Both modules were embedded in an NI cRIO 9004 (National Instruments Co., Austin, 

Texas, USA), and all of the data were recorded using the Labview software program (National 

Instruments Co., Austin, Texas, USA). 

All of the necessary components for each of the aforementioned systems (LiDAR and light 

curtain, Figure 79) were recorded in a parallel fashion using the encoder value for future event 

synchronization and evaluation. In this way, two independent files were obtained from each 

optical sensor system and test. 

 

Figure 79. Devices and software used the two systems.  
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8.2.1.4 Field Experiments 

On April 19, 2013, six field trials were conducted on one-year-old grafted almond trees at 

the nursery of Sierra Gold Nurseries in Yuba City, CA, United States. Each field test plot consisted 

of 20 meters of data collected along the tree line with the use of the manually powered vehicle. 

Trees were located in beds that were 15 cm high, 61 cm wide, and 400 m long. The distance 

between trees was 20 cm, and the tree top height above the ground was approximately 22 cm. 

Because of the good ground conditions and their installation on the vehicle, the LiDAR detections 

did not require correction by the IMU. 

8.2.1.5 Method for LiDAR Tree Stem Characterization 

After the field data had been recorded using the LiDAR, processing was performed. An 

algorithm was written to convert the distances and angles from the LiDAR detection to 3-D 

coordinates using the encoder value for the displacement of the vehicle. 

The analysis of these initial values showed an outlier effect of the depth for LiDAR values 

(Figure 80), as the object to be scanned (one-year-old grafted almond trees) was normally smaller 

than the spot diameter of the LiDAR (according to the manufacturer's documentation, an LMS 221 

had a spot diameter of approximately 3 cm at a 1 m distance) (Waldkirch, 2006). 

(a) 

 

(b) 

 

(c) 

 

Figure 80. A sample of the LiDAR outlier that occurs at the boundary of an occlusion. (a) Image of the scanned tree. (b) 
Front view of the detection recorded of the tree by the LiDAR sensor. (c) Top view of the detection recorded of the 
tree by the LiDAR after ground removal. 

To reduce the error produced from the outlier detection’s shape, the LiDAR tree stem 

detection task was performed in three steps: data filtering for delimiting the number of detections 

to the area of interest; a calibration test I for evaluating and selecting the tree stem identification 

parameters values included in the algorithm; and validation of the proposed methodology. 

To extend the application range of this methodology in nurseries, it is necessary to consider 

the number of trees present in a field and their state as either alive or dead. For this purpose, tree 

classification was performed in two steps: Calibration Test II and Validation. For this study, an off-
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line Matlab process was used with actual field data collected during the field tests. In its final 

version, the process will run on-line to adjust the mechanical weed implement without damaging 

the crop trees. 

8.2.1.3.1 Data Filtering 

The 3-D LiDAR data were filtered by removing unnecessary measurement data from the 

background, ground and all detections outside of the vehicle frame. To remove the unnecessary 

ground data, all of the detections with a height lower than 17 cm were removed. This height 

threshold was obtained by manual analysis of the data. To remove data from within the interest 

area (removal of background and measurements from outside the vehicle's frame), a boundary 

delimitation was performed for depth and height, and only the values with a LiDAR distance of 10 

to 65 cm and with a height less than 10 cm above the LiDAR height (56 cm) were retained.  

8.2.1.3.2 Calibration Test I: Stem Identification and Selection of Parameter Values 

Data provided by the 4 field experiment tests were used for the calibration test, which was 

composed of 373 trees. The methodology used for reducing the LiDAR outlier effect during tree 

stem detection was based on six different filter parameters (height threshold, encoder range, path 

increment, cut identification, jump, and blanking tree distance) and applied as follows: 

1. Once the data were filtered, there was an initial height threshold applied to the 

remaining points (height cut parameter) to focus the study on the stems without 

considering leaves and branches, which strengthened the outlier shape effect. 

2. The trees should be located where the number of detections is maximal, so a depth 

(perpendicular distance from the LiDAR) histogram evaluation was performed. 

Histograms were produced for every 10 encoder values and by selecting different range 

data (encoder range parameter).  

3. The depth value obtained with the highest detection number for a histogram was 

related to the average value of the data encoder range. This defined a line, termed the 

tree line, which was then smoothed. 

4. The tree path was obtained by adding and subtracting a defined value (path increment 

parameter) to this tree depth line. 

5. A second threshold in height was applied (cut identification parameter) based on the 

detections at the starting point (after data filtering) that were inside the tree path. 

6. A binary transformation was performed to determine the presence or absence of 

detections for each encoder value. These binary values were filtered by changing all of 

the absence values (that were between presence values) from absence to presence 

inside an evaluation window (jump parameter).  

7. The initial, final and median encoder values were obtained from each presence series. 

The potential tree detection was removed when the distance in the encoder values 

from its midpoint to the previously detected tree midpoint was lower than a threshold 

(blanking tree distance parameter). 

8. The median encoder value of each tree detected by the LiDAR sensor was compared 

with the actual values obtained manually during the tests. The real tree location and 
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LiDAR tree detection were compared by proximity and deemed a success if the distance 

between them was less than 80 encoder values; otherwise it was considered to be a 

false positive (detected by the LiDAR but not real) or negative (real tree not detected by 

the LiDAR). 

This methodology was conducted for the study of each parameter independently through 

an evaluation of the following parameters: height cut parameter from 18 to 25 cm, encoder range 

parameter from 50 to 2000 in steps of 150 encoder values, path increment parameter, from 1 to 9 

in steps of 2 cm, cut identification parameter from 18 to 25 cm, jump parameter from 1 to 9 in 

steps of 2 cm, and blanking tree distance parameter from 50 to 190 in steps of 20 encoder values.  

In each independent evaluation, the values of the other variables were set to their average 

value: 22 for height cut and cut identification, 1025 for encoder range, 5 for path increment and 

jump, and 125 for tree distance. 

Based on an independent set of evaluations (Figure 81), the values at which a minimum 

number of tree detection errors were obtained were as follow: a height cut of 21, an encoder 

range of 200, a path increment of 5 a cut identification of 19, a jump of 1, and a blanking tree 

distance of 110. 

Figure 81. The total number of detected tree errors (false positives and negatives) by the LiDAR sensor using different 
parameter values: (a) Jump parameter with a Fischer value of 5.79. (b) Blanking tree distance parameter with a Fisher 
value of 24.44. On each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, 
and the whiskers extend to the most extreme data points. 

8.2.1.3.3 Calibration Test II: Tree Classification 

The trees that were correctly detected by the LiDAR sensor in the 4 field tests comprised, 

359 trees (284 alive and 75 dead), and they were used to calibrate the tree classification 

methodology. The methodology used for LiDAR tree classification was based on the following: 

1. Considering the LiDAR detections that were inside the tree line defined in point 4 of the 

“Calibration Test I: Stem Identification and Selection of Parameter Values”, a binary 

transformation was performed to determine the presence or absence of detections for 

each encoder value. 
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2. Using the medium encoder values of each success tree detected in point 8 of 

“Calibration test I: Stem identification and selection of parameter values” as the 

midpoint in the binary transformations from the previous point, the number of 

presence detections was counted inside an evaluation window (dead range parameter).  

3. According to the number of detections inside the dead range window and the actual 

state of the tree, which was obtained manually during the test, the detection threshold 

(threshold count parameter) was obtained, which difference live trees from dead trees 

at 95th percentile of alive trees.  

This methodology was conducted through an evaluation window of the dead range 

parameter from 5 to 200 in steps of 5 encoder values. Based upon on the validation tables 

(assessment of success and false positives and negatives), a dead range parameter value of 55 was 

selected (Figure 82). The success of the classifications (dead and alive trees) was considered along 

with the percentage of live trees classified as dead. For a nursery, this error should be as low as 

possible because it could involve the replacement of live trees and causes unnecessary expense to 

the nursery. 

 

Figure 82. Classification tree percentages obtained for the different dead range parameter values by the LiDAR sensor. 

Once the dead range parameter was selected, the threshold count parameter was 

calculated in which the detection of live from dead trees was evaluated based on the 95 percent 

(95th percentile) of lives trees. Table 17 shows the mean validation values obtained in the 

calibration tests by selecting the highest, average and lowest threshold count value evaluated. To 

obtain a universal methodology, a single threshold count value should be calculated. To minimize 

unnecessary expenses to the nursery, the lowest threshold value (11.75 detections) was selected. 

This selection process involved a reduction of the error by which a living tree is considered as dead 

and the error whereby a large number of dead trees were considered alive. 
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Table 17. Mean percentages of successful classifications and false positives and negatives during the calibration test 
with a dead range value of 55 at the different threshold count values. 

 
Threshold 

Count Value 

Alive Trees 

Correctly Classified (%) 

Dead Trees Correctly 

Classified (%) 

Alive Trees 

Classified as Dead (%) 

Dead trees 

Classified as Alive (%) 

Max value 18 69.29 19.18 9.86 1.67 

Min value 11.75 78.06 16.93 1.09 3.92 

Average value 15.75 75.60 18.06 3.55 2.79 

8.2.1.4 Method for Light Curtain Tree Stem Characterization 

Figure 78 shows the four pairs of light curtain sensors (model Mini-Beam SM31 EL/RL, 

Banner Engineering Co., Minneapolis, MN, USA) that were placed under the LiDAR device. The four 

light curtain receivers were configured to output a TTL (Transistor–transistor logic) pulse when the 

infrared beam was blocked by the passage of a tree stem during travel on the prototype vehicle. 

All four of the light-beam signals were monitored simultaneously in real-time by a high-speed 

embedded control system. This sensing system allowed for the analysis of within-row tree 

placement. 

Light can be blocked by various circumstances, such as tree leaves, weeds, and large soil 

clods; therefore, unwanted pulses can be observed and cause inaccurate tree counting and sizing. 

8.2.1.4.1 Calibration Test I: Stem Identification 

The data used for the light curtain calibration were the same as for the LiDAR calibration: 4 

field experiments tests composed of 373 trees. The methodology used for the tree stem detection 

by the light curtain sensors was based on the following: 

1. The detections of the three lower light curtain sensors (the highest sensor did not 

detect small nor dead trees) in an encoder window “tree encoder parameter” were 

evaluated using the successful detection of the previous/lower light curtain sensor as 

the midpoint. The evaluation order was upward, starting from the light curtain sensor 

located closest to the ground (LC0). For example, when detection at LC0 occurred at an 

odometer encoder value of 500 and with a tree encoder parameter of 100, the program 

assessed whether there was any detection in LC1 (light curtain above LC0) within a 

window range from 400 to 600 encoder values. If detection was obtained for LC1 in this 

range, the program evaluated the LC2 in the range of +/- 100 of the encoder value that 

produced the detection in LC1. 

2. The detection was considered a tree if the condition of detection were fulfilled in LC0-

LC2 (relative to the tree encoder parameter) and provided that the difference in the 

encoder values of this new candidate (LC0 encoder value) and the previous candidate 

were higher than the “minimal tree distance parameter.” If this was not the first tree 

detected, the program determined whether the distance between the previous tree 

encoder values was higher than the minimal tree distance (i.e., not a repetition of the 

previous tree). 
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3. The LC0 encoder value for each candidate tree was compared with the actual values 

obtained manually during the test. The real tree location and light curtain tree detection 

were compared by proximity and deemed a success if the distance between them was 

less than 80 encoder values; otherwise, it was considered to be a false positive 

(detected but not real) or negative (real tree not detected).  

This methodology was conducted through an evaluation range of the tree encoder 

parameter from 5 to 25 in steps of 1 encoder values and a minimal tree distance parameter, from 

50 to 190 in steps of 20 encoder values. Table 18 shows the values of the parameters for which 

optimum results were obtained. Values were selected according to the total number of false 

detections (Figure 83). At equal false detections values, the standard deviation error was used as a 

selection criterion. Finally, a value of 13 was selected for the tree encoder parameter and 130 for 

the minimal tree distance parameter. 

(a) 

 

(b) 

 

Figure 83. The total number of detected tree errors (false positive and negatives) by the light curtain using the 
different parameters values: (a) Tree encoder parameter with a Fisher value of 1.34. (b) Minimal tree distance 
parameter with a Fisher value of 621.7. On each box, the central mark is the median, the edges of the box are the 
25th and 75th percentiles, and the whiskers extend to the most extreme data points. 
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Table 18. Results obtained during the parameter evaluation with minimal number of trees not detected (4 total trees 
not detected for a total of 373 trees). 

Tree encoder value Minimal tree distance value σ of location by LC with real values 

13 110 10.82 

13 130 10.59 

14 110 10.88 

14 130 10.66 

15 110 10.96 

15 130 10.74 

16 110 11.01 

16 130 10.79 

17 110 11.07 

17 130 10.82 

18 110 11.10 

18 130 10.85 

19 110 11.43 

19 130 11.18 

20 110 11.79 

20 130 11.55 

21 110 11.88 

21 130 11.65 

Figure 84 shows the same tree sequence as in Figure 85 but detected with the light curtain 

sensors. In this image, the light curtain sensor number 3 is blocked more frequently than 0, 1 and 

2, which indicates that this sensor is frequently detecting leaves at the top of the trees. 

 

Figure 84. The x-axis grid shows the location of the trees detected with the light curtain sensor, and the y-axis shows 
which the light curtain sensor that is blocked by the tree in each location. 
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(a) 

 
(b) 

 
(c) 

 

Figure 85. (a and b) Methodology used for tree stem identification from the LiDAR detection data. In the graph on the 
right, the x-axis grid shows the actual location of the trees (the last one was not detected). (c) The image shows the 
corresponding view of the scanned trees. 
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8.2.1.4.2 Calibration Test II: Tree Classification 

To calibrate the tree classification methodology by the light curtain sensor, the number of 

successful detections of trees in the 4 field tests (371 trees with 294 alive and 77 dead) was used. 

The methodology was based on the methodology used for tree classification by the LiDAR sensor. 

1. Considering the LC0 encoder value of each success tree detected (point 3 of “Calibration 

Test I: Stem Identification and Selection of Parameter Values”) as midpoint, the total 

numbers of presence detections for LC0 to LC2 were counted inside an evaluation 

window (dead range parameter). 

2. According to the number of detections inside the dead range window and the actual 

state of the tree, which was obtained manually during the test, the detection threshold 

(threshold count parameter) was obtained, which differentiates live trees from dead 

trees at 95th percentile of alive trees.  

Similar to that of the LiDAR sensor, the evaluation range of the dead range parameter was 

from 5 to 200 in steps of 5 encoder values. Considering the validation tables obtained for each 

dead range value (Figure 86) and the tree classification established by the LiDAR sensor, a 

parameter value of 50 was selected. 

 

Figure 86. Classification percentages obtained for the different dead range parameter values for the light curtain 
sensor. 
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methodology and minimizing unnecessary expenses to the nursery, the lowest threshold value 

(21.4 detections) was selected. 

Table 19. Mean percentages of successes classifications and false positives and negatives during the calibration test 
with a dead range value of 50 at different threshold count values. 

 
Threshold 

count value 

Alive Trees 

Correctly Classified (%) 

Dead Trees Correctly 

Classified (%) 

Alive Trees 

Classified as 

Dead (%) 

Dead Trees 

Classified as 

Alive (%) 

Min value 21.4 77.15 18.49 2.14 2.22 

Max value 26 72.55 19.58 6.75 1.12 

Average value 23.56 74.99 19.03 4.30 1.68 

8.2.2 Results and Discussion 

8.2.2.1 LiDAR Stem Identification Validation Tests 

For the validation tests, two new field experiments were developed, composed of 194 trees 

along with the data used for the calibration. The methodology used in the calibration included the 

parameter values selected after the independent evaluations. The values obtained for both tests 

are summarized in Table 20, which shows that high percentages (95.7%) of trees were successfully 

detected, with a low location deviation error (total std. deviation of ± 16.6 mm and a standard 

error of ± 0.71 mm).  

Table 20. Results obtained for LiDAR stem identification with the calibration and validation samples using the 
parameter values selected from independent evaluations (height cut of 21, encoder range of 200, path increment of 5, 
cut identification of 19; jump of 1, and blanking tree distance of 110). 

  Calibration Validation TOTAL 

Test number 1 2 3 4 5 6   

Real trees number 95 93 89 96 97 97 567 

LiDAR tree counts 96 94 90 95 97 96 568 

LiDAR tree correctly detected 91 89 87 92 93 91 543 

False positives 5 5 3 3 4 5 25 

False negatives 4 4 2 4 4 6 24 

Total incorrect detections 9 9 5 7 8 11 49 

Std. deviation by LiDAR with real tree 

values (mm) 
17.79 19.26 17.94 12.25 16.38 11.86 16.6 

 
Table 21 and Table 22 show the percentages and numbers of registered encoder values 

corresponding to each of the four possible situations during the LiDAR calibration and validation 

tests, which were the predicted and observed trees, predicted but not observed trees (false 

positive), observed but not predicted trees (false negative), and neither predicted nor observed 

trees. The percentages of the different situations obtained during the calibration and validation 
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were very similar. Small variations may have occurred as a result of the different speeds used 

during the tests, and with each speed influencing the number of encoder values registered. 

Table 21. Number and percentage of encoder events recorded in each situation during the LiDAR calibration tests. 

 Predicted trees Unpredicted trees 

Observed trees 1605 (7.4%) 140 (0.65%) 

Unobserved trees 39 (0.18%) 19900 (91.77%) 

 

Table 22. Number and percentage of encoder events recorded in each situation during the LiDAR validation tests. 

 Predicted trees Unpredicted trees 

Observed trees 548 (7.28%) 100 (1.33%) 

Unobserved trees 26 (0.35%) 6845 (91.04%) 

 
Figure 87 is a histogram of the standard deviation of a correct tree LiDAR location and a real 

tree location. All of the tests were considered and grouped according to the parameter values 

during the independent evaluations. A low error value did not indicate an improved performance 

of the sensor because this may lead to a greater number of false positive or false negative tree 

detection. For example, using the lowest tree location error, which was 1 mm less than the actual 

observation, would result in a reduction in tree detection of up to 86%. 

 

Figure 87. Histogram of the standard deviation error from the LiDAR tree location and real tree location.  
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8.2.2.2 LiDAR Tree Classification Validation Tests 

Two new field experiments were developed that were composed of 184 trees (106 alive and 

78 dead) along with the data used for calibration. The methodology used in the calibration 

included the parameter dead range at 55 encoder values and 11.75 counts for threshold. The 

values obtained for both tests are summarized in Table 23, which shows that 95.9 % of live trees 

and 88.24 % of dead trees were successfully classified, with 4.1 % of live trees considered as dead 

and 11.76% of dead trees considered as alive. 

Table 23. LiDAR results obtained for the tree classification with the calibration and validation samples using the 
parameter values selected in the calibration (dead range of 55 and threshold count of 11.75). 

  Calibration Validation Total 

Test number 1 2 3 4 5 6 
 

Real tree count 95 93 89 96 97 97 567 

Trees detected by LiDAR after correction 91 89 87 92 93 91 543 

Alive trees not detected by LiDAR 2 4 2 4 1 4 17 

Dead trees not detected by LiDAR 2 0 0 0 3 2 7 

Number of alive trees 76 75 68 65 54 52 390 

Number of dead trees 15 14 19 27 39 39 153 

Live trees well classified 75 75 68 62 52 42 374 

Dead trees well classified 13 7 16 25 35 39 135 

Alive trees classified as dead 1 0 0 3 2 10 16 

Dead trees classified as alive 2 7 3 2 4 0 18 

Table 24 shows the mean validation percentage obtained for each of the four possible 

situations during the LiDAR calibration and validation tests, which were the predicted and 

observed live trees, predicted but not observed live tree (false positive), observed but not 

predicted alive trees (false negative), and predicted and observed dead trees. 

Table 24. Mean validation percentage using the parameters values selected for the LiDAR calibration and validation 
tests. 

 Predicted alive trees Predicted dead trees 

Observed alive trees 69.05 % 2.92 % 

Observed dead trees 3.33 % 24.70 % 

8.2.2.3 Light Curtain Stem Identification Validation Tests 

Table 25 summarized the data obtained using a value of 13 for tree encoder parameter and 

of 130 for the minimal tree distance parameter in all of the tests, which showed that 99.48% of 

the trees were detected successfully. Of the 194 trees that were in the validation study, 193 trees 

were detected after correction. 
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Table 25. Light curtain results obtained for the calibration and validation samples using the parameter values selected 
after independent evaluations (tree encoder of 13 and minimal tree distance of 130). 

 
Calibration Validation TOTAL 

Test number 1 2 3 4 5 6   

Real trees number 95 93 89 96 97 97 567 

LC trees counts 95 93 89 96 97 97 567 

LC trees correctly detected 95 92 88 96 97 96 564 

False positives 0 1 1 0 0 1 3 

False negatives 0 1 1 0 0 1 3 

σ of location by LC with real tree values (encoder) 8.8 13.7 9.13 10.74 13.21 9.35 11.32 

 
Table 26 and Table 27 show the percentages and numbers of registered encoder values 

corresponding to each of the four possible situations during calibration and validation tests, which 

were the predicted and observed trees, predicted but not observed trees (false positive), observed 

but not predicted trees (false negative), and neither predicted nor observed trees. The 

percentages of the different situations obtained during the calibration and validation were very 

similar. Small variations may have occurred as a result on the different speeds employed during 

the tests influencing the number of encoder signals registered. 

Table 26. Number and percentage of encoder events recorded in each situation during the light curtain calibration 
tests. 

 Predicted trees Unpredicted trees 

Observed trees 3140 (3.99%) 20 (0.02%) 

Unobserved trees 2 (0.02%) 75460 (95.97%) 

 

Table 27. Number and percentage of encoder events recorded in each situation during the light curtain validation 
tests. 

 Predicted trees Unpredicted trees 

Observed trees 1257 (3.15%) 10 (0.03%) 

Unobserved trees 1 (0.00%) 38637 (96.82%) 

8.2.2.4 Light Curtain Tree Classification Validation Tests 

The methodology used during the calibration was followed by setting the dead range at 50 

encoder values and 21.4 counts for the threshold. The values obtained for both tests are 

summarized in Table 28, which shows that 97.28 % of live trees and 86.16 % of the dead trees 

were successfully classified, with 2.72 % of the live trees considered as dead and 13.84 % of the 

dead trees considered as alive. 
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Table 28. Light curtain results obtained for the tree classification with the calibration and validation samples using the 
parameter values selected the in calibration (dead range of 50 and threshold count of 21.4). 

 
Calibration Validation Total 

Test number 1 2 3 4 5 6 
 

Real tree count 95 93 89 96 97 97 567 

Trees detected by LC  

after correction 
95 92 88 96 97 96 564 

Lives trees not  

detected by LC 
0 1 1 0 0 0 2 

Dead trees not  

detected by LC 
0 0 0 0 0 1 1 

Number of alive trees 78 78 69 69 55 56 405 

Number of dead trees 17 14 19 27 42 40 159 

Live trees correctly  

Classified 
74 78 67 67 54 54 394 

Dead trees correctly  

classified 
17 10 15 27 33 35 137 

Alive trees classified as  

dead 
4 0 2 2 1 2 11 

Dead trees classified as  

alive 
0 4 4 0 9 5 22 

 
Table 29 shows the mean validation percentage obtained for each of the four possible 

situations during the LC calibration and validation tests. 

Table 29. Mean validation percentage using the parameters values selected for the light curtain calibration and 
validation tests. 

 Predicted alive tree Predicted dead tree 

Observed alive tree 70.09 % 1.94 % 

Observed dead tree 3.90 % 24.07 % 

8.2.3 Conclusions 

This study showed that the LiDAR and light curtain sensors represent a useful technique for 

within-row tree detection in a nursery. This study also developed an automated analysis for this 

type of technology that allows the elimination of outliers, detection of weeds, tree leaves and soil 

based on point clouds detected by the LiDAR and light curtain sensors. Our major contributions 

are as follows: 

 A sensor platform was successfully constructed to monitor and record the LiDAR 

and light curtain measurements simultaneously for a tree row.  
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 High percentages (95.7%) of trees were detected successfully with the LiDAR 

sensor, which also had a low location deviation error (total std. deviation of ±16.6 

mm and a standard error of ±0.71 mm).  

 Higher percentages (99.48 %) of trees were detected successfully with the light 

curtain sensor, with a lower location deviation error (total std. deviation of ±11.32 

mm and a standard error of ±0.48 mm).  

 The LiDAR sensor correctly classified 93.75% of the trees compared to 94.16% for 

the light curtain sensor 

For the task proposed in this study, the most reliable system was the light curtain sensor. 

Not only were the best results obtained with this sensor, but also the data processing was much 

simpler, consisting of two filter parameters, rather than the 6 filter parameters required for the 

LiDAR sensor. Further, reducing system complexity provides faster data processing, which is a plus 

for future applications in real-time. 

From an economic point of view, the light curtain sensor, even though formed by 4 pairs of 

sensors, was less costly than the single LiDAR sensor at a cost ratio of 2/1. The system could be 

used to automate intra-row (i.e., within-row) weeding based on tree or crop detection with active 

optical sensors. In most cases, weed control still requires costly hand weeding for organic, nursery 

field and small-scale farmers. 

The use of this innovative sensor platform for tree detection in nurseries may result in a 

new era that allows for online control of aggressive weeds and the automation of weeding tools, 

which we plan to pursue through future research. Further work is also required to provide 

additional insight into large commercial fields with different types of trees so that data obtained 

with the optical sensor can be related to the plethora of published studies that have used machine 

optical sensing.  

Under this line, the recently published work Perez-Ruiz, et al., 2015 should be mentioned. In 

this work, the author and collaborators demonstrated the use of one single light curtain couple for 

measuring tomato plant spacing, by detecting correctly 100 % and 90% of the plants stems for 

laboratory and field experiments respectively. 
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Chapter 9 

3-D Maize Plant Reconstruction Based on Georeferenced 

Overlapping Lidar Point Clouds 
In this chapter, and as defined in the objectives of the thesis, is conducted an accurate and 

temporal crop characterization by the use of a LiDAR sensor. This work was done on maize crop in 

a greenhouse, thanks to the opportunity that was given to the author for performing a research 

stay at the University of Hohenheim (Stuttgart, Germany). 

As it has been said in the literature review, for obtaining a full coverage of the plant surface, 

3-D point clouds of the plants are necessary. These point clouds could be acquired from 

simultaneous LiDAR sensors with different view points, or from the same sensor but for different 

views on discrete time-instances. The problem that arises is how to register and fuse these 

overlapping 3-D point clouds in a single coordinate system. 

As explained in Garrido Izard, et al., 2015b, the main goal of this research was to develop a 

methodology for 3-D maize plant reconstruction based on overlapping different georeferenced 3-

D point clouds, provided by different LiDAR’s orientation and time instances. Thereby, in future 

research, individual plant characteristics can be extracted from this 3-D point cloud outcome. The 

LiDAR data acquisition under different growth stages of the plants will allow a 4-D maize plant 

reconstruction by simulating the development of the crop over time. Accurate 3-D reconstruction 

of crop plants will also permit the use of precision agriculture applications to be implemented. 

Tasks like automated mechanical weeding or precise spraying could be performed according to 

crop state. The big advantage of accurate georeferencing over time is that other georeferenced 

data (e.g., remote sensing data, yield maps, etc.) can be integrated to the existing fused 3-D point 

cloud. 
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9.1 MATERIALS AND METHODS 

9.1.1 Hardware, Sensors and Configuration  

As commented in detail in Reiser, et al., 2015, a small 4-wheel autonomous robot called 

“Talos”, developed at the University of Hohenheim, was used to move the sensors through the 

maize crop rows. On this robot, different sensors were installed (seeFigure 88): three LiDARs; an 

IMU; and a prism which was tracked by a total station for georeferencing.  

 

Figure 88. Equipment mounted on the “Talos” robot platform and the used total station. 

The model chosen for LiDAR sensor was the LMS 111 (SICK AG, Waldkirch, Germany). Its 

main characteristics were already summarized in Table 7. 

Each LiDAR was installed with a different orientation and at a different location: 

horizontally, mounted at the front of the robot at a height of 0.2 m above the ground level; push-

broom or inclined at an angle of 30°, mounted at the front of the robot at a height of 0.58 m; and 

vertically, mounted at the back of the robot at a height of 0.2 m (see Figure 88).  

In all LiDAR sensors, using the previous experience acquired during the RHEA project, two 

digital filters were activated for optimising the measured distance values: a fog filter (becoming 

less sensitive in the near range (up to approx. 4m); and a N-pulse-to-1-pulse filter, which filters out 

the first reflected pulse in case that two pulses are reflected by two objects during a measurement 

(Waldkirch, 2008). 

To acquire the three dimensional orientation of the robot in space during the field 

experiments, a VN-100 IMU (VectorNav, Dallas, USA) was placed at the centre of the robot. The 

accuracy values of the sensor were 2.0° RMS for the heading at static and dynamic mode, and 0.5° 

RMS and 1.0° RMS for both pitch and roll at static and dynamic mode, respectively. 



International Ph.D 
Miguel Garrido Izard                                      3-D Maize Plant Reconstruction Based on Georeferenced 

Overlapping LiDAR Point Clouds 

- 113 - 
 

In order to georeference the acquired LiDAR data, a SPS930 Universal Total Station was used 

(Trimble, Sunnyvale, CA, USA), with a distance measurement accuracy in tracking prism mode of 

±(4mm+2ppm). For that tracking mode, a Trimble MT900 Machine Target Prism was mounted on 

top of the robot, at the same axis as the IMU, and at a height of 1.07 m to always guarantee line of 

sight to the total station (see Figure 88). To ensure that all heights measured by the total station 

were positive, the software of the Total Station was configured in a way that the device had a 

height of 2 m above the ground, when in reality it was located only 1.2 m above the ground. The 

total station data was sent to a Yuma 2 rugged tablet computer (Trimble, Sunnyvale, USA), which 

was connected to the robot computer via a serial RS232 interface for continuous data exchange. 

Five fixed control ground points were used for setting up the total station. In the specific setup the 

total station position was chosen as the origin of the coordinate system. If a predefined geodetic 

coordinate reference system (e.g. WGS84) is desired, the absolute coordinates of the fixed ground 

points are measured and are given as parameters during the total station set up. This variation 

does not affect the presented methodology.  

Sensor acquisition and recording was accomplished by an embedded computer, equipped 

with an i3-Quadcore 3.3 GHz processor, 4 GB RAM and SSD Hard drive. The robot computer ran on 

Linux (Ubuntu 14.04) and used the Robot Operating System (ROS-Indigo) middleware. The 

communications between the sensors and the robot computer were performed via RS232 

interface for the IMU and Yuma 2; and via Ethernet for the LiDARs. All sensor data were time-

stamped, according to the computer system time, and individually saved, respecting their 

acquisition frequencies: 25, 15, and 40 Hz for the LiDAR, total station and IMU, respectively.  

9.1.2 Field Experiments 

Five rows of maize were seeded in a greenhouse to be independent of weather conditions. 

The row length was 5.2 m, while the width was defined as usual in maize to 0.75 m, with 41 plants 

per row. A theoretical distance between plants of 0.13 m was considered. The five rows were 

seeded with a standard deviation of 0.019, 0.017, 0.006, 0.048, and 0.047 m, respectively 

(seeFigure 89), as is usually the result of seeding machines.  

Data acquisition was performed when the crop was, mostly, at V3 leaf stage (by leaf collar 

method (Ritchie et al., 1992)), with an average height of 0.25 m. The robot movement was driven 

by a remote joystick, automatically adjusting the speed, at every path (between the cultivation 

lines) and direction (go and return) (see Figure 89), resulting in a total of 8 recorded datasets. The 

average speed was around 0.06 m s-1 in order to acquire a high data density.  
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Figure 89. Representation of the total station location (*), the directions travelled by the robot during data 
acquisition, and the plant positions of the five maize rows (∙). 

9.1.3 Data Processing  

This section explains the proposed methodology for getting the aerial point clouds of the 

maize crop rows referenced to the total station coordinates. This is a necessary prerequisite to 

perform the georeferenced overlapping of the aerial crop point clouds. For this purpose, it was 

necessary to conduct a pre-processing of the data, which was followed by a number of 

transformations and translations: (1) from the total station to the LiDAR sensor; and (2) from the 

LiDAR sensor to the scanned point. This process was repeated for each LiDAR, taking into account 

its location on the frame of the robot and its orientation. 

9.1.3.1 Pre-Processing Data 

Data pre-processing was performed, at each sensor used, in a different way. For this study, 

an off-line Matlab R2015a (MathWorks, Natick, MA, USA) process was used with actual field data 

collected during the field experiments. 

The first step for the IMU data was to adapt the sensor coordinate system, depending on 

robot direction. Once the coordinate system was adjusted, a Savitzky-Golay FIR (Finite-Impulse 

Response) smoothing filter was applied, also known as polynomial smoothing or least-squares 

smoothing filter. This type of filter can preserve the high-frequency content of the desired signal, 

at the expense of not removing as much noise as the FIR averager (Orfanidis, 1996). The filter 

parameters were a polynomial order of 7 and a frame size of 51. 

Regarding total station’s data, the timestamp was adjusted given its latency over radio (40 

ms), specified at the sensor technical data sheet (Trimble, 2015). 

In the case of the LiDARs sensors, the data was filtered to eliminate false positives or all 

those that did not contribute relevant information, considering only those detections with a 

distance between 0.03 m to 10 m, and with a remission value (reflectance percentage values from 
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the laser pulse intensity) between 200 and 1000. Later, the resulting detections were transformed 

from polar to Cartesian coordinates, using the horizontal LiDAR coordinate system as a reference. 

The actual orientation of each LiDAR was considered during the subsequent applied 

transformations. 

Data analysis was performed as long as information from all three sensors (total station, 

IMU and LiDAR) was available. This could be justified by the sensors timestamp. Lastly, at every 

dataset, IMU and total station data were interpolated, by the Piecewise Cubic Hermite 

Interpolating Polynomial (PCHIP) method (Kahaner et al., 1989), to each LiDAR timestamp. 

9.1.3.2 Serial Transformation and Translations 

9.1.3.2.1 From Total Station to LiDAR Sensor 

Due to the robot rigid body aluminium frame that was carrying the sensors, a static 

transformation and translation was performed, from the prism - tracked by the total station - to 

each LiDAR sensor. Thus, the relative coordinates (referred to the total station's coordinate 

system) of each LiDAR and for each timestamp was obtained. For that, three steps were followed 

(see Figure 90 & Figure 91): 

1. Firstly, the LiDARs' coordinates at the robot's coordinate system ( , , )LiDAR LiDAR LiDARx y z    

were obtained, taking into account the prism as the origin, following the rigid translation 

(Equation 4) values of each LiDAR (see translation values at Table 30). 

 

[ ] [ _ _ _ _ ]LiDAR LiDAR LiDARx y z x translation y translation prism height z translation       

Equation 4. LiDAR location at the Talos coordinate system 

2. Secondly, a transformation for evaluating the three dimensional orientation of the robot 

was applied at the coordinates obtained for each LiDAR (Equation 5). For that, the IMU 

values (roll “φ”, pitch “θ”, and yaw “ψ”) were considered at the LiDAR’s timestamp “t” 

( , , )
t t t

x y z  
   . 

3. Finally, a second translation was performed (Equation 5) from the prism tracked 

coordinates to the total station for that specific timestamp ( , , )
t t tprism prism prismx y z . Thus, 

the LiDAR coordinates at the total station's coordinate system for the evaluated time 

( , , )
t t tLiDAR LiDAR LiDARx y z  were obtained. 
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Equation 5. Transformation and Translation for obtaining LiDAR location at the Total Station coordinate system. 

9.1.3.2.2 From LiDAR Sensor to Scanned Point 

Once the LiDAR sensor’s coordinates at the total station’s coordinates system at the 

evaluated timestamp “t” were obtained, the next step was to convert the local LiDAR point cloud, 

for that time, into total station’s coordinates system. For that, four steps were followed (see 

Figure 90 & Figure 91): 

1. The starting points were the Cartesian coordinates obtained at every LiDAR scan, using 

the horizontal orientation as reference, for the evaluated time point point point( , , )
t t t

x y z   . 

2. In order to integrate the LiDAR’s scan into the Robot’s coordinate system, a different 

transformation ( , , )x y z  
    was applied (Equation 6) depending on the LiDAR’s 

orientation and the robot’s direction (see Table 30). Table 30 presents the first rough 

calibration of the LiDAR’s positions and orientations. This was performed using a 

measuring tape and a bull’s eye level for the two-dimensional plane levelling (roll and 

pitch angles). An angle meter was used for precise measurement of the inclined LiDAR 

slope. The thorough calibrations were performed later on during the implementation of 

the ICP algorithm at the point cloud overlapping. 

point point

point point

point point
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Equation 6. Transformation for obtaining LiDAR detections at the Talos coordinate system. 
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Table 30. Transformation and translation values depending on LiDAR’s orientation and robot direction. 

LiDAR 

Orientation 
Direction 

Roll  

x  (º) 

Pitch  

y  (º) 

Yaw  

 z  (º) 

x translation 

(m) 

y translation 

(m) 

z translation 

(m) 

Horizontal  
Go 0 -180 0 -0.45 0 0.205 

Return 180 0 0 0.45 0 0.205 

Inclined  
Go 0 -30 180 -0.51 0 0.58 

Return 0 -30 0 0.51 0 0.58 

Vertical  
Go 0 -90 0 0.5726 -0.0177 0.1997 

Return 180 -90 0 -0.5726 0.0177 0.1997 

 

3. Then, a second transformation to evaluate the three dimensional orientation of the 

robot was applied at LiDAR’s scan (Equation 7). For that, the IMU values (roll “φ”, pitch 

“θ”, and yaw “ψ”) were considered at timestamp “t” ( , , )
t t t

x y z  
   . 

4. Finally, a translation from the LiDAR coordinates to the total station's coordinate system 

for the evaluated time “t” ( , , )
t t tLiDAR LiDAR LiDARx y z  was performed (Equation 7); thereby 

each LiDAR scanned point at the total station's coordinate system point point point( , , )
t t t

x y z  

was obtained. 

point point

point point

point point

1 0 0 0 cos( ) 0 sin( ) 0

0 cos( ) sin( ) 0 0 1 0 0

0 sin( ) cos( ) 0 sin( ) 0 cos( ) 0

0 0 0 1 0 0 01 1

t t t t

t tt t

t t t tt t

x x y y

x xy y

x x y yz z

 

 

   

       
                     
     
          1

cos( ) sin( ) 0 0 1 0 0 0

0 1 0 0sin( ) cos( ) 0 0
                       

0 0 1 00 0 1 0

10 0 0 1

t t

t t

t t tLiDAR LiDAR LiDAR

z z

z z

x y z

 

 

 
 
  
 
 
  

    
   

    
   
   

     

 

Equation 7. . Transformation and Translation for obtaining LiDAR detections at the Total Station coordinate system. 

In Figure 90 the robot, LiDAR and total station coordinate system are depicted, while Figure 

91 presents an example of the whole transformation process for the vertical LiDAR orientation. 
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Figure 90. Robot’s (double quote), LiDAR’s (single quote), and total station’s (unquoted) coordinate systems. 

 

Figure 91. (Left) Transformation and translation process from total station to the LiDAR, and (Right) from the LiDAR to 
scanned point. Double quoted, single quoted, and unquoted correspond to robot’s, LiDAR’s and total station’s 
coordinate system, respectively. 

9.1.4 Point Cloud Overlapping 

For developing the proposed methodology (i.e. georeferenced overlapping of point clouds 

for three-dimensional maize plant reconstruction), each LiDAR orientation processed data was 

evaluated individually (see Figure 92). Thus, considering the goal of this research, it could be 

possible to determine which configurations were satisfactory.  
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Surroundings characterization by the horizontal LiDAR’s orientation was directly related to 

ground unevenness as its scanned points were at a larger distance compared to the other two 

LiDARs. In case of a leveled surface, only a small part of the plant will be detected by obtaining a 

single cross section for each plant at the corresponding LiDAR height. The soil will not be detected, 

thereby hampering the procedure of noise removal. If the robot suffers fluctuations or moves on a 

sloping ground (e.g. a small downslope suffered by the “Talos” robot, see Figure 92c), a greater 

number of incorrect plant detections would be obtained (not just at the LiDAR height), making 

possible the ground detection in a higher distance as LiDAR and ground plane are not parallel. In 

this way, a horizontal LiDAR’s orientation could be useful for row navigation of an autonomous 

vehicle, but not for plant reconstruction, as the plant detections are limited. Thus, its use was 

discarded for the purpose of the present study, which was based on the vertical and inclined 

LiDAR’s orientations. 

 

Figure 92. Raw data point cloud obtained with (a) vertical, (b) inclined, and (c) horizontal LiDAR orientation while 
“Talos” was moving in descending order in x-axis. 

To do the evaluations of the aerial point clouds (of the selected LiDAR’s orientation: vertical 

and inclined), in addition to their shapes and resolutions, it was also important to evaluate the 

outlier effect obtained at each orientation. According to a previous study: “An outlier is an 

observation that deviates so much from other observations. It can be caused by different sources 
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and they are mainly measurements that do not belong to the local neighborhood and do not obey 

the local surface geometry” (Sotoodeh, 2006).  

As it was explained at the literature review chapter, this effect is enhanced when smaller 

objects than the footprint of the laser beam are detected. Thereby, its understanding was an 

essential process before the point clouds overlapping, adjusting the noise removal filter to their 

need. 

Vertical LiDAR’s orientation provided basically the plant projection. Its resolution was 

greatly affected by the robot’s speed. Consequently, keeping the speed constant (automatically) 

was of great importance. On the other hand, the inclined LiDAR’s orientation had a wider field of 

view, and the plants were detected more than once by different beam angles and at different 

times. Due to this inclined orientation, the robot’s speed was not that crucial as it was for the 

vertical orientation. For the inclined LiDAR, the ground roughness was highly important, as the 

detections were performed at a larger distance. Therefore, small precision flaws during the 

transformations would affect, to a greater extent, the point cloud’s precision (see Figure 92). 

Regarding the outlier effect, cumulative observations were detected from the vertical 

LiDAR’s orientation. These detections were mainly at the back side of the plant in respect to the 

LiDAR view, in line with the projection angle of the scan. The outlier shape remained constant as 

the plants were scanned just once. On the other hand, the outlier shape which was obtained from 

the inclined LiDAR’s orientation was not constant. In this case, each plant was detected at 

different scan angle and at different time, requiring a more exhaustive filtering (see Figure 92). 

The 3-D point cloud overlapping was performed at each path and crop line using both go 

and return robot's travelling direction. Thus, by manual distance delimitation, four different 3-D 

point clouds were used for each row: vertical and inclined go and return. 

The aerial point data cloud was extracted by a succession of pre-filters. In the first place, all 

the points which did not provide new information were removed using a gridding filter, thus 

reducing the size of the point cloud. Then, the point cloud noise was reduced by a sparse outlier 

removal filter (Rusu et al., 2008), making the application of the RANSAC algorithm easier, in order 

to distinguish the aerial from the ground points. The applied pre-filters were: 

1. Gridding filter: returns a down sampled point cloud using box grid filter. GridStep 

specifies the size of a 3-D box. Points within the same box are merged to a single point 

in the output (see Table 31). 

2. Noise Removal filter: returns a filtered point cloud that removes outliers. A point is 

considered to be an outlier if the average distance to its K nearest neighbors is above a 

threshold (Rusu, et al., 2008) (see Table 31). In the case of an inclined LiDAR’s 

orientation it was necessary to apply serially, as mentioned earlier, a second noise 

removal filter. 

3. RANSAC fit plane: this function, developed by Peter Kovesi (Kovesi, 2000), uses the RANSAC 

algorithm to robustly fit a plane. It only requires the selection of the distance threshold 
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value between a data point and the defined plane to decide whether a point is an inlier or 

not. For plane detection, which was the same as ground detection in our case, the 

evaluations were conducted at every defined evaluation interval or vehicle advance (see 

Table 31). 

Table 31. Point clouds overlapping parameters. 

LiDAR 

Orient. 

GridStep 

(m
3
) 

Noise Removal Filter I Noise Removal II RANSAC 

Neighbors Std. threshold Neighbors Std. threshold 
Eval. Intervals 

(m) 

Threshold 

(m) 

Vertical (3x3x3)x1

0
-9 

10 1 - - 
0.195 0.07 

Inclined 5 0.3 10 1 

To perform the point cloud data overlapping, considering only the resulting aerial points 

from the previous process, serial fusions were performed. Firstly, the aerial vertical point clouds 

(go and return) were fused, followed by the aerial inclined point cloud when the robot goes, and 

finally by the aerial inclined point cloud when the robot returns (see Figure 93). The required steps 

for point cloud fusion were: 

1. Iterative Closest Point (ICP): the ICP algorithm takes two point clouds as an input and 

returns the rigid transformation (rotation matrix R and translation vector T), that best 

aligns the new point cloud to the previous referenced point cloud. It is using the least 

squares minimization criterion (Bergström and Edlund, 2014). The starting referenced 

point cloud was the one obtained by the vertical LiDAR’s orientation when going. 

2. Gridding filter: the same 3-D box size was considered, as defined at the aerial point 

cloud extraction (see Table 31).  

 

Figure 93. Overlapping process followed at each path and row. 
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Table 31 shows the parameter values that were chosen during the point clouds overlapping. 

In order to achieve a fine resolution or detailed characterization of the plant impacts during 

point’s merge process, a box grid filter length of 3 mm was selected. For ground removal, the 

RANSAC algorithm was performed within a factor of 1.5 of the theoretical distance between the 

plants, thus ensuring its adaptation to ground relief and the presence of maize plants at each 

interval, and not only ground detections that would result in a malfunction of the algorithm. For 

ensuring complete ground detection, the distance threshold was set 3.5 times higher than the 

statistical LiDAR error.  

Regarding noise removal filter parameters, nearest neighbor points were used to adjust the 

sensitivity of the filter to noise. By decreasing the value of nearest neighbor points a more 

sensitive filter was obtained. On the other hand, the outlier threshold set the standard deviation 

from the mean of the average distance to neighbors of all points, to assess whether the point is an 

outlier or not. By increasing the value of outlier threshold a more sensitive filter was obtained. A 

neighbor point’s parameter was evaluated by keeping constant the outlier threshold to its default 

value equal to one. This was accomplished by trial and error, selecting those filter values that 

better reduce the point cloud noise without losing much useful information. 

Figure 94 presents the front (XZ) and lateral (YZ) view during vertical orientation noise 

removal filter evaluation for five, 10 and 20 number of nearest neighbor points. Figure 94 shows 

how, by increasing the number of considered neighbors, a greater number of outliers were 

removed, but eliminating at the same time useful information (see the removed maize at the left 

side in Figure 94c). At the vertical orientation the number of neighbors was configure to a value of 

10. On the other hand, the inclined orientation, with a more dispersed but less dense point cloud, 

needed the inclusion of a previous noise removal filter. For this filter the same approach as at the 

vertical orientation was followed. 
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Figure 94. Plants reconstruction during vertical orientation noise removal filter evaluation. (a- c) XZ view considering 
five, 10 and 20 nearest neighbor points. (d- f) YZ view considering five, 10 and 20 nearest neighbor points. (g) Image of 
the front view of the plants. 

 

9.2 RESULTS AND DISCUSSION 
Table 32 presents the raw point cloud data obtained during the experiment. An initial 

manual delimitation was performed based on row dimensions. As the greenhouse terrain was 

mostly flat, a low number of detections were acquired by the horizontal LiDAR, representing only 
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the 6.5 % of the total detections. On the opposite side, almost two-thirds (65.8 %) of the raw 

detections were acquired by the vertical LiDAR. The inclined LiDAR contributed 27.7 %. Clearly, for 

each row direction (go or return) the sum of points for all three LiDARs (vertical, inclined, and 

horizontal) is 100 %. 

As it was mentioned in the previous section, horizontal LiDAR information was discarded. 

This decision was taken, in addition to its reduced contribution, due to the non-viable 

implementation of the proposed methodology on its point cloud pattern, as ground detection was 

required by the RANSAC fit plane function. 

Table 32. Raw point cloud data recorded during the experiments. 

 Go Return 

Row Vertical Inclined Horizontal Vertical Inclined Horizontal 

1 147839 (67.8 %) 52267 (24.0 %) 17788 (8.2 %) 230918 (72.6 %) 61832 (19.4 %) 25453 (8.0 %) 

2 135406 (67.2 %) 52069 (25.8 %) 14107 (7 %) 118372 (66.3 %) 49799 (27.9 %) 10503 (5.9 %) 

3 176956 (68.4 %) 74659 (28.9 %) 6928 (2.7 %) 122287 (63.3 %) 62085 (32.1 %) 8894 (4.6 %) 

4 182801 (63.6 %) 83829 (29.2 %) 20891 (7.3 %) 110882 (64.4 %) 49799 (28.9 %) 11568 (6.7 %) 

5 96887 (61.3 %) 46535 (29.4 %) 14703 (9.3 %) 121867 (58.3 %) 74329 (35.5 %) 12969 (6.2 %) 

Table 33 shows the point cloud reduction of the vertical and inclined LiDAR data during the 

filtering process and the aerial point cloud extraction.  

As an example, considering the point cloud obtained by the vertical LiDAR’s orientation 

when the robot was going for the path 1 and row 2, Figure 95 shows the results at each aerial 

point cloud extraction process step. While the original point cloud consisted of 135406 scan 

detections, they were reduced by 4.1% and 3.9% once the grid and noise removal filters were 

applied, respectively.  

In the filtered point cloud, the RANSAC algorithm was used. This made possible to divide the 

ground detections, defined by the fit plane, from the aerial detections (represented by brown and 

green at the Figure 95c). The aerial point cloud was always represented by a small part (<10%) of 

the recorded detections at the original point cloud. This percentage was depended on the used 

LiDAR orientation (2.7% for our example). This low percentage of points under consideration 

facilitated the processing time of the subsequent steps, increasing at the same time the accuracy 

of the ICP algorithm. 

The inclined LiDAR raw data were almost three times less than compared with the raw data 

of the vertical LiDAR (see Table 32). This difference in number of points disappears when the aerial 

points outcome is considered solely, where an equal percentage was contributed by each LiDAR 

orientation (vertical and inclined) (see Table 33). This could be explained by considering that 

plants are detected more than once by the inclined LiDAR, while this detection is performed only 

once by the vertical LiDAR. 
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Table 33. Point cloud reduction during Aerial point cloud extraction. 

LiDAR Direction Row Raw data Gridding Noise Removal Aerial Points 

V
er

ti
ca

l 

Go 

1 147839 (100 %) 138832(93.9 %) 133035 (90.0 %) 3392 (2.3 %) 

2 135406 (100 %) 129824 (95.9 %) 124515 (92.0 %) 3667 (2.7 %) 

3 176956 (100 %) 152789 (86.3 %) 147981 (83.6 %) 1765 (1.0 %) 

4 182801 (100 %) 158960 (87.0 %) 153960 (84.2 %) 3615 (2.0 %) 

5 96887 (100 %) 93892 (96.9 %) 90659 (93.6 %) 1739 (1.8 %) 

Return 

1 230918 (100 %) 187909 (81.4 %) 182355 (79.0 %) 4466 (1.9 %) 

2 118372 (100 %) 100197 (84.6 %) 95605 (80.8 %) 3333 (2.8 %) 

3 122287 (100 %) 115917 (94.8 %) 111752 (91.4 %) 1786 (1.5 %) 

4 110882 (100 %) 107510 (97.0 %) 103605 (93.4 %) 3153 (2.8 %) 

5 121867 (100 %) 102549 (84.1 %) 98623 (80.9 %) 2086 (1.7 %) 

In
cl

in
e

d
 

Go 

1 52267 (100 %) 41913 (80.2 %) 33965 (65.0 %) 3808 (7.3 %) 

2 52069 (100 %) 48364 (92.9 %) 39149 (75.2 %) 2418 (4.6 %) 

3 74659 (100 %) 64623 (86.6 %) 52327 (70.1 %) 1052 (1.4 %) 

4 83829 (100 %) 65919 (78.6 %) 55350 (66.0 %) 3259 (3.9 %) 

5 46535 (100 %) 42868 (92.1 %) 35045 (75.3 %) 1274 (2.7 %) 

Return 

1 61832 (100 %) 57381 (92.8 %) 46914 (75.9 %) 3845 (6.2 %) 

2 49799 (100 %) 46843 (94.1 %) 38192 (76.7 %) 4593 (9.2 %) 

3 62085 (100 %) 56734 (91.4 %) 46328 (74.6 %) 2123 (3.4 %) 

4 60891 (100 %) 58000 (95.3 %) 48954 (80.4 %) 2925 (4.8 %) 

5 74329 (100 %) 58928 (79.3 %) 48663 (65.5 %) 1846 (2.5 %) 

Total   2062510 (100 %) 1829952 (88.7 %) 1686977 (81.8 %) 56145 (2.7 %) 
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Figure 95. (a) Original point cloud, (b) filtered point cloud, and (c) RANSAC results during aerial point cloud extraction 
for the vertical LiDAR’s orientation when going at path 1 and row 2. 

Continuing with the same example, Figure 96 shows the point cloud result during aerial 

point cloud fusion by the vertical LiDAR’s orientation when the robot was going and returning for 

the path 1 and row 2. The ICP algorithm was applied as soon as the aerial points were defined. The 

number of detections for going and returning that corresponding to aerial points were 3667 and 

3333, respectively (see Table 34). Equation 8 sets out the rigid transformation results (Euler angles 

R in degrees and translation vector T “XYZ” in m) that best align the vertical returning point cloud 

to the vertical going point cloud. Similarly, Equation 9 sets out the average rigid transformation 

obtained at all fusions during the experiment. Figure 96c presents the resulting point cloud 

fusion, after applying the rigid ICP transformation. Figure 97 shows a zoom in plants presented 

at Figure 96, in order to provide a better felling of the agreement between the different point 

clouds. 

𝑅 = [0.11 −0.11 0.86], 𝑇 = [0.11 −0.01 −0.02] 

Equation 8. Rigid transformation that best align the vertical returning point cloud. 

𝑅 = [0 ± 0.81 0 ± −0.41 2.31 ± 11.33] 

𝑇 = [0.05 ± 0.05 0.06 ± 0.16 0.02 ± 0.23] 

Equation 9. Average rigid transformation obtained at all the fusion point clouds during the experiment. 
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Figure 96. (a) RANSAC go results; (b) RANSAC return results; and (c) ICP result of the aerial point clouds for the vertical 
LiDAR’s orientation when going and returning at path 1 and row 2. 

 

Figure 97. (a) RANSAC go results; (b) RANSAC return results; and (c) ICP result of the aerial point clouds for the vertical 
LiDAR’s orientation when going and returning at path 1 and row 2 for a specific row interval. 

On Table 34 the first column on the right is the total amount of aerial points for each row 

and for the entire experiment. As it can be seen the total amount of aerial points was 55083 

(100%). The obtained values expose that 51.9 % of the final aerial points were provided by the 

vertical LiDAR. The rest 48.1 % was provided by the inclined LiDAR. In Table 34 the percentage for 

each LiDAR, the going and returning are also presented. 
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Table 34. Aerial point cloud provided during the data fusion (V:vertical LiDAR orientation; I:inclined LiDAR 
orientation). The percentage of the contributed points of each step during the fusion process is also presented. 

Row VGo VReturn VGo + VReturn “Grid” 
VGo + VReturn + IGo 

“Grid” 

VGo + VReturn + IGo + 

IReturn “Grid” 

1 3392 (22.4 %) 4466 (29.4 %) 7711 (50.8 %) 11391 (75.1 %) 15173 (100 %) 

2 3667 (26.6 %) 3333 (24.2 %) 6915 (50.2 %) 9297 (67.5 %) 13775 (100 %) 

3 1765 (26.8 %) 1786 (27.1 %) 3491 (53.0 %) 4500 (68.3 %) 6591 (100 %) 

4 3615 (28.5 %) 3153 (24.8 %) 6684 (52.6 %) 9820 (77.3 %) 12705 (100 %) 

5 1739 (25.4 %) 2086 (30.5 %) 3809 (55.7 %) 5072 (74.2 %) 6839 (100 %) 

Total 14178 (25.7 %) 14824 (26.9 %) 28610 (51.9 %) 40080 (72.8 %) 55083 (100 %) 

 
As new point clouds were overlapping, provided by different LiDAR’s orientation (vertical 

and inclined) and time instances (go and return), a more realistic 3-D reconstruction was obtained. 

Through the serial inclusion of the four views (vertical go (Figure 98a), plus vertical return (Figure 

98b), plus inclined go (Figure 98c) and plus inclined return (Figure 98d)), additional scanning data 

were provided. Taking into account only one LiDAR single-view, not all aerial points which define a 

plant were considered. Through the incorporation of new LiDAR views, these aerial points’s 

exclusion is reduced. By this inclusion process, different points of view of the scene were taken 

into account resulting in a more realistic representation of the surrounding area. There is a point 

where extra information, by the inclusion of a new LiDAR view, may introduce noise to the fused 

point cloud. In this way, the inclusion of different LiDAR views should be carefully examined, as it 

may not only incorporate new useful information but also noise (see Figure 98d). 
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Figure 98. Detail of the aerial point cloud provided during the data fusion process at path 1 and row 2. (a) Vertical Go; 
(b) Vertical Go + Return; (c) Vertical + Inclined Go; (d) Vertical + Inclined; and (e) actual plants. 

Figure 99 shows the final point cloud once the georeferenced overlapping process of the 

eight trips was completed (go and return at every path), allowing the visualization of the five 

maize rows on which the entire experiment was performed. A low number of aerial points 

detected at the end of row three can be seen (background of the middle row according to the 

figure). This highlights the seedling emergence problems that these plants had. Figure 99 also 

shows a greater outlier effect at the first maize row (y-axis coordinates from 3.0 to 3.6 m). The 

wall that delimited the greenhouse was very close to this row (about one meter) causing a second 

impact of the laser beam within the area of influence and thereby affecting the measurement 

given by the sensor. 
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(a) 

 

(b) 

 

(c) 

 
Figure 99. (a) 3-D view of the 21 m2 (3.75 m wide and 5.6 m length) of the maize field, with 1630832 and 55083 of 
ground and plant impacts, respectively. (b) Picture of the maize field. (c) Plants zoom of the area within the black cube 
represented in b. 

9.3 CONCLUSIONS 
A new methodology for georeferenced 3-D reconstruction of maize plant structure during 

first stages of development has been proposed. This has been accomplished using a combination 

of a total station, several LiDAR point clouds with different angles and timestamps provided by a 

moving on autonomous vehicle, and a complex multistep algorithm for data processing. For point 

cloud overlapping, a filtering process was conducted in order to down sample the data by merging, 

removing the noises, and obtaining the aerial points once the ground was detected. The 

application of the ICP algorithm proved to be very important during point cloud fusion by finding 

the best translation and rotation matrices that minimize an error metric based on the distance 

between point clouds. Through its application, sensors and transformation errors (from total 

station, IMU, and LiDAR) were adjusted to the reference point cloud. From the results it was 

proved that the orientation of the LiDAR is important and specifically in relation to the number of 

final aerial points that are used for the 3-D plant reconstruction. 

The proposed methodology can help the aim of developing a georeferenced 3-D plant 

reconstruction of an entire crop. The produced 3-D plant structure can be used for plant 
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phenotyping purposes in order to detect complex plant traits. Having a georeferenced 3-D 

reconstruction of the crop from different growth stages, other time-stamped georeferenced data 

can be fused to the existing crop reconstruction. Finally, the use of the total station and the level 

of accuracy that this sensor provides to the final 3-D crop reconstruction, can offer a big advantage 

when performing precision farming related applications. More specifically it can help towards crop 

protection using autonomous machines or harvesting utilizing robotic systems. 

In turn, the proposed methodology could be useful for other LiDAR data processing when 

plant and ground are detected (prerequisite for RANSAC’s application). This might be the case of 

point clouds acquired at other plants, crops or trees whether from a UGV (Unmanned Ground 

Vehicle) as well as from a UAV (Unmanned Aerial Vehicle), which allow the data collection from 

different inclination angles due to their high maneuverability.  

For the purpose of conducting a method for verifying the aerial points obtained in this 

article, further work is required by comparing these results with the images recorded during the 

experiments by a Kinect (Microsoft, Washington, USA), using its depth information and green 

channel. 

 

  



International Ph.D 
Miguel Garrido Izard                                      3-D Maize Plant Reconstruction Based on Georeferenced 

Overlapping LiDAR Point Clouds 

- 132 - 
 

  



International Ph.D 
Miguel Garrido Izard                                                                                                                         Discussion 

- 133 - 
 

Chapter 10 

Discussion 
In this section a summary of the most relevant results is carried out together with a 

discussion with regard to the different LiDAR uses applied by the author of the thesis: LiDAR as 

part of a safety system; Simulated LiDAR; LiDAR for tree characterization vs. other optical sensors; 

and LiDAR for 3-D crop reconstruction.  

LiDAR as part of a safety system: 

Through the introduction of two evaluation fields (protection and test) during the 

development of the safety system, it was possible to detect the obstacles at the driving lane as 

well as to check the proper functioning of the LiDAR. This function evaluation has not been 

considered in some studies (Bayar, et al., 2015; Freitas, et al., 2012); removes the need for using a 

second sensor, in case that the LiDAR failed, such as the use of a bumper switch (Noguchi, 2012); 

or the uses of map information (Griepentrog, et al., 2009). 

For the development of a proper safety system, current standards were taken into account, 

making clear that the prototype designed was an unmanned but not unattended vehicle as in 

Griepentrog, et al., 2009. 

LiDAR output signal was directly connected to the Safety Controller, not allowing the post-

processing of the data as many of the mentioned authors conducted (Griepentrog, et al., 2009, 

Chang, et al., 2011, Bayar, et al., 2015; Freitas, et al., 2012). On the other hand, this direct 

connection minimized the number of intermediate systems, increasing the robustness of safety 

system of the vehicle detecting 100% of the collisions events during the experiments.  

Simulated LiDAR: 

This thesis presented a new methodology, based on the XYS volume estimation method 

(Palacin, et al., 2008; Palleja, et al., 2010 ). The proposed methodology considers, as other authors 

(Llorens, et al., 2011b; Palacin, et al., 2007), the canopy portion located between the trunk and the 

LiDAR sensor, but it differs in the identification of the different tree parts (trunk and canopy) and 
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the consideration of the neighboring points when calculating each point area, only possible for off-

line process.  

The results obtained by the LiDAR showed a high correlation value (R2=0.85) between the 

estimated area and the number of leaves in the tree. Although being different correlation 

parameters, this value was similar than Arnó, et al., 2013 between canopy volume and the 

measured value of LAI, or foliage by Palacin, et al., 2007; and higher than the 0.70 obtained by 

Mendez, et al., 2012 between the projected wood area and the LiDAR area detected. However, 

one year later Mendez, et al., 2013 obtained a much higher correlation (R2=0.94) between the leaf 

area and the LiDAR impacted area by applying some modifications in the algorithm. 

LiDAR for tree characterization vs. other optical sensors: 

The main innovations of the study carried out by the author were: 

 Evaluate, under the same conditions, different optical sensors for tree detection, usually 

conducted separately (Kranzler, 1988, Delwiche and Vorhees, 2003, Kang, et al., 2011). 

 The proper classification process of the trees detected in alive or dead (93.75 % for 

LiDAR and 94.14% for light curtain), not performed in any of the experiments mentioned 

in the literature review.  

Results obtained with the LiDAR showed a similar tree successfully detected percentage 

(95.7%) as in Kise, et al., 2009 and Kang, et al., 2012, but with a speed ten or more times higher 

(0.1 to 1-3 km h-1) than the experiment conducted in the thesis.  

On the other hand, the light curtain had shown a tree detection percentage (99.48 %) better 

than all previous studies and much greater than that obtained with an optoelectronic sensor by 

Kranzler, 1988 (42 - 96 %). 

As trees detected were small and separated, there was no need to evaluate any tree state 

(tree, boundary or gap), as Wellington, et al., 2012 by the Hidden Markov Model (HMM), thereby 

facilitating the methodology. 

LiDAR for 3-D crop reconstruction:  

In order to overlay different point cloud’s views, a large number of authors (Llorens, et al., 

2011b; Rinaldi, et al., 2013; Rosell-Polo, et al., 2009a; Rosell-Polo, et al., 2009b; Sanz-Cortiella, et 

al., 2011a; Sanz, et al., 2013) have required the use of reference objects on the field as well as a 

posteriori manual adjustment. In accordance with the proposed methodology, and similar to 

Hosoi, et al., 2011 (but by the use of a 2-D TLS), ICP algorithm allowed the author to automatically 

overlay different LiDAR data without such requirements. 

For improving the georeferenced accuracy of the system, a localization system (total 

station) was used with millimeter accuracy, while all the experiments mentioned at the literature 
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review used centimeter accuracy. Also the use of an IMU covered the need to develop an 

inclination correction algorithm, as Ehlert, Zhang and Grift, 2012 did. 

High temporal resolution have been performed by other authors normally indoor by 

mounting the LiDAR on an articulated arm for multiple position scan (Kjaer and Ottosen, 2015, 

Paulus, et al., 2014); however we purpose here a methodology performed in a greenhouse by 

mounting the LIDAR on an autonomous robot.  

As in Keightley and Bawden, 2010 study, it was observed that the inclusion of different 

LiDAR views resulted in a more realistic representation of the surrounding. But contrary to 

Keightley and Bawden, 2010, it was seen a point when extra information, by the inclusion of a new 

LiDAR view, may introduce noise at the fused point cloud. 
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Chapter 11 

Conclusions 
Through the development of this research, the great potential of the transversal use of a 

LiDAR sensor in agricultural environments has been demonstrated, as this Ph.D. thesis has 

established a complete study of the LiDAR use at four agricultural activities: as a safety sensor for 

ensuring the safe mobility of an autonomous tractor unit and within a multi-agent environment; 

for performing a tree pulverization according with its canopy by the use of a tree and LiDAR 

simulator, in order to solve the dependence of LiDAR use in field tests for tree characterization ; 

for tree characterization in real field conditions by evaluating, under same conditions, the 

performance of a LiDAR sensor in contrast to other optical sensors; and for conducting an accurate 

and temporal crop characterization.  

LiDAR as part of a safety system: 

The safety system was designed by following the current safety standards, which helps for 

defining the most relevant hazards and how to reduce them by defining the guidelines and 

operating limits of the vehicle.The generic safety system developed, which can be applied to any 

multi-agent fleet, was integrated at each autonomous vehicle of the European RHEA project for 

detecting the obstacles in the driving lane. 

The safety system was formed by several subsystems hierarchically interconnected: 

Obstacle Detector subsystem; Vehicle Controller subsystem; and Mission Manager subsystem. The 

combination of these safety subsystems allowed the obstacle detection at an individual unit level, 

as well as to avoid possible collisions of the vehicles when path-planning. 

 Results during the final field demonstration of the overall system, as a RHEA project result, 

demonstrated the potential use of the LiDAR as a safety sensor, capable of detecting and 

preventing 100% of the detected collisions events during the final field demonstration. 

The selection of a LiDAR as a safety sensor has proven to be fully operational, but it needs to 

be precisely adjusted for each working scenario in terms of possible disturbances (dust, rain, 
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vibrations, ground roughness and slope) and the definition of the protection field (depending on 

vehicle speed, braking capabilities and the design of the safety loop itself). 

Simulated LiDAR: 

In order to solve the dependence of LiDAR use in field tests and its validation for tree 

characterization, by reducing the manpower demand suffered by the researcher, the LiDAR 

capacity for the detection of trees was studied (theoretically and by simulation) in order to 

perform tree volume spraying accordingly (within the frame of PA), allowing to cover the current 

need of differential agronomy management. 

The use of a tree and LiDAR simulator (SimLiDAR) for calculating tree canopy area showed a 

great potential to test easily different methodologies. In that way, it was possible to develop a 

new methodology for estimating the one-side canopy area and volume of the simulated trees, 

creating spraying applications maps, where the properties of the spray system have been 

considered. Results showed a high correlation value (R2=0.85) between the estimated area and the 

number of leaves of the tree, given by the simulator software. 

The methodology presented could be transferred for adjustment of different agricultural 

treatments, as it would be the case of herbicide application, considering not only the location of 

the weed patches, but also the size / volume of each of them, thereby achieving a greater 

application performance and with a more respectful use to the environment. 

LiDAR for tree characterization vs. other optical sensors: 

The performance of a LiDAR sensor was compared, under the same conditions, in contrast 

to other optical sensors for tree characterization. Initially, it was shown that LiDAR has a greater 

utility within agricultural application compared with the Kinect depth camera (version 1). 

Secondly, and in a more detailed way, it was carried out a second comparison of the two 

most common and robust optical sensors used for tree characterization: a LiDAR and 

photoelectric, representing both a useful technique for within-row tree detection in a nursery. 

This study also developed an automated analysis for this type of technology that allows the 

elimination of outliers, detection of weeds, tree leaves and soil based on point clouds detected by 

the LiDAR and light curtain sensors. 

Results show that a high percentage of the trees were detected successfully by the LiDAR 

(95.7%) as well as by the light curtain (99.48%). Similarly, both sensors correctly classified the tree 

state between dead or alive (93.75 % and 94.16% for LiDAR and light curtain, respectively). 

The use of this innovative sensor platform for tree detection in nurseries may result in a 

new era that allows for online control of aggressive weeds and the automation of weeding tools. 
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LiDAR for 3-D crop reconstruction:  

An accurate and temporal 3-D crop characterization (of maize plant structure during first 

stages of development) was performed by the combination of an IMU, a total station, several 

LiDARs point clouds with different angles and timestamps provided by a moving on autonomous 

vehicle, and a complex multistep algorithm for data processing. 

The filtering process applied to the point clouds proved to be successful to down sample the 

data by merging, removing the noises, and obtaining the aerial points once the ground was 

detected. 

During the point cloud overlapping, the application of the ICP algorithm proved to be very 

important by finding the best translation and rotation matrices that minimize an error metric 

based on the distance between point clouds. From the results it was demonstrated that the 

orientation of the LiDAR is important and specifically in relation to the number of final aerial 

points that are used for the 3-D plant reconstruction. 

The proposed methodology could be useful for other LiDAR data processing, as would be 

the example of point clouds acquired at other plants, crops or trees whether from a UGV 

(Unmanned Ground Vehicle) as well as from a UAV (Unmanned Aerial Vehicle), which allow the 

data collection from different inclination angles due to their high maneuverability.  

The produced 3-D plant structure can be used for plant phenotyping purposes in order to 

detect complex plant traits. By the high level of accuracy provided by the use of a total station to 

the final 3-D crop reconstruction, can offer a big advantage when performing precision farming 

related applications. More specifically it can help towards crop protection using autonomous 

machines or harvesting utilizing robotic systems. 

Conclusiones 
A través de la elaboración de esta Tesis se ha demostrado el gran potencial en la 

transversalidad del uso de un sensor LiDAR dentro de un ambiente agrícola, estableciéndose en 

este documento un estudio completo para cuatro diferentes actividades agrícolas: garantizando 

una movilidad segura de un vehículo agrícola autónomo; para realizar una pulverización acorde 

con el dosel del árbol a través del empleo de un simulador LiDAR; para la caracterización arbórea 

mediante la comparación, bajo las mismas condiciones, de un sensor LiDAR con otros sensores 

ópticos; y por ultimo para llevar a cabo una caracterización precisa y temporal del cultivo. 

LiDAR como parte de un sistema de seguridad: 

El sistema de seguridad fue diseñado siguiendo las normativas de seguridad vigentes, las 

cuales ayudaron en la definición y reducción de los riesgos más relevantes mediante la definición 

de las directrices y límites de operación del vehículo. El sistema de seguridad genérico 

desarrollado, el cual puede ser empleado en cualquier flota mutli-agente, fue integrado en cada 
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uno de los vehículos autónomos del proyecto europeo RHEA para detectar los posibles obstáculos 

dentro de su espacio de circulación.  

El sistema de seguridad estaba formado por varios subsistemas interconectados 

jerárquicamente: detector de obstáculos; controlador del vehículo y administrador de la misión. La 

combinación de estos subsistemas permitió la detección de obstáculos a un nivel individual, así 

como la prevención de posibles colisiones entre los vehículos a nivel de flota.  

Los resultados obtenidos durante la exhibición final del proyecto europeo demostraron el 

potencial del empleo del LiDAR como un sensor de seguridad, al ser capaz de detectar el 100% de 

las colisiones durante dicha demostración.  

El sensor LiDAR ha demostrado ser robusto cuando es usado como un dispositivo de 

seguridad, teniéndose que ajustar para ello a cada posible perturbación para cada escenario de 

trabajo (polvo, lluvia, vibraciones e inclinaciones del terreno), así como a la definición de las 

dimensiones del campo de protección (dependiendo de la velocidad del vehículo, la capacidad de 

frenado y el diseño del propio bucle de seguridad). 

LiDAR simulado: 

Se estudió la capacidad del LiDAR (mediante datos simulados) para la detección de los 

árboles (tanto de manera teórica, como por simulación) para llevar a cabo el cálculo del volumen 

del dosel arbóreo, permitiendo cubrir así la necesidad agrícola actual de realizar una gestión 

parcelaria diferencial.  

Con el fin de resolver la dependencia de la alta demanda de mano de obra a la hora de 

validar el uso del LiDAR para la caracterización arbórea durante los ensayos en campo se empleó 

el simulador “SimLiDAR”, que ha demostrado tener un gran potencial. De esta manera, fue posible 

desarrollar una nueva metodología para la estimación del área y el volumen del dosel de los 

árboles simulados a través de la creación de mapas de aplicación, donde las propiedades del 

sistema de pulverización fueron consideradas. Los resultados mostraron una alta correlación (R2 = 

0.85) entre el área estimada y el número de hojas del árbol obtenida por el software de 

simulación. 

La metodología presentada en este documento puede ser transferida a otros tratamientos 

agrícolas, como sería el caso de la aplicación de herbicidas, en el cual no solo se tendría en cuenta 

la ubicación de los rodales de malas hierbas, sino también el tamaño y el volumen de cada uno de 

ellos, consiguiendo de esta manera un mayor eficiencia de la aplicación de una manera más 

respetuosa medio ambientalmente. 

LiDAR para la caracterización arbórea frente a otros sensores ópticos: 

El funcionamiento de un sensor LIDAR para llevar a cabo una caracterización arbórea, fue 

comparado, bajo unas mismas condiciones, con otros sensores ópticos. Inicialmente, fue 



International Ph.D 
Miguel Garrido Izard                                                                                                                       Conclusions 

- 141 - 
 

demostrada la mayor utilidad en aplicaciones agrícolas del LiDAR en comparación con la cámara 

de profundidad “Kinect” (versión 1). 

En segundo lugar, y de una manera más detallada, se llevó a cabo una segunda comparación 

sobre los dos sensores ópticos más comunes y robustos utilizados para la caracterización de 

árboles: un LiDAR y un fotoeléctrico, siendo factible mediante ambas opciones la detección de 

árboles dentro de la hilera en un vivero. Para ello, se desarrolló un sistema de análisis 

automatizado que permitió la eliminación de los valores atípicos, la detección de las malas hierbas, 

las hojas de los árboles y el suelo, sobre las nubes de puntos registradas por el sensor LiDAR y la 

cortina de luces. 

Los resultados mostraron un alto porcentaje de los árboles detectados satisfactoriamente 

por el LiDAR (95,7%), así como por la cortina de luces (99,48%). Del mismo modo, ambos sensores 

clasificaron correctamente el árbol entre vivo o muerto (93,75% y 94,16% para el LiDAR y la 

cortina de luces, respectivamente). 

El uso de esta innovadora plataforma de sensores para la detección de árboles en viveros 

permitirá el control en tiempo real de las malas hierbas, así como a la automatización de las tareas 

de escarda. 

LiDAR para la reconstrucción de los cultivos 3-D:  

Se realizó una caracterización tridimensional de un cultivo (plantas de maíz durante sus 

primeras etapas de desarrollo) mediante la combinación de una IMU, una estación total, varias 

nubes de puntos para diferentes ángulos y tiempos de registro del LiDAR proporcionadas por un 

vehículo móvil autónomo, y de un algoritmo complejo de múltiples etapas para el procesamiento 

de datos. 

El proceso de filtrado aplicado sobre las nubes de puntos permitió llevar a cabo una 

reducción de la resolución de los datos mediante la fusión, el filtrado de los ruidos, y la obtención 

de los puntos aéreos una vez detectado el suelo. 

Durante la superposición de las nubes de puntos, demostró ser de vital importancia la 

aplicación del algoritmo ICP, al encontrar las mejores matrices de traslación y rotación que 

minimizasen el error basándose en la distancia entre las nubes de puntos. En los resultados se 

demostró la importancia de la orientación del LiDAR, concretamente en relación con el número de 

puntos aéreos finales que se utilizan para la reconstrucción tridimensional de la planta. 

La metodología propuesta podría ser de gran utilidad durante el procesamiento de los datos 

de otros dispositivos LiDAR, como sería el caso de nubes de puntos adquiridas sobre otros cultivos 

o árboles, ya sea desde un vehículo terrestre no tripulado como aéreo, permitiendo una recogida 

de los datos desde diferentes ángulos de inclinación del LiDAR debido a su alta maniobrabilidad. 

La reconstrucción tridimensional de la planta puede ser empleada para propósitos de 

fenotipado. El empleo de una estación total, la cual proporciona un alto nivel de precisión en la 
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reconstrucción tridimensional del cultivo, ofrece una gran ventaja cuando se realizan aplicaciones 

dentro del marco de la agricultura de precisión.  
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Chapter 12 

Suggestions for Further Research  
A first suggestion to consider in a generic way, being possible its consideration at each 

experiment developed within this thesis, will be related with the improvement of the LiDAR signal. 

This could be achieved by adapting the filters configuration values to the weather conditions at 

that moment, and by an in depth study of the remissions behavior, in order to provide additional 

useful information. 

The following proposals for further works are expounded related with the four LiDAR 

applications addressed during the development of this Thesis: 

1. Safety: 

a. Fusion of a camera on the safety system providing more information, which is not 

possible to obtain with the present system, making the system more robust. 

b. Identify the type of obstacle (stone, person…) through LiDAR data, in order to 

perform a decision making according (safety stop, avoid the obstacle through a re-

route planning…). 

c. Take into consideration the ground location/detection by the LiDAR data in order 

to prevent cliffs drops or very steep slopes. 

 

2. Tree volume estimation: 

a. Evaluate the possibility of direct comparison of the tree area and volume by the 

proposed methodology with the software simulated values as well as testing the 

proposed methodology with real trees. 

b. Evaluate the transfer of the methodology to other agricultural applications, such 

as weed patches detection considering the amount of weeds in order to adjust the 

spray system. 
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3. Tree characterization and stem detection: 

a. Compare the use of the new Kinect version, with better features to work outdoor, 

with the LiDAR device. 

b. Transfer the tree detection methodology to other crops, as tomatoes or other kind 

of trees, to assess their performance, as well as consider the changes that have to 

be performed on the developed methodology. 

c. Characterize other tree aspects by the LiDAR data, not just alive or dead, but also 

the tree height, width or canopy. 

d. Georeference in global coordinates the output data for facility the decisions to the 

nursery staff. 

e. Conduct an integration of the light curtain and the LiDAR device, in which the first 

one will trigger the tree stem detection, facilitating the LiDAR evaluation of the 

other tree aspects, not being possible by the limited light-curtain data.  

f. Integrate the methodology developed on an automatic intra-row weeding 

implement. 

 

4. Crop Reconstruction: 

a. Conduct a method for verifying the aerial points obtained by comparing the LiDAR 

results with the images recorded during the experiments by a Kinect (Microsoft, 

Washington, USA), using its depth information and green channel. 

b. Improve the methodology by a tree stem detection and compare its accuracy with 

the real tree georeferenced location. 

c. Conduct a cross point cloud fusion process, for avoiding the dependence on one 

point cloud during ICP point cloud fusion, comparing the results obtained with the 

actual values. 

d. Evaluate the changes on the maize plant growth stages from the point cloud 

acquired during plant growth in order to obtain a 4-D characterization (Growth 

Characterization).  
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Appendix 

Appendix 1: Requirements of a Safety functional System 
The section is structured in a number of topics dealing with requirements needed for the 

design of a safety system (Barreiro Elorza, et al., 2011a): 

 the typification of actual hazard levels of operated machinery; 

 a review of the safety standard;  

 the concept of life cycle assessment in the safety of agricultural machines;  

 the assessment of risk;  

 the concept of safety-related control systems for machines;  

 hardware and software specifications;  

 the recommendations towards the elimination of systematic faults and the definition of 

safety functions; and  

 a review of the safety verification level when designing an agricultural machine. 

A1-1 HAZARD LEVELS IN AGRICULTURAL WORK 
Within the EU-28, the construction, manufacturing, transportation and storage, and 

agriculture, forestry and fishing sectors together accounted for two thirds (66.6 %) of all fatal 

accidents at work and just under half (47.8 %) of all non-fatal accidents at work in 2012. More than 

one in five (22.2 %) fatal accidents at work in the EU-28 in 2012 took place within the construction 

sector, while more than one in eight (13.5 %) took place within the agriculture, forestry and fishing 

sector.  

According to the ESAW (European Statistics on Accidents at Work), between 2008 and 2010, 

the most common cause of accident in agricultural machinery deals with the ‘‘loss of control of the 

machine, means or transport or handling equipment”, and the ‘‘slipping or stumbling and falling of 

a person’’, injuring mainly farm workers and family members (Robert et al., 2015). These facts are 

congruent with previous reports in USA, Canada and Australia (Bunn et al., 2008; Jones et al., 

2013; Pickett et al., 1999). 

Although in absolute terms tractors are widely represented in these occurrences, large self-

propelled harvesters are twice as hazardous as tractors. Most accidents occur in elevation or load 
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transport work (21%), attachment and adjustment (20%), or when repairing (17%) machines. 

There are several variables that are associated to a high accident risk. For example, working more 

than 40 hours a week multiplies this risk by three, as does the fact of the operator being married 

(risk multiplied by 2), or divorced (risk multiplied almost by 4). 

Some factors that are associated to mortal accidents and which are not mutually exclusive 

are: 49% mechanical (seat belt not used, defective brakes or clutch), 52% type of tractor 

equipment (no rollover protection structure, use of rotary mowers or insufficient ballasting), or 55 

% due to work location (slopes, muddy terrain). The risk of fatality is multiplied by 20 if the tractor 

rolls over. The lack of a rollover protection structure multiplies this risk by 11, while deficient 

maintenance multiplies it by almost 7, the same as for brake or clutch problems.  

Some studies indicate that the user's perception of self-control is also a contributing factor 

in the risk of suffering an accident. It also appears that the number of accidents drops when the 

user has a positive and committed attitude towards the safety standards. 

Generally speaking, reducing the presence of an operator without increasing risk would lead 

to an enormous decrease in accidents. Therefore, becoming autonomous may be more an 

advantage than a drawback in terms of safety. This argument was first held by Reid, 2004 and 

should be clearly considered when facing the analysis of safety in autonomous agricultural 

machinery. 
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A1-2 MAIN SAFETY STANDARDS FOR AGRICULTURAL MACHINERY 
To talk about the regulations, we must go back almost 35 years ago, when in 1980 and with 

no official regulations, a Health and Safety Executive (HSE) in the UK set down a basic advisory 

document for automatic tractors (Mousazadeh, 2013).  

In a more updated view, various important standards have been published becoming a top 

priority the safety of machines. Figure 100 shows how the most relevant design and safety 

standards for general machinery are interlinked: ISO 12100 (safety of machinery (ISO, 2003a; ISO, 

2003b; ISO, 2010b)), ISO 14121 (analysis and risk assessment (ISO, 2007b; ISO, 2012a)), ISO 13849 

(safety-related parts of control systems (ISO, 2006; ISO, 2012b)), as well as for this specific field, 

ISO 25119 (safe design for tractors and agricultural machinery (ISO, 2010c; ISO, 2010d; ISO, 

2010e)), although the general principles and safety requirements are set forth respectively in 

standards ISO 26322 (ISO, 2008b) and ISO 4254 (ISO, 2013). 

ISO 12100 (ISO, 2003a; ISO, 2003b) defines the basic terminology and methodology used to 

achieve safety of the machines, addressed to the designer. ISO 12100 standard can be used 

independently of other documents for the preparation of other rules of type A (basic safety 

standards) or Type B standards (safety rules relating to a subject) or C (safety regulations for 

categories of machines). 

The development of the Standard ISO 12100 allowed the emergence of another important 

safety standard: ISO 14121 “Safety of machinery – Risk assessment“ (ISO, 2007b; ISO, 2012a), 

which sets out the general principles needed to meet risk reduction objectives specified in Chapter 

5 of ISO 12100. These general principles of risk assessment together with the knowledge and 

experience in the design, use, incidents, accidents and injuries related to machines are basic to 

assess the risks for all relevant phases of the life cycle of a machine. The ISO 14121 standard gives 

guidance on the information needed to perform risk assessment. It describes procedures for 

identifying hazards and estimating and evaluating risk, and also gives guidelines for making 

decisions regarding safety of machinery and the type of documentation needed to verify the risk 

assessment. 
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Figure 100. Interlinks between ISO standards related to the safety of machines. 

Using the ISO 12100 and ISO 14121 as a standard base, many other safety standards were 

developed, as for example, in relation to safety-related parts of control systems ISO 13849 “Safety 

of machinery. Safety related parts of control systems” (ISO, 2006; ISO, 2012b) and ISO 25119 

“Tractors and machinery for agriculture - Safety related parts of control systems” (ISO, 2010c; ISO, 

2010d; ISO, 2010e). ISO 13849 provides safety requirements and guidelines on principles for the 

design and integration of the Safety-Related Parts of the Control System (SRP / CS), including 

software design (SW). On the other hand, ISO 25119 provides general principles for the design and 

development of SRP/CS used in tractors for agriculture and forestry, self-propelled ride-on 

machines and mounted, semi-mounted and trailed machines used in agriculture, and municipal 

equipment. For these parts, it specifies the characteristics and categories required for carrying out 

safety functions. 

The emergence of all these standards clearly shows the huge effort that has been made in 

the last decade towards enhancing safety conditions in the agricultural setting. 

Finally and as a latest novelty, it is important to emphasize that nowadays a working group, 

ISO TC 23/SC 3/WG 15, is working on the elaboration of a new standard, “ISO 18497: Agricultural 

machinery and tractors - Safety of highly automated machinery” (ISO, 2015). The purpose of this 

new standard will be to provide a set of minimum requirements on the safety of highly automated 

agricultural machine operations, such as general operation, audible and visual indicators, obstacle 

detection, and machine motion.  
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A1-2.1 Life Cycle Analysis in the Safety of Agricultural Machines  

There are very close links between the various standards pertaining to safety. In general, the 

most recent ones tend to incorporate the content of the previous ones. For this reason, the first 

part of the design standard ISO 25119 (ISO, 2010c) offers a more global overview of the entire 

process in the form of a life cycle analysis, from conceptual development through to mass 

production or the alterations that are made after a machine enters the mass production stage (see 

Figure 101). 

 

Figure 101. Life cycle analysis in the safety of agricultural machines. From ISO, 2010c. 

Figure 101 indicates that when mass production commences, special attention will be paid 

to the system design, both hardware and software aspects, using the V-model (Figure 102). The 

numbers shaded in grey (a/b) respectively encode the part of the ISO 25119 standard and the 

chapter in which they are contained. 

 

Figure 102. V- model. From Lenz et al., 2007. 
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It is important to point out that wherever possible the new unit of observation (machine 

under study) should be defined as an alteration of some pre-existing system of the same or 

another manufacturing firm, so that it is possible to avail of the legacy of information available in 

terms of analysis and risk assessment, and the corrective measures associated thereto. It has also 

been proposed that insofar as possible, a parallel should be drawn between the hardware and 

software structure for assessment and pre-existing equipment, so that the required Agricultural 

Performance Levels (AgPL) may be more easily allocable. 

A1-2.2 Risk Assessment  

This section specifically refers to ISO 14121: Risk assessment (ISO, 2007b; ISO, 2012a). 

According to this standard, it is necessary to distinguish between analysis, which consists of 

determining the limits of the machine, hazard identification and quantitative risk estimation, and 

evaluation, which is the result of deciding on the need or otherwise to reduce risk by 

implementing design measures, incorporating protective elements or providing information to the 

person that may potentially be affected. Figure 103 sums up this process. 

Defining the limits of the machine means considering the intended purpose and what kind 

of incorrect use may reasonably be foreseen, the operating modes (transport, work, 

maintenance), the level of training expected of users (operators, maintenance personnel, 

apprentices and members of the general public); as well as the space limitations to be taken into 

account for the breadth of movements (areas within scope) and the dimensional requirements for 

people. 

In order to identify hazards, as sources of damage, i.e. physical injuries or harm to health, it 

is necessary to consider the operations and tasks that the machine performs, as well as those that 

are carried out by the people that interact with it, deciding which are hazardous situations and 

events, i.e. circumstances and events in which one or more people are exposed to one or more 

risks. The significance or severity of the damage should be defined: S0 (not significant or only 

requiring first aid), S1 (slight to moderate with medical care and full recovery) , S2 (severe with 

lifelong side-effects but probable survival) and S3 (with side-effects in vital capacities, uncertain 

survival and/or severe disability); as should the likelihood of the damage occurring: E0 

(improbable, maximum once in the machine's useful life, < 0.01%), (rare, annual maximum, 0.01%-

0.1%), E2 (sometimes, less than on a monthly basis, 0.1-1%), E3 (frequent, more than once a 

month, 1-10%), and E4 (very frequent, in almost every operation, >10% ) (see Figure 104). 

The ISO 14121-1 (ISO, 2007a) is thorough in defining types of hazards: mechanical 

(associated to kinetic or potential energy, and the shape and structure of the elements), electric, 

thermal, noise-related, vibration-related, radiation-related, caused by materials or chemical 

substances, hazards associated to a failure to comply with the principles of ergonomics, or the 

setting in which the machine is used (dust or fog, humidity, mud, snow, etc.). The standard also 

provides several examples of tasks in relation to the stage in the life cycle of the machine, as well 

as hazardous situations, which are understood to mean situations that may give rise to damage. 
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Risk is defined as the combination of the likelihood of damage occurring and its severity 

and, as indicated previously, the concept of risk analysis contemplates specifying the limits of the 

machine, hazard identification and risk estimation. 

In evaluating risk, the possibility of avoiding or controlling the damage should also be taken 

into consideration: C0 (easy to control), C1 (simple to control, over 99% of people would know 

how to control it in over 99% of circumstances), C2 (mostly controllable, over 90% of people would 

know how to control it in over 90% of circumstances) and C3 (not avoidable by average operator 

or typical personnel in vicinity) (see Figure 104). 

 

Figure 103. Flow diagram linked to assessing risk in agricultural machines. From ISO, 2006. 

The ISO 25119-2 (ISO, 2010d) defines beyond which combination of severity, likelihood of 

damage, and control level it is indispensable to include a control system in addition to the 

inclusion of protection devices or merely informative aspects that are generally covered under the 

term QM, i.e. quality assurance measures pursuant to the ISO 9001 (ISO, 2008a) (see Figure 104). 



International Ph.D 
Miguel Garrido Izard                                       Appendix 1: Requirements of a Safety functional System 

- 174 - 
 

 

Figure 104. Performance levels for agricultural equipment (AgPL) identified with the letters “a” to “e” for increasing 
levels of risk. From Benneweis, 2006. 

A1-2.3 Safety-Related Control Systems for Machines  

For cases in which the quality assurance measures do not suffice, it is indispensable to 

include risk reduction systems, the features of which should match the performance level. These 

systems are generally called SRP/CS, i.e. safety-related parts of the control system. The ISO 25119-

2 (ISO, 2010d) provides five performance levels for agricultural equipment (AgPL) identified with 

the letters "a" to "e" for increasing levels of risk. 

Attaining a particular AgPL depends on a number of factors, such as: the category associated 

to its hardware structure (B, 1, 2, 3 or 4), the mean time to a dangerous fault (MTTFd), diagnostic 

coverage (DC) and common cause faults (CCF). The software readiness levels (SRL) are in turn 

dependent on the AgPL value that is required, the diagnostic coverage available: low (60 to 90%), 

medium (90 to 99%) or high (over 99%) and MTTfd: low (3 to 10 years), medium (10 to 30 years) or 

high (30 to 100 years). The ISO 25119-2 (ISO, 2010d) defines a simplified procedure for 

assessment, as shown in Figure 105. 

(a) 

 

(b) 

 

Figure 105. (a) Performance levels and software readiness levels depending on hardware configuration (B, 1, 2, 3 and 
4) and (b) the diagnostic coverage level (fault detection capacity). From ISO, 2010d.  
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A1-2.4 Hardware Configurations  

According to the ISO 13849-1 (ISO, 2006) and ISO 25119-2 (ISO, 2010d), there are five 

typical hardware configurations (B, 1, 2, 3 and 4) in SRP/CS, which may be displayed in 3 different 

diagrams (see Figure 106). The first layout (see Figure 106a): inputs (I), logical processing (L), 

outputs (O) corresponds to the typical structures B and 1, with the difference that in the former, 

the diagnostic coverage is null and the MTTFd for each channel cannot be measured, whereas 

configuration 1 uses components of proven efficiency in safety-related operations and may 

require redundant inputs depending on the diagnostic coverage required (low or medium). The 

second layout, which corresponds to the type 2 architecture (see Figure 106b), includes as well as 

the above elements, other testing equipment (TE, typically man-machine interfaces) and the 

outputs of the testing equipment (OTE). Finally, architectures 3 and 4 are the third layout (see 

Figure 106c), with the difference that for the latter, the diagnostic coverage in monitoring (m) is 

higher than in architecture 3, and that redundant outputs may be necessary in order to maintain 

the safety functions.  

Another relevant aspect of the standard is that it also defines how to calculate the 

performance level when there are several SRP/CS attached in series. Generally speaking, when 

there are more than 2 or 3 SRP/CS in series with the same minimum AgPL level, the global value 

drops by a level, e.g. from level AgPL d to AgPL c. 

(a) 

 

(b) 

 

(c) 

 

Figure 106. Designated architectures for SRP/CS: (a) category B and 1; (b) category 2; and (c) category 3 and 4. From 
ISO, 2010d. 

A1-2.5 Software Specifications  

In this sense, Hofmann, 2006 provides probably the most complete review of actual 

complexity of software in tractors. Given the great number of factors that affect the integrity of 

software in machines equipped with electronic systems, it is not possible to define an algorithm 

that will ascertain which techniques and measures are best suited to each application. On the 

other hand, when selecting methods and measures for defining software, it is important to bear in 
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mind that as well as the manual code programming, model-based developments may employ 

automatic code generation tools (Lutz, 1992). 

The ISO 25119-3 standard (ISO, 2010e) devotes forty pages to the chapter on software in 

relation to the safety of agricultural machines and indicates that it is necessary to define the 

method to be employed in defining the safety requirements for the software: natural language, 

semi-formal methods (based on diagrams and figures, or animation-based analyses), formal 

methods (based on mathematical procedures), or methods that employ computer-assisted tools 

(in the form of databases that can be automatically inspected and examined to assess consistency 

and completeness). 

In general, the standard provides that the software architecture should not be commenced 

until a sufficient degree of maturity has been attained in defining the safety requirements, 

employing top-down methods to evaluate the combination of events that may give rise to 

hazardous situations, and bottom-up methods to decide which components in the system would 

be damaged. 

In developing the software, the first step will be to define the modules that will be related 

to safety and then define the rest of the functions. The programming language should be such as 

to enable easy code verification, validation and maintenance. In this regard, it is desirable to use 

automatic code translation tools, pre-existing libraries that have been extensively verified, code 

debugging systems and software version control tools. It is not clear if object-oriented languages 

are preferable to procedure-based languages. 

The use of defensive programming methods is recommended, capable of producing 

programmes that can detect control flows or erroneous data, so that the system may react in a 

predetermined and acceptable manner. Some defensive programming techniques include: 

changing that variables are in range and analyzing the credibility of their values, a priori checks on 

parameters and procedures before running them, and separating parameters according to 

whether they are read-only or read-write. 

In general, the following criteria should be followed: 

 the programme should be divided into small software modules,  

 the modules should be composed using sequences and iterations,  

 a limited number of paths should be maintained in the software,  

 complex ramifications and unconditional leaps should be avoided,  

 loops should be linked to input parameter values, and complex calculations should be 

avoided when making decisions on forks and loops,  

 dynamic variables be limited so that the memory requirements and a priori directions 

are known a priori, 

 the use of interruptions should also be limited, especially when using critical software, 

so that the maximum time for inhibiting safety functions is controlled at all times, and 
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 the use of check-lists is recommended in order that the set of relevant issues are 

verified in each stage of the life cycle of the software. 

A1-2.6 Eliminating Systematic Faults and Safety Functions  

There are a number of typical faults for which the ISO 25119-2 (ISO, 2010d) standard 

provides certain recommendations: preventing the loss of electricity supply in electronic boxes, 

selecting manufacturing materials that are suitable for the setting in which they are to be used, 

correct component installation, compatibility, modularity of design, restricted use of common 

elements such as memories or electronic cards, separating safety-related and non-safety-related 

components in the control system, and checking design by employing assisted design systems for 

simulation and simulation programmers. 

A number of typical safety functions are also defined by the ISO 25119-2 (ISO, 2010d) 

standard for consideration in design, i.e.: 

1) a lock to prevent switching on the system by accident,  

2) the immediate halt function,  

3) manual resetting,  

4) automatic switching on and resetting after a fault,  

5) response time (divided into detecting the fault, starting to take measures and managing 

to attain a safe operating mode),  

6) safety-related parameters (position, speed, temperature, pressure),  

7) external control functions (how to select external control, verify that switching the 

external control does not cause hazardous situations, and how to act in the event of loss of 

external control),  

8) manual inhibition of safety functions (for example, for diagnostic purposes), and  

9) the availability of alarms for the user. 

A1-2.7 Safety Verification Level When Designing an Agricultural Machine  

In accordance with the ISO 25119-1 standard (ISO, 2010c), one very important aspect when 

designing an agricultural machine is deciding on the safety verification level that may require the 

participation of persons not linked to design, teams of staff other than designers, or even different 

departments or consultancy firms, for the agricultural performance (AgPL) levels, which go from 

"a" to "e" in ascending order (see Table 35). 
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Table 35. Degree of verification. From ISO 25119-1 (ISO, 2010c). 

Degree of Verification AgPL=a AgPL=b AgPL=c AgPL=d AgPL=e 

Review of hazard analysis and risk assessment U2
a 

U2 U2 U3 U3 

Review of safety plan 

Independent from author of the plan - - U1 U2 U3 

Review of safety requirements 

Independent form author and implementer of safety 
requirements - U1 U1 U1 U1 

Review of V&V plan 

Independent from plan author - - U1 U2 U2 

Review of the safety analysis (FMEA, FTA) 

Independent form author of the analysis 

Independent from developer of unit of observation - U1 U1 

U1 

U2 

U1 

U3 

      

Review of safety test and trials 

Independent from planning and conducting the test - - U1 U1 U1 

Review of safety documentation 

Independent from author of safety plan  - - U1 U2 U3 

Safety audit 

Independent from those, who work in association 
with the process required for functional safety - - - U2 U3 

Assessment of the safety plan - - - U2 U3 
a
 Independent review is required especially in situations assessed as C0 or S0 

- No requirement for verification. The verification measures that will have to be carried out are governed in clause 6.4.2. 

U1 Another person 

U2 Another team (not the same direct supervisor) 

U3 Another department or third part (independent from developing department, e.g.: independent management, 
independent resources, independent from release responsibilities, independent organization) 
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Appendix 2: Safety Adoption within RHEA’s Autonomous Mobile 

Vehicles 
Within the European RHEA project, a fleet of small, heterogeneous cooperative robots 

(three Ground Mobile Units “GMU” + three different implements + two Aerial MobileUnits 

“AMU”) equipped with advanced perception systems, improved end-effectors and enhanced 

decision-making algorithms were developed, tested and evaluated in three scenarios: a) chemical 

weed control in winter wheat crops, b) physical weed control in maize crops, and c) application of 

insecticides and/or fungicides in olive trees (Gonzalez-de-Santos et al., 2014).  

In accordance with Garrido Izard, et al., 2012b, the RHEA management system is broken 

down into six main modules organized hierarchically (Figure 107): (1) the Mission Manager, (2) the 

Perception System (ground and aerial), (3) the Actuation System – implements, (4) the Mobile 

Units (ground and aerial), (5) the Localization and Communication Systems, and (6) the Graphic 

User Interface.  

 

Figure 107. RHEA system breakdown. From Gonzalez-de-Santos, et al., 2014. 
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This section, according with the European RHEA deliverables “5.3 Safety system of the 

mobile units: definition and assessment measured (Sanz, et al., 2011)” and its extension “5.Y 

Development of GMU Risk Assessment (Debilde, et al., 2013)”, aims to detail how to perform the 

risk assessment of the RHEA mobile units (considering only the autonomous tractor) in accordance 

to the requirements defined in the previous subsection. They provide the guidelines for the 

development of the GMUs in order to develop a system as close as possible to homologation. In 

the same way, these documents should be used as an example by other partners in a consortium 

(manufacturing different autonomous machines) to develop their own system risk assessment. 

A2-1 DESIGN AND INTEGRATION OF PARTS OF CONTROL SYSTEM 

RELATING TO SAFETY (SRP/CS) 
Figure 108 shows a first approach towards the integration of several SRP/CS of varying 

hardware configurations that communicate with Implement controller (Low Level Decision Making 

System “LLDMS”), developed by Bluebotics, via Ethernet, while the latter interact with internal bus 

of the tractor via ISO11783 (ISOBUS) (ISO, 2007c). It is important to state that any hardware 

configuration should follow ASABE recommendations regarding environmental conditions (ASABE, 

2008). 

 

Figure 108. Predefined hardware configurations in the ISO 13849 and ISO 25119 standards. Modified from Lenz, et al., 
2007. 

The control system is designed with a single circuit only. This means that a single fault in the 

system may lead to loss of control function. 

When activated, the control system will cut the delivery of the fuel pump and stop the 

engine. The stopping time and the stopping distance will depend on the engine speed and is 

estimated to be least 1 meter. The safety distance to any person shall be at least the same as the 

stopping distance. Several experiments were defined and explained later in order to verify time 

and distances. 



International Ph.D 
Miguel Garrido Izard         Appendix 2: Safety Adoption within RHEA’s Autonomous Mobile Vehicles 

- 181 - 
 

In automatic mode the actuators get their signals for engine speed, driving-speed, steering-

angle, PTO (Power take-off) and lifting/lowering of the 3-point lift through the interfacing tractor 

computer (Figure 109). In the other modes the actuators are connected to the manual switches 

and the wired remote control box. 

(a) 

 

(b) 

 

Figure 109. (a) Three-point hitch electrical actuator. (b) Three-point hitch angle sensor. 

In the automatic mode the interfacing tractor computer gets commands for engine speed, 

driving speeds and steering angles as predefined in the mission file from a main controller running 

on the navigation computer. The navigation computer gets positional signals from an attached 

GPS and an odometer system. By comparing the current with the planned positions, the machine 

will automatically try to keep the deviations as small as possible. 

The safety control systems of the GMU are integrated in the general control system. In case 

of activating an emergency switch, the control system is designed to go into safe mode (Off). 

Disabling the fuel does this. 

The reliability of the control system is the essential part of this risk evaluation. 

1. Off mode 

A key lock the GMU 

2. Start mode 

The engine start is only possible when the GMU continuously variable transmission (CVT) is 

in neutral position (zero velocity). The neutral position is monitored by a switch which 

enables the start relay and the fuel-enable relay, if the safety circuit was reset.  

Lifting while the engine is running and lowering the 3point-linkage is possible with a hold-to-

run control situated out of reach of the area, where parts of the 3-point-linkage are active. 

The automatic controls are completely inactive in this mode and hence cannot interface the 

hydraulic 3-pont-lift activation. If the CVT would be activated, the engine will stop 

immediately. 
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Engagement/disengagement of the extern hydraulic auxiliaries is only possible by manual 

controls. The automatic controls are completely inactive in this mode – the manual switch is 

on – and hence cannot interfere the hydraulic auxiliary activation. 

The shift between manual and automatic control states, means from Off to Start, from Start 

to Remote and from Remote to Automatic is done by a manually operated rotary switch. 

The switch inhibits that more than one is active.  

3. Remote control mode 

A remote control panel is used for driving the GMU to and from the area, where the GMU is 

working in Automatic control. To avoid public roads the GMU is transported by a trailer. 

The remote control consists of a GUI (see Figure 110) located within the base station from 

which the operator can communicate with vehicles. 

 

Figure 110. An image of the window display by the Graphical User Interface (GUI). 

The emergency stop button breaks the safety line to the safety relay which turns off the 

master switch relay (MSO) and thus turns off the fuel-enable relay to stop the machine. 

The operator does the mounting and the dismounting of the implement to the GMU when 

the GMU engine is started. 

When the GMU is to be moved to and from the working area it is controlled by the GUI 

allocated in the Base station or by a Panel control connected directly to the vehicle, while 

operator is walking beside the GMU. 

The directive of machinery has the following safety requirement: 

Movement of pedestrian-controlled self-propelled machinery must be possible only through 

sustained action on the relevant control by the driver. In particular, it must not be possible 

for movement to occur while the engine is being started.  

The control systems for pedestrian-controlled machinery must be designed to minimize the 

hazards arising from inadvertent movement of the machine towards the drive. In particular: 



International Ph.D 
Miguel Garrido Izard         Appendix 2: Safety Adoption within RHEA’s Autonomous Mobile Vehicles 

- 183 - 
 

-Crushing 

-injury from rotating tools 

Also, the speed of normal travel of the machine must be compatible with the pace of a driver 

on foot. 

4. Automatic control mode 

The automatic mode is intended for use in restricted areas, where the working path of the 

GMU is determined by selected control parameters with reference to the GPS system. 

Emergency stop buttons are positioned at the rear corners of the GMU approximately 1 

meter over the ground (see Figure 111a). The implement mounted to the GMU extends 

approximately (6 meter for herbicide and 4.5 m for physical weeding - 1.73 tractor width) 

meter wider than the GMU. Therefore, any person trying to activate the buttons will be 

within the hazardous path of the implement. 

At each of the front corners of the GMU a wobble switch is positioned approximately 0.7 

meter over the ground (see Figure 111b and Figure 111c). The wobble switches initiate 

when touched an emergency stop by breaking the safety circuit. 

(a) 

 

(b) 

 

(c) 

 

Figure 111. (a) Front, (b) right and (c) rear emergency buttons. 

In automatic mode the GMU is attended within the working location at all time by an 

operator. The operator has the possibility to some extend to overlook if any unauthorized 

persons are approaching the working GMU, but the operator has no possibilities to control 

the machine performance including any possible malfunctions of the GMU at any time. 

Acceptance for the reliability of the control system(s) may be based on the principles of 

redundancy and self-monitoring given in EN ISO 13849 (ISO, 2006; ISO, 2012b). 
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A2-2 RISK ASSESSMENT 

A2-2.1 Determination of the GMU Limits 

The risk assessment starts with the definitions of the GMU functions. This means that it 

should identify according to ISO 14121-1 (ISO, 2007b) the characteristics and performance of the 

machine as well as people involved, environment and products, in terms of machine limits: 

1. Limits of use: 

a. the intended use of the machine, including the different operation modes of the 

machine, phases of use and the different procedures of operator intervention 

and, 

b. reasonably foreseeable misuse of the machine. 

2. Limits of space: (e.g., range of motion, dimensional requirements for the installation and 

maintenance, operator-machine interface). 

3. Limits of time: foreseeable “useful life” of the machine and / or some of its components, 

taking into account its intended use. 

A2-2.1.1 Limits of Use 

First, every function that the tractor executes needs to be determined. These functions are 
limited to the autonomous operation of the tractor; because manual operation was already 
accepted (homologated vehicles). 

These functions are defined in Table 36. 

Table 36. Functions that the autonomous tractor needs to execute. 

Direction Control Automatic 

Speed control automatic 

Rear PTO control automatic 

Key control 

Hitch control automatic 

Curvature control automatic 

Brake control automatic (brake pedal) 

Emergency brake control automatic 

Once defined the functions of the tractor, next step is to list all possible misuses of the 
GMU, represented below: 

 Unexpected start up 

 Unexpected deceleration or stop  

 Unexpected acceleration  

 Unexpected change of direction 

 Wrong direction at start up 

 Failure to start 

 Failure to stop 

 Failure to react on the command 

 Failure of limiting device to work (e.g. relieve valve, end of stroke.........) 
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In a more representative and concrete way, Table 37 have been developed which associate 
each misuse with each of the functions presented before, defining each interaction as 
uncommanded (UNC), unexpected (UNX) or undesired action (UND).  

Table 37. Misuse and function interaction for the autonomous system. 

Function Mode
5
 Misuse list 

direction control automatic UNC change in direction 

direction control automatic UNX wrong direction (after command) 

direction control automatic UND behavior (vibration, not correct) 

speed control automatic UNC Acceleration 

speed control automatic UNC Deceleration 

speed control automatic UNX failure to start (acceleration) 

speed control automatic UNX failure to stop (deceleration) 

speed control automatic UND (not correct, too slow) 

Rear PTO control automatic UNC unexpected start up 

Rear PTO control automatic UNX failure to start 

Rear PTO control automatic UNX failure to stop 

Rear PTO control automatic UND wrong rpm 

Key control UNX failure to start 

Key control UNX failure to stop 

Hitch control automatic UNC goes up 

Hitch control automatic UNC goes down 

Hitch control automatic UNX failure to go up 

Hitch control automatic UNX failure to go down 

Hitch control automatic UNX wrong direction (after command) 

Hitch control automatic UND (angle not correct, too slow) 

Curvature control automatic UNC change direction 

Curvature control automatic UNX wrong direction (after command) 

Curvature control automatic UNX failure to start 

Curvature control automatic UNX failure to stop 

Curvature control automatic UND (too slow, angle not correct) 

brake control automatic UNX start up 

brake control automatic UNX failure to start 

brake control automatic UNX failure to stop 

brake control automatic UNX failure to react on command 

Emergency brake automatic UNX stop (not working anymore) 

Emergency brake automatic UNX start up 

Emergency brake automatic UNX Failure to stop 

Emergency brake automatic UNX Failure to start 

During the tasks performed by the GMU, there will be an operator next to the work area. 

This operator must be a qualified person for carrying out all the tasks involved with the GMU and 

                                                           
5
 UNC : uncommanded, UNX: unexpected, UND: undesired 
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he/she also must have sufficient knowledge for start-up and maintenance of each GMU 

components so as to perform periodic tasks or vehicle inspection. 

The exposure of other persons to the hazards associated with the GMU is not expected as 

the operator controls the area and prevents any viewer entrance. 

A2-2.1.2 Limits of Space 

In order to study the limits of space it must be considered the characteristics and 

dimensions (Figure 112) of the GMU to be used. Below are the principal characteristics of the 

tractors:  

- Power 51 HP 
- 4x4 Wheel drive 
- CVT transmission 
- Maximum payload: 1.6 ton (load that can be added to the vehicle on the 3 point hitch) 
- Steering angle 54° ( and 75° for the SuperSteer vehicle) 
- Minimum turning radius 3,24 m (2.87 m SuperSteer) 

 

Figure 112. Standard GMU dimensions. 

As main reference for the determination of the space limits, we must consider the expected 

work area of the GMU. This area is mainly characterized by being open fields (wheat, corn or olive 

field) in which the vehicle can maneuver easily. 

For movement control at critical situations as well as the loading / unloading of the GMU 

from the trailer and entrance in the field area, these will be held by remote control by the 

operator. 

During the transporting tasks of the vehicle by the trailer, the amplitude of movement is 

totally reduced to the transport trailer space. 

There is no additional dimensional requirement for people who interact with the machine as 

there are the same requirements as for the already homologated tractor. 
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A2-2.1.3 Limits of Time 

The life limit of the machine will be the same as for the homologated tractor, having to 

evaluate separately the components included in the GMU that are not part of the homologated 

tractor (e.g. Camera, LiDAR, GMUC (Ground Mobile Unit Controller), Safety components, 

Software…). 

The recommended inspection frequency for the GMU will be: 

- whenever it has finished the working tasks 

- every 50-100 hours worked 

A2-2.1.4 Other Limits 

As other limits, it should be highlighted: 

- All devices are powered by batteries which at the same time are fed by alternators. In 

case of failure of one alternator, the power supply would be limited to the capacity of 

the batteries. 

- The level of cleanliness of the vehicle must be high for the correct operation of 

perception system devices.  

- The recommended minimum working temperature defined by the equipment installed 

on the machine is 0 °C, while the maximum recommended temperature is 45 °C. 

- The vehicle has a high tolerance to dust and environmental factors that can potentially 

reduce the visibility. For an optimal work by the vehicle, the visibility should be at least 5 

meters. 

- Vehicle may work under rainy conditions, as long as these are at most moderate, with a 

maximum rainfall of 15 mm h-1.  

A2-2.2 Hazard Identification 

Once defined the machine functions, the most important step in the risk assessment on the 

machine arises: the hazard identification. 

To carry out the hazard identification, the European Standard “EN 1525 - Safety of industrial 

trucks. Driverless trucks and their systems (UNE, 1998)" was used. This standard defines a 

driverless truck as an automotive vehicle designed to automatically move, wherein the operating 

safety is not dependent on an operator. Remote control trucks are not considered driverless 

trucks. 

The following hazards (Table 38) concerning the movement and cargo handling are applied 

in the situations described and could pose a danger to people if not reduced or eliminated. The 

requirements are essential to limit the risks or reduce the dangerous situations in each situation. 

  



International Ph.D 
Miguel Garrido Izard         Appendix 2: Safety Adoption within RHEA’s Autonomous Mobile Vehicles 

- 188 - 
 

Table 38. Important hazards in an autonomous tractor. 

Hazard Corresponding Requirement 

Crushing 

Braking system 

Speed control 

Personnel detection means 

Direct electrical contact Connections of battery charging protected 

Electromagnetic radiation Not dealt with 

Programming errors 
See programming SRASW (Safety-related application software) 

(ISO, 2010a) 

Failure of control system  

 Unexpected start up 

Braking system 

Protective devices for rider operation 

Protective devices for pedestrian operation 

 Communication error between 

control system and tractor 
Braking system 

Restoration of energy supply Warning system 

Movement without an operator 
Braking system 

Steering system 

Insufficient ability to stop 

Braking system 

Emergency stop device 

Personal detection means 

Inadequate location of controls 

Controls for temporary tasks 

Hold-to-run controls 

Steering system 

Unauthorized start-up/use Protection against unauthorized use 

Lack of warning means Warning systems 

Insufficient instructions for 
operators 

Controls for temporary tasks 

Information on intended use of controls 

Loss of stability  

Speed control 

Steering system 

Stability 

A2-2.2.1 Most Relevant Hazards 

All these hazards identified in Table 38 is derived from one or more misuses of some 

function performed by the GMU (see Table 37). Hence, for the risk assessment of the GMU such 

misuse is reviewed. Thereby and based on Table 37 "Misuse and interaction function for the 

autonomous system" we proceeded to allocate a relevancy (Table 39) for each systematic hazard 

or misuse, being represented in Table 40 the most relevant hazards (with a relevancy value of 3). 
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Table 39. Rules for relevancy evaluation. 

Value Description 

0 when combination is not relevant 

1 when combination is remotely possible 

2 when combination may be relevant 

3 when combination is highly relevant 

 
Table 40. Most Relevant hazards. 

Sub-Function Mode Systematic Hazard List Relevancy Value 

Direction Control Automatic UNC Change in direction 3 

Direction Control Automatic UNX Wrong direction(after command) 3 

Speed Control Automatic UNC Acceleration 3 

Speed Control Automatic UNX Failure to stop(deceleration) 3 

Rear PTO Control Automatic UNC Unexpected start up 3 

Rear PTO Control Automatic UNX Failure to stop 3 

Hitch Control Automatic UNC Goes down 3 

Hitch Control Automatic UNX Wrong direction(after command) 3 

Curvature Control Automatic UNC Changes direction 3 

Curvature Control Automatic UNX Wrong direction(after command) 3 

Curvature Control Automatic UNX Failure to start 3 

Curvature Control Automatic UNX Failure to stop 3 

Brake Control Automatic UNX Failure to start 3 

Brake Control Automatic UNX Failure to react on command 3 

Emergency Brake Automatic UNX Stop (not working anymore) 3 

Emergency Brake Automatic UNX Failure to start 3 

A2-2.3 Risk Estimation: Selecting the Required Performance Level (AgPLr) for each 

Identified Hazard 

For every relevant situation the parameters for the assessment, keeping in mind that this 

assessment is subjective, were: 

 S2 for every situation because the tractor is small and the maximum speed is 6 km h-1 in 
autonomous operation 

 E3 because a bystander is not allowed in the environment of the tractor 

 C3 for “Rear PTO control failure to stop” because this PTO is the propulsion for tools. 
When these tools would start to work when somebody is working on it, then it would be 
impossible to avoid this. 

 C3 for “emergency brake” because this is only activated when a safety functions are 
needed. So the tractor will not be able to avoid the obstacle when there is no brake.  

 C2 for every other situation because the average bystander can evade it. 
With such assumptions the following AgPLr (Table 41) were obtained: 
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Table 41. Most relevant hazards, Parameters and AgPLr selected with proposed solution. 

Sub-Function Systematic Hazard List 
AgPLr 

Parameters  
AgPLr Solutions 

Direction Control 
Automatic 

Change in direction S2,E3,C2 b 
Lock direction during automatic mode until speed 
= 0 or/and use sensor that measures direction 
compare with desired direction. 

Direction Control 
Automatic 

Wrong direction(after 
command) 

S2,E3,C2 b 
Sensor that measures direction compare with 
desired direction. 

Speed Control 
Automatic 

Acceleration S2,E3,C2 b 
Use speed sensors to check speed compare with 
desired speed. 

Speed Control 
Automatic 

Failure to 
stop(deceleration) 

S2,E3,C2 b 
Use speed sensors to check speed compare with 
desired speed. 

Rear PTO Control 
Automatic 

Unexpected start up S2,E3,C3 c 
Use PTO speed sensor to check current speed 
compared with desired speed 

Rear PTO Control 
Automatic 

Failure to stop S2,E3,C2 b 
Use PTO speed sensor to check current speed 
compare with desired speed. 

Hitch Control 
Automatic 

Wrong direction(after 
command) 

S2,E3,C2 b 
Hitch angle sensor and potentiometer (on 
actuator) to check current angle compare with 
desired angle. 

Curvature Control 
Automatic 

Changes direction S2,E3,C2 b 
Wheel angle sensor to check current angle 
compare with desired angle. 

Curvature Control 
Automatic 

Wrong direction(after 
command) 

S2,E3,C2 b 
Wheel angle sensor to check current angle 
compare with desired angle. 

Curvature Control 
Automatic 

Failure to start S2,E3,C2 b 
Wheel angle sensor to check current angle 
compare with desired angle. 

Curvature Control 
Automatic 

Failure to stop S2,E3,C2 b 
Wheel angle sensor to check current angle 
compare with desired angle. 

Brake Control 
Automatic 

Failure to start S2,E3,C2 b 
Use speed sensors to check speed compare with 
desired speed. 

Brake Control 
Automatic 

Failure to react on 
command 

S2,E3,C2 b 
Use speed sensors to check speed compare with 
desired speed. 

Emergency Brake 
Automatic 

Stop (not working 
anymore) 

S2,E3,C3 c 
The Electronic Park Brake has a SIL level of 3 so 
this is already implemented in the brake with PL e. 

Emergency Brake 
Automatic 

Failure to start S2,E3,C3 c 
The Electronic Park Brake has a SIL level of 3 so 
this is already implemented in the brake with PL e. 

Once the hazard identification list is developed as well as their required PL (AgPLr), next 

step will be to evaluate the system design, by the calculation of the PL reached from the different 

SRP/CS. This section has been included as appendix (Appendix 3: Rhea Design Requirements / 

AgPL of the SRP/CS) in this thesis, in order to provide a more detailed document to interested 

readers. 

 



International Ph.D 
Miguel Garrido Izard                               Appendix 3: Rhea Design Requirements / AgPL of the SRP/CS 

- 191 - 
 

 

Appendix 3: Rhea Design Requirements / AgPL of the SRP/CS 
Derived from the results of the section A2-2.3 “Risk Estimation: Selecting the Required 

Performance Level (AgPLr) for each Identified Hazard”, the objectives of this section are to define 

design requirements of the RHEA GMU. 

The risk analysis describes how the system errors are determined. These system errors need 

to be monitored. Below it is described how these are detected and how this needs to be 

implemented.  

The safety line is only safe when an AgPL (performance level) is reached that is equal or 

higher than the required AgPL for this line (AgPLr) (seeTable 41). 

The Agricultural performance level (AgPL) is determined by the following four aspects (ISO 

25119-2) (ISO, 2010d): 

1. MTTF (mean time to failure): average value of the expected time to a dangerous failure, 

defined by the ranges low (3 years < MTTF < 10 years), medium (10 years < MTTF < 30 

years) and high (MTTF > 30 years). 

2. DC (diagnostic coverage): fraction of the probability of detected dangerous failures (λdd) 

and the probability of total dangerous failures (λd) expressed by: 

𝐷𝐶 = ∑ λdd / ∑ λd 

Equation 10. Diagnostic Coverage (ISO, 2010d). 

3. SL (software level): ability of safety-related parts to perform a software safety related 

function under foreseeable conditions. It is defined in four groups (B, 1, 2 and 3). 

4. CCF (common cause failure): failures of different items, resulting from a single event, 

where these failures are not consequences of each other. 

These parameters are relevant for the AgPL because: 

- MTTF declares how long a component or line can function. 

- DC declares if there is a system that checks the safety line. 
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- SL declares how good a system is programmed. 

- CCF declares that different components are used through which it is not likely that two 

components fail at the same time or that the safety lines are separated. Simplified 

Procedure for AgPL Estimation. 

The AgPL can be estimated taking into account all relevant parameters appropriate for the 

calculation. 

The following tables (Table 42, Table 43, Table 44 and Table 45) are used for AgPL’s safety 

lines determination: 

Table 42. Connection between Performance Level (PL) and Security Integrated Level (SIL). From ISO, 2006. 

PL SIL (IEC 61508-1) 

a without correspondence 

b 1 

c 1 

d 2 

e 3 
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Table 43. Summary of requirements for categories. From ISO, 2006. 

Category Summary of requirements System behavior 
Principles to 

achieve safety 

MTTFd 
of each 
channel 

DC avg 

B 

Safety-related parts of control systems 
and/or their protective equipment, as well 
as their components, shall be designed, 
constructed, selected, assembled and 
combined in accordance with relevant 
standards so that they can withstand the 
expected influence. 

The occurrence of a 
fault can lead to the 
loss of the safety 
function. 

Mainly 
characterized by 
selection of 
components 

Low to 
medium 

Null 

1 
Requirements of B shall apply. 

Well-tried components and well-tried 
safety principles shall be used. 

The occurrence of a 
fault can lead to the 
loss of the safety 
function. 

Mainly 

characterized 

by selection of 
components 

High Null 

2 

Requirements of B and the use of well-
tried safety principles shall apply. 

 

Safety function shall be checked at suitable 
intervals by the machine control system. 

The occurrence of a 
fault can lead to loss of 
the safety function 
between checks. 

The loss of safety 
function is detected 
with the check 

Mainly 

characterized 

by structure 

Low to 
high 

Low to 
medium 

3 

Requirements of B and the use of well-
tried safety principles shall apply. 

Safety-related parts shall be designed so 
that: 

- a single fault in any of these parts does 
not lead to loss of the safety function, and 

-whenever reasonably practicable the 
single fault is detected. 

- When a single fault 
occurs, the safety 
function is always 
performed. 

- Some but not all faults 
will be detected. 

- Accumulation of 
undetected faults can 
lead to loss of the 
safety function. 

Mainly 

characterized 

by structure 

Low to 
high 

Low to 
medium 

4 

Requirements of B and the use of well-
tried safety principles shall apply. 

Safety-related parts shall be designed so 
that: 

- a single fault in any of these parts does 
not lead to loss of the safety function, and 

- the single fault is detected at or before 
the next demand upon the safety function. 
If this is not possible, then an accumulation 
of faults shall not lead to a loss of the 
safety function. 

- When the faults occur 
the safety function is 
always performed. 

- The faults will be 
detected in time to 
prevent loss of the 
safety function. 

Mainly 
characterized 

by structure 

High 

High 
includin

g the 
accumul
ation of 
defects 

 
Table 44. Simplified procedure for evaluating PL achieved by SRP/CS. From ISO, 2006. 

Category B 1 2 2 3 3 4 

DCavg None None Low Medium Low Medium High 

MTTFd for each channel  

Low a Not covered a b b c Not covered 

Medium b Not covered b c c d Not covered 

High Not covered c c d d d e 
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Table 45. Calculation of PL for series alignment of SRP/CS. From ISO, 2006. 

PLlow Nlow => PL 

a 
>3 => None, not allowed 

≤3 => a 

b 
>2 => a 

≤2 => b 

c 
>2 => b 

≤2 => c 

d 
>3 => c 

≤3 => d 

e 
>3 => d 

≤3 => e 

Note the values calculated for this look-up table are based on 
reliability values at the midpoint for each PL 

The SRP/CS (safety related part of the control system) with PLlow is (are) the component(s) in 

the safety function that has (have) the lowest PL. Nlow is the number of components with PLlow.  

  



International Ph.D 
Miguel Garrido Izard                               Appendix 3: Rhea Design Requirements / AgPL of the SRP/CS 

- 195 - 
 

A3-1 DETERMINE THE PL OF THE DIFFERENT SRP/CS 

A3-1.1 PL of the Safety Controller  

The FX3-CPU (SICK AG, Waldkirch, Germany) was chosen as the safety controller of the GMU 

(see Figure 113).  

 
Figure 113. FX3-CPU “SICK AG, Waldkirch, Germany”. 

In order to obtain the PL of this device, its data sheet has been consulted: 

PL = e 

A3-1.2 PL of the Safety Relays 

For electromechanical components it may be difficult to calculate the mean time to 

dangerous failure (MTTFd). Often the manufactures of these kinds of components only give the 

mean number of cycles (Table 46) until ten percent of the components fail (B10) or fail dangerously 

(B10d).  
Table 46. Relays switching cycles from “SICK AG, Waldkirch, Germany”. 

switching cycles Description 

1*10
5
 (AC-15, 230 V, I = 2 A) 

2.5*10
5
 (AC-15, 230 V, I = 1 A) 

5.4*10
5
 (AC-15, 230 V, I = 0.5 A) 

1*10
7
 (DC-13, 24 V, I ≤ 2 A) 

MTTFd can be approximated by the following formulas, according to ISO 25119-2 (ISO, 

2010d): 

𝑀𝑇𝑇𝐹𝑑  =  
𝐵10𝑑

0,1 ∗  𝑛𝑜𝑝
 

Equation 11. MTTFd (ISO, 2010d). 

 

Where nop (number of operations) is: 

𝑛𝑜𝑝 =  
𝑑𝑜𝑝 ∗  ℎ𝑜𝑝 ∗ 3600

𝑡𝑐𝑦𝑐𝑙𝑒𝑠
 

Equation 12. nop (number of operations) (ISO, 2010d). 

To calculate number of operations (nop) some assumptions on the application of the 
component have to be made: 

 hop Mean operating time in hours per day (12h) 
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 dop Mean operating time in days per year (150d) 

 tcycle Mean time between the beginning of two successive cycles of the component in 
seconds (12h = 43200 seconds) 

Thus the following results were obtained: 

 nop = 150  

 B10d = 1*107  

 MTTFd = 666.666 h = 76,10 year 

So the parameters of the relay system are: 

 MTTFd = 76, 10 year 

 DC = High (99%) 

Category 4 architecture (from Table 43)  

By the use of Table 44 and the parameters above, the PL for safety relays can be determined 
as PL = e. 

A3-1.3 PL of the Transmission Output Speed Sensor 

The parameters of the system with its reasoning, as the manufacturer does not reply, are: 

 MTTFd = 10.000.000 h = 1141 year because this is a very robust sensor  

 DC = none 

Category 1 architecture (from Table 43) 

By the use of Table 44 and the parameters above, the PL for the speed sensor can be 

determined as PL = c. 

A3-1.4 PL of the True Ground Speed Sensor 

The parameters of the system with its reasoning, as the manufacturer does not reply, are: 

 MTTFd = 10.000.000 h = 1141 year because this is a very robust sensor  

 DC = none 

 Category 1 architecture 

By the use of Table 44 and the parameters above, the PL for the ground speed sensor can be 

determined as PL = c. 

A3-1.5 PL of the Rear PTO Speed Sensor 

The parameters of the system with its reasoning, as the manufacturer does not reply, are: 

 MTTFd = 10.000.000 h = 1141 year because this is a very robust sensor  

 DC = none (it is possible to have DC because this sensor is a resistor, this value can then 

be used to check if the resistance is still there, this way DC high can be reached) 

 Category 1 architecture 
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By the use of Table 44 and the parameters above, the PL for PTO speed sensor can be 

determined as PL = c. As ensuring that the PTO doesn’t start up unexpectedly in the original 

tractor is important, there are a number of interlocks implemented to avoid unwanted startup of 

the PTO (tractor startup interlock, PTO engagement interlock, PTO disengagement interlock, PTO 

mushroom interlock, PTO clutch slippage protection) and some diagnostics that monitor the 

current of the PTO clutch valves for driven and not driven PTO (Error code 5070 solenoid PTO 

short to 12V, error code 5080 solenoid PTO short to ground or open) that prevent or stop PTO 

operation. With those diagnostic functions PL = e is reached. 

A3-1.6 PL of the Hitch Angle Sensor and Wheel Angle Sensor 

The Winkelsensor (see Figure 114) from “Elobau GmbH & Co. KG” was chosen as the hitch 

angle sensor of the GMU.  

 
Figure 114. Winkelsensor from Elobau GmbH & Co. KG. 

In order to obtain the MTTFd of this device, its data sheet has been consulted. 

Parameters of the system: 

• MTTFd = 1473 year > 30 year => MTTFd = high 

• DC = none 

• Category 1 architecture 

By the use of Table 44 and the parameters above, the PL for the hitch and wheel angle 

sensor can be determined as PL = c. 

A3-1.7 PL of the CCM (Combine Control Module) Controller 

It was chosen, as manufacturer does not reply, a MTTFd value of 131.400 h = 15 years. This 

value is the lowest value of the Siemens PLC’s and is acceptable because these controllers have 

similar properties. 

In many systems, several measures for fault detection could be used. However, a single DC 

is calculated for a given channel. 

DC is defined as the ratio of the probability of detected dangerous failures to the probability 

of total dangerous failures. According to this definition an average diagnostic coverage, DCavg is 

calculated by the following formula: 

𝐷𝐶𝑎𝑣𝑔 =  

𝐷𝐶1
𝑀𝑇𝑇𝐹𝑑1

+
𝐷𝐶2

𝑀𝑇𝑇𝐹𝑑2
+ ⋯ +  

𝐷𝐶𝑁
𝑀𝑇𝑇𝐹𝑑𝑁

1
𝑀𝑇𝑇𝐹𝑑1

+
1

𝑀𝑇𝑇𝐹𝑑2
+ ⋯ +  

1
𝑀𝑇𝑇𝐹𝑑𝑁

 

Equation 13. DC average (ISO, 2006). 
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where,  

• DCavg is the mean DC of a SRP/CS.  

• DCN is the percentage in DC from the different components (input, logic, and output) 

• MTTFdN is the Mean time to failure of the component of the system (input, logic, and 

output). 

For DC parameter value Table 47 was used (ISO, 2006): 

Table 47. Estimations for Diagnostic Coverage (DC) for the CCM. From ISO, 2006. 

Part of SRP/CS Proposed method of analysis DC 

Inputs possibility 1 
Monitoring of some characteristics of the sensor (response time, range of analogue 
signals, e.g. electrical resistance) 

60% 

Inputs possibility 2 Cyclic test stimulus by dynamic change of the input signals 90% 

Logic possibility 1 Processing unit self-test by software 
60% to 
90% 

Logic possibility 2 
Temporal and logical monitoring of the logic by the watchdog where the test 
equipment does plausibility checks of the behavior of the logic 

90% 

Output device possibility 1 Cross monitoring of output signals without detection of short Circuits 90% 

The realistic propositions to implement the estimations above are: 

 Monitoring of some characteristics of the sensor (response time, range of analogue 
signals, e.g. electrical resistance): 
o Check communication by checking that CAN messages are still received 
o Check if values are within acceptable ranges 

 Cyclic test stimulus by dynamic change of the input signals: 
o Inputs values like vehicle speed, PTO speed are variable so when these stay 

constant, then there is a problem 

 Processing unit self-test by software: 
o Calculate twice and then compare these values, if they are not the same then 

there is a problem with the logic 

 Temporal and logical monitoring of the logic by the watchdog where the test equipment 
does plausibility checks of the behavior of the logic: 
o Develop a system that tests the logic on its correct operation.  

 Cross monitoring of output signals without detection of short Circuits: 
o The CAN message with the fault bit that goes to the safety controller will be 

send back to test if the value is still correct. 

The proposed method of analysis chosen for each part of the SRP/CS was: 

Table 48. Method to reach the desired DC for the CCM. 

Inputs possibility 1 
Monitoring of some characteristics of the sensor (response time, range of analogue 

signals, e.g. electrical resistance) 
60% 

Logic possibility 2 
Temporal and logical monitoring of the logic by the watchdog where the test equipment 

does plausibility checks of the behavior of the logic 
90% 

Output device possibility 1 Cross monitoring of output signals without detection of short Circuits 90% 
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By the use of the following formula, DCavg was obtained: 

𝐷𝐶𝑎𝑣𝑔 =  
𝐷𝐶𝑖𝑛𝑝𝑢𝑡 + 𝐷𝐶𝑙𝑜𝑔𝑖𝑐 + 𝐷𝐶𝑜𝑢𝑡𝑝𝑢𝑡

3
=  

60% + 90% + 90%

300
= 80% 

Equation 14. DCavg for the CCM. 

Parameters of the system: 

• 10 year < MTTFd=15 year < 30 year => MTTFd = medium 

• DC = 80% 

• Category 2 architecture because there will be TE (test equipment) on the logic and on 

the outputs by using DC 

By the use of Table 44 and the parameters above, the PL for safety relays can be determined 

as PL = c. 

A3-1.8 PL of the Electro-Hydraulic Steering 

The PVED-CL from Sauer-Danfoss (see Figure 115) was the electro-hydraulic steering 

controller chosen. 

 
Figure 115. PVED-CL Controller for Electro-Hydraulic Steering from Sauer-Danfoss. 

The category of the CAN function is 2. 

The MTTFd for CAT 2 is at least low. It is also DC medium because it is a self-testing system 

and there are diagnostic outputs. 

The system needs to have a MTTF of at least 4 years, because otherwise it will not be 

possible to reach MTTF low within certain safety lines e.g. curvature control automatic 4 years is 

an acceptable value because this is a safety component and thereby it will break a lot slower than 

e.g. a relay. 

Parameters of the system: 

• MTTFd =low => 3 year < at least 3,1 year < 10year  

• DC med (a self-testing system and there diagnostic outputs) 

• Category 2 Architecture 

By the use of Table 44 and the parameters above, the PL for electro-hydraulic steering valve 

can be determined as PL = b. 

A3-1.9 PL of the Electronic Park Brake (EPB) 

It can be decided that the PL of the brake is “e” because EPB has a SIL 3 (see Table 42). 
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From Table 49, It is deduced that the PDF (probability of dangerous failure) = λd is bigger 

than 10-8 (h-1) and smaller than 10-7 (h-1) as the system has a PL e. 

Table 49. Performance Level (PL) (ISO 13849-1:2006). 

PL 
average probability of a dangerous 

failure per hour (h
-1

) 

a ≥ 10
-5

 into ≤ 10
-4

 

b ≥ 3 x 10
-6

 into ≤ 10
-5

 

c ≥ 10
-6

 into ≤ 3 x 10
-6

 

d ≥ 10
-7

 into ≤ 10
-6

 

e ≥ 10
-8

 into ≤ 10
-7

 

 

So by its inversion it was calculated that the MMTFd will be bigger than 1141 year. 

𝑀𝑇𝑇𝐹𝑑  =
1

𝜆𝑑
 

Equation 15. MMTFd II (ISO, 2010d). 

This installation has DC high build in because the PL of this brake is e.  

Parameters of the system: 

 MTTFd = 1441 year > 30 year => MTTFd = high 

 DC high 

 Category 4 architecture because the brake has a PL e 

A3-1.10 PL of the Fuel Shut off System 

This system needs to have a PL of c because this is required for “Rear PTO unexpected start-

up”. 

The system needs to have a MTTF of at least 150 years, because otherwise it will not be 

possible to reach MTTF medium within certain safety lines e.g. Rear PTO control function, hitch 

control function. 150 years is an acceptable value because this is a safety component and thereby 

it will break a lot slower than e.g. a relay. 

Parameters of the system: 

• MTTFd = 150 year > 30 year => MTTFd = high 

• DC none 

• Category 1 architecture  

By the use of Table 44 and the parameters above, the PL for fuel shut off system can be 

determined as PL = c. 
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A3-2 DETERMINE THE PL OF THE SAFETY FUNCTIONS  
There are two methods to determine the PL of the safety functions: 

• Method 1: determine every parameter 

• Method 2: only determine the PL of the system 

In the following table are summarized the advantages and disadvantages for each of the 

methods. 

Table 50. Advantages and Disadvantages for each PL determine Method. 

Method Advantages Disadvantages 

Method 1:  

Determine every parameter 

Eventually the MTTF, DC and the 
architecture of the safety line will be 
known. This allows the manufacturer 
to sell this safety line as a safety 
component. 

It is not practical to replace 
components because this will lead to 
a new calculation of the parameters in 
the safety line. 

Method 2:  

Only determine the PL of the system 

Allows for very fast recalculation of 
the PL when a component is replaced. 

It will not be possible to sell this safety 
line as a safety component. 

For the development of PL determination of safety functions, it is advised to use method 2, 

because this method is faster. 

A3-2.1 Method 1: Determine Every Parameter 

A3-2.1.1 Direction Control Automatic 

A3-2.1.1.1 Purpose System 

The control unit sends a speed and direction set point, the true ground speed sensor and 

the transmission output sensor send a speed value to the CCM. The set point and the speed values 

are used to determine if the tractor changes direction when this is not desired or if it goes the 

wrong direction. There is no direct measurement of the direction but a problem can be detected 

by an unexpected passage by 0 of the speed sensors. 

 
Figure 116. Safety System for the Direction Control. 

This architecture is category 2 because there is TE (test equipment) on the outputs in every 

SRP/CS. 
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A short overview of the TE: 

• The safety controller has TE to check it in- and outputs. 

• The safety relays have TE (inherent to safety relays). 

• There is a counter in the CAN message between CCM and the safety controller that 

increments with every new message. This way the CCM has TE too. 

• The control unit also needs to test its outputs with a counter. 

A3-2.1.1.2 Calculating the MTTFdc of the Complete Channel 
 

Table 51. Components in the Safety Line for the Direction Control. 

Component MTTF source 

True ground speed sensor 10.000.000 h  

Transmission output speed sensor 10.000.000 h  

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Electronic park brake 9.995.160 h  

 

1

𝑀𝑇𝑇𝐹𝑑𝑐
=  ∑

1

𝑀𝑇𝑇𝐹𝑑𝑖
 

Equation 16. MTTFdc of the complete channel (ISO, 2010d). 

MTTFdc is the mean time to failure of the complete channel, 

MTTFdi is the mean time to failure of a component from the channel, 

MTTFdc = 13, 5 year (10 year < MTTFd < 30 year => MTTF channel = medium). 

A3-2.1.1.3 Calculate the DC (Diagnostic Coverage) 
Table 52. Calculate the DC in the Safety Line for the Direction Control. 

Component 
MTTF 
(year) 

λd 
Detected 

Y/N 
Detected how? λdd 

DC (by 
Equation 10) 

True ground speed 
sensor 

1142 8,76E-04 N  0  

Transmission output 
speed sensor 

1142 8,76E-04 N  0  

CCM controller 15 6,67E-02 Y Implement within CNH 6,67E-02  

Safety controller 105699,3 9,46E-06 Y Build in 9,46E-06  

Electronic park brake 1141 8,76E-04 Y Build in 8,76E-04  

      DCavg = 99% 

DC > 90% => the channel has a high DC (see Table 53). 
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Table 53. Diagnostic Coverage (DC) (ISO 25119-2:2009). 

Denotation of diagnostic coverage Range of DC 

Low DC < 60% 

Medium 60% ≤ DC ≤ 90% 

High 90% ≤ DC 

A3-2.1.2 Curvature Control Automatic 

A3-2.1.2.1  Purpose System 

The control unit sends a curvature set point; the “Elebau” sensor sends an analog value to 

the PVED-CL, which converts it to a curvature value on a CAN. The curvature set point and the 

measure curvature value are used to determine if the tractor changes direction when it is not 

expected, goes in the wrong direction after a command of the control unit or if the wheels keep 

turning when they need to stop. 

 

Figure 117. Safety System for the Steering System. 

The architecture above is of category 2, because of the same reasons as direction control 

automatic. 

A3-2.1.2.2  Calculating the MTTFdc of the Complete Channel 
Table 54. Components in the Safety Line for the Steering System. 

Component MTTF source 

Elebau hitch angle sensor 12.909.228 h 424A_6_Reliability_Data_10_12_10[1].pdf 

PVED-CL 35040h 
See mail Sauer-Danfoss (needs to be 4 year for this 

system) 

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Electronic park brake 9.995.160 h  

MTTFdc (by Equation 16) = 3 year (3 year < MTTFd < 10 year => MTTF channel = low). 
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A3-2.1.2.3 Calculate the DC (Diagnostic Coverage) 
Table 55. Calculate the DC in the Safety Line for the Steering System. 

Component 
MTTF 
(year) 

λd 
Detected 

Y/N 
Detected how? λdd 

DC (by 
Equation 10)  

Elebau hitch angle 
sensor 

1473,656 6,79E-04 N  0  

PVED-CL 4 2,5E-01 Y Build in   

CCM controller 15 6,67E-02 Y Implement within CNH 6,67E-02  

Safety controller 105699,3 9,46E-06 Y Build in 9,46E-06  

Safety relay 76,10342 1,32E-02 Y Build in 1,32E-02  

Electronic park 
brake 

1141 8,76E-04 Y Build in 8,76E-04  

      DCavg = 99% 

DC > 90% => the channel has a high DC. 

A3-2.1.3 Speed Control Automatic 

A3-2.1.3.1 Purpose System 

The control unit sends a speed set point; the true ground speed sensor and the transmission 

output sensor send measured speed values to the CCM. The speed set point and the speed values 

are used to determine if the tractor suddenly accelerates or if it does not stop when expected. 

 
Figure 118. Safety System for the Speed Function. 

The architecture above is of category 2, because of the same reasons as direction control 

automatic. 
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A3-2.1.3.2 Calculating the MTTFdc of the Complete Channel 
Table 56. Components in the Safety Line for the Speed Control. 

Component MTTF source 

True ground speed sensor 10.000.000 h  

Transmission output speed 
sensor 

10.000.000 h  

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Electronic park brake 9.995.160 h  

MTTFdc (by Equation 16) = 13,5 year (10 year < MTTFd < 30 year => MTTF channel = medium). 

A3-2.1.3.3 Calculate the DC (Diagnostic Coverage) 
Table 57. Calculate the DC in the Safety Line for the Speed Control. 

Component MTTF (year) λd Detected Y/N Detected how? λdd 
DC (by 

Equation 10) 

True ground speed 
sensor 

1142 8,76E-04 N  0  

Transmission 
output speed 

sensor 
1142 8,76E-04 N  0  

CCM controller 15 6,67E-02 Y 
Implement 
within CNH 

6,67E-02  

Safety controller 105699,3 9,46E-06 Y Build in 9,46E-06  

Electronic park 
brake 

1141 8,76E-04 Y Build in 8,76E-04  

      DCavg = 99% 

DC > 90% => the channel has a high DC. 

A3-2.1.4 Rear PTO (Power Take Off) Control Automatic 

A3-2.1.4.1 Purpose System 

The control unit sends a set point and the rear PTO speed sensor sends a measured speed 

value to the CCM. This set point and speed value are used to determine if the PTO suddenly starts 

or if it cannot stop. 
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Figure 119. Safety System for the Rear PTO. 

The architecture above is of category 2, because of the same reasons as direction control 

automatic. 

A3-2.1.4.2 Calculating the MTTFdc of the Complete Channel 
Table 58. Components in the Safety Line for the PTO Control. 

Component MTTF source 

Rear PTO speed sensor 10.000.000 h  

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Safety relay 666.666 h  

Fuel shut off system 1.314.000 h  

MTTFdc (by Equation 16) = 11,14 year (10 year < MTTFd < 30 year => MTTF channel = medium). 

A3-2.1.4.3 Calculate the DC (Diagnostic Coverage) 
Table 59. Calculate the DC in the Safety Line for the PTO Control. 

Component MTTF(year) λd Detected Y/N Detected how? λdd 
DC (by 

Equation 10)  

Rear PTO speed 
sensor 

1142 8,76E-04 N  0  

CCM controller 15 6,67E-02 Y 
Implement 
within CNH 

6,67E-02  

Safety controller 105699,3 9,46E-06 Y Build in 9,46E-06  

Safety relay 76,10342 1,32E-02 Y Build in 1,32E-02  

Fuel shut off system 150 6,67E-03 N  6,67E-03  

      DCavg = 91% 

DC > 90% => the channel has a high DC. 
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A3-2.1.5 Hitch Control Automatic 

A3-2.1.5.1 Purpose System 

The control unit sends hitch position set point and the hitch angle sensor sends an analog 

value to the CCM that converts it in an angle value based on calibration of the sensor. This set 

point and angle value are used to determine if the hitch moves in the wrong direction. 

 
Figure 120. Safety System for the Hitch. 

The architecture above is of category 2, because of the same reasons as direction control 

automatic. 

A3-2.1.5.2 Calculating the MTTFdc of the Complete Channel 
Table 60. Components in the Safety Line for the Hitch Control. 

Component MTTF source 

Hitch angle sensor 12.909.228 h  

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Safety relay 666.666 h  

Fuel shut off system 1.314.000 h  

MTTFdc (by Equation 16) = 11,5 year (10 year < MTTFd < 30 year => MTTF channel = medium). 
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A3-2.1.5.3 Calculate the DC (Diagnostic Coverage) 
Table 61. Calculate the DC in the Safety Line for the Hitch Control. 

Component MTTF(year) λd Detected Y/N Detected how? λdd 
DC (by 

Equation 10)  

Hitch angle 
sensor 

1473,656 8,76E-04 N  0  

CCM 
controller 

15 6,67E-02 Y 
Implement within 

CNH 
6,67E-02  

Safety 
controller 

105699,3 9,46E-06 Y Build in 9,46E-06  

Safety relay 76,10342 1,32E-02 Y Build in 1,32E-02  

Fuel shut off 
system 

150 6,67E-03 N  6,67E-03  

      DCavg = 91% 

DC > 90% => the channel has a high DC. 

A3-2.1.6 Brake Control Automatic 

A3-2.1.6.1  Purpose System 

The control unit sends a brake set point and the speed sensors send values to the CCM. This 

set point and speed values are used to determine if the brake does not respond to the commands. 

The electronic braking system (EPB) sends internal state information to the safety controller (see 

Figure 121). 

 
Figure 121. Safety System for the Brake. 

The architecture above is of category 2, because of the same reasons as direction control 

automatic. 
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A3-2.1.6.2 Calculating the MTTFdc of the Complete Channel 
Table 62. Components in the Safety Line for the Brake Control. 

Component MTTF Source 

True ground speed sensor 10.000.000 h  

Transmission output speed sensor 10.000.000 h  

CCM controller 131.400 h  

Safety controller 925.925.926 h FX3-CPU000000.pdf (www.sick.be) 

Electronic park brake 9.995.160 h  

MTTFdc (by Equation 16) = 13,5 year (10 year < MTTFd < 30 year => MTTF channel = medium). 

A3-2.1.6.3 Calculate the DC (Diagnostic Coverage) 
Table 63. Calculate the DC in the Safety Line for the Brake Control. 

Component MTTF(year) λd Detected Y/N Detected how? λdd 
DC (by Equation 

10)  

True ground 
speed sensor 

1142 8,76E-04 N  0  

Transmission 
output speed 

sensor 
1142 8,76E-04 N  0  

CCM controller 15 6,67E-02 Y 
Implement 
within CNH 

6,67E-02  

Safety controller 105699,3 9,46E-06 Y Build in 9,46E-06  

Electronic park 
brake 

1141 8,76E-04 Y Build in 8,76E-04  

      DCavg = 99,99% 

DC > 90% => the channel has a high DC. 

A3-2.1.7 Conclusions Method 1 
Table 64. Conclusion for Direction Control Method 1. 

Direction Control Automatic 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of b 

The system needs to have SL B (software level), MTTFdc low and DC medium to reach category 2 architecture and 
AgPLr b (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF medium 

 DC high  
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Table 65. Conclusion for Curvature Control Method 1. 

Curvature Control Automatic: 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of b 

The system needs to have SL B (software level), MTTFdc low and DC medium to reach category 2 architecture and 
AgPLr b (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF low 

 DC high 

 
Table 66. Conclusion for Speed Control Method 1. 

Speed Control Automatic: 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of b 

The system needs to have SL B (software level), MTTFdc low and DC medium to reach category 2 architecture and 
AgPLr b (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF medium 

 DC high 

 
Table 67. Conclusion for PTO Control Method 1. 

Rear PTO (Power Take Off) Control Automatic: 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of c 

The system needs to have SL 1 (software level), MTTFdc medium and DC medium to reach category 2 architecture and 
AgPLr c (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF medium  

 DC high 

It should be noted that the MTTF of the fuel shut off system needs to be at least 150 years because otherwise MTTF 
medium will not be reached. 

 
Table 68. Conclusion for Hitch Control Method 1. 

Hitch Control Automatic: 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of b 

The system needs to have SL B (software level), MTTFdc low and DC medium to reach category 2 architecture and 
AgPLr b (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF medium 

 DC high 

It should be noted that the MTTF of the fuel shut off system needs to be at least 150 years because otherwise MTTF 
medium will not be reached. 
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Table 69. Conclusion for Brake Control Method 1. 

Brake Control Automatic: 

The channel: 

 Has a category 2 architecture 

 Needs to have a AgPLr of b 

The system needs to have SL B (software level), MTTFdc low and DC medium to reach category 2 architecture and 
AgPLr b (see Figure 105). 

It can be decided that these conditions are fulfilled because the channel has: 

 MTTF medium 

 DC high 

A3-2.2 Method 2: Only Determine the PL of the System  

A3-2.2.1 Direction Control Automatic 

This channel is a combination of SRP/CS. Below is described how the PL of the complete 

channel is determined. Important to note is that the table Table 45 is used for this. 

Table 70. Data that is used to calculate the PL of Direction Control in Method 2. 

SRP/CS PL 

True ground speed sensor c 

Transmission Output Speed Sensor c 

CCM c 

Safety controller e 

Electronic park brake e 

A3-2.2.2 Curvature Control Automatic 

The way to calculate is the same as direction control automatic. 

Table 71. Data that is used to calculate the PL of Steer Control in Method 2. 

SRP/CS PL 

Elebau hitch angle sensor c 

PVED-CL b 

CCM c 

Safety controller e 

Electronic park brake e 

A3-2.2.3 Speed Control Automatic 

The way to calculate is the same as direction control automatic. 

Table 72. Data that is used to calculate the PL of Speed Control in Method 2 

SRP/CS PL 

True ground speed sensor c 

Transmission Output Speed Sensor c 

CCM c 

Safety controller e 

Electronic park brake e 
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A3-2.2.4 Rear PTO (Power Take Off) Control Automatic 

The way to calculate is the same as direction control automatic. 

Table 73. Data that is used to calculate the PL of PTO Control in Method 2. 

SRP/CS PL 

Rear PTO speed sensor e  

CCM c 

Safety controller e 

Fuel shut off system c 

A3-2.2.5 Hitch Control Automatic 

The way to calculate is the same as direction control automatic. 

Table 74. Data that is used to calculate the PL of Hitch Control in Method 2. 

SRP/CS PL 

Elebau hitch angle sensor c 

CCM c 

Safety controller e 

Fuel shut off system c 

A3-2.2.6 Brake Control Automatic 

The way to calculate is the same as direction control automatic. 

Table 75. Data that is used to calculate the PL of Brake Control in Method 2. 

SRP/CS PL 

True ground speed sensor c 

Transmission Output Speed Sensor c 

CCM c 

Safety controller e 

Electronic park brake e 

A3-2.2.7 Conclusion Method 2 (ISO 25119) 

By combining every PL in the safety line and using the Table 41, it can be derived that the 

system is safe on the condition that no hazards are overlooked. 

Table 76. Conclusions Method 2. 

Function Required PL Reached PL 

Direction Control Automatic b c 

Curvature Control Automatic b b 

Speed Control Automatic b c 

Rear PTO (Power Take Off) Control Automatic c c 

Hitch Control Automatic b c 

Brake Control Automatic b c 



 

 

 


